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Abstract—A thermochemical method, a rather simple experimental technique, is used to determine the enthalpy of the formation of
3,6-dibutanoic-1,2,4,5-tetroxane. The study is complemented with suitable theoretical calculations at the semiempirical and ab initio
levels. A particular satisfactory agreement between both ways is found for the ab initio calculation at the 6-311G basis set level.

Some possible extensions of the present procedure are pointed out.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The devastating consequence of malaria is a cause of
wide international concern.! A promising approach
for treating malaria deriving from chloroquine-resis-
tant parasites is based on the development of new
drugs which incorporate in their molecule structure
a peroxide functionality.>> As a result of an appar-
ent association between the peroxide functional
group and antimalarial activity, a substantial effort
has been devoted to developing new peroxide anti-
malarials.>> Of these, we have been particularly
interested in the 3,6-dibutanoic-1,2,4,5-tetroxane
(DAPG), which is easily prepared by the acid-cata-
lyzed condensation of glutaraldehyde and hydrogen
peroxide, speculating that this peroxide could have
antimalarial activity.

In this study, we report the synthesis and the experimen-
tal enthalpy of the formation of DPAG, as well as the
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theoretical results calculated from semiempirical and
ab initio Hartree-Fock methods.

2. Theoretical calculations

Among the most important purposes of the calorimetric
studies is to find out the molecular energy of a set of
structurally and functionally related molecules to estab-
lish the corresponding structure—activity relationships
and to be able to discuss the main electronic features
determining the chemical reactivity.

It is well known that to make theoretical calculations of
molecular enthalpy of formation, it is necessary to find a
suitable isodesmic chemical reaction to optimize the cor-
responding molecular structure and to perform the fre-
quency calculations from the optimized equilibrium
molecular geometries, applying the corresponding theo-
retical method to obtain the total electronic energy at
298 K. Here, we have chosen the Gaussian 94 package’
to perform the theoretical calculations at the semiempir-
ical and ab initio levels.

To get the equilibrium molecular geometries, it is neces-
sary to localize the absolute minimum at the potential
energy hypersurface, which is not a trivial task. The
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optimization procedure is complete when the numerical
process converges, i.e., when the forces are null and all
the frequencies are real.

3. Results and discussion
3.1. Experimental enthalpy of formation

Table 1 gives the results for a typical combustion exper-
iment on compound DPAG. Table 2 gives the standard
molar energy and enthalpy of combustion and forma-
tion of DPAG, in the crystalline state at 7=298.15 K
and corresponding to the reaction

The uncertainties of the standard molar energy is four
times the final overall standard deviation of the mean
and they were estimated as outlined by statistical meth-
ods. Vapor pressure was determined at different temper-
atures and the enthalpy of sublimation was calculated as
pointed out before.

The standard molar enthalpies of formation for both
crystalline and gaseous states of the DPAG at
T =298.15 K are also given in Table 2. No combustion
enthalpy and enthalpy of sublimation have been found
in the standard literature for comparison purposes.

Table 1. Results from typical combustion experiments at 298.15 K

3.2. Theoretical enthalpy of formation

In the case of the DPAG, the isodesmic reaction is
2H;C-CH,-O-O-CH,CH; (DEP) (g) + 2CH;—COOH
(g) + H;C-CH3; (g) — DPAG (g) + 6CHj (g).

To calculate enthalpy values at 298 K, the difference
between the enthalpy at temperature 7" and 0 K can be
evaluated according to the standard thermodynamic
formulae. The sum of electronic and enthalpy energies
at 298 K at the Hartree—Fock level using the semiempir-
ical and ab initio procedures with different basis sets for
the studied compounds are also summarized in Table 3.
We have resorted to the semiempirical calculations at
the AM1 and PM3 levels since it is well known that in
these procedures, a suitable adjustment of the elements
of the F matrix is used to bring the calculated results
into the best possible agreement with standard thermo-
chemical results, largely enthalpy of formation.'® Semi-
empirical methods like AM1'! and PM3!>'* provide a
quite effective compromise between the accuracy of the
results and the expense of computer time required. A
calculation performed with AM1 and PM3 is able to re-
flect the experiment as effectively as an ab initio calcula-
tion using a small basis set.!> Regarding the ab initio
calculations, we have made enthalpy computations
using several basis sets of molecular orbitals (i.e. 3-
21G, 3-21+G, 6-31G, 6-31+G, 6-311G, and 6-311+G)

1 2 3 4 5 6 7 8
Mppag (g) 0.0004 0.0003 0.0005 0.0006 0.0005 0.0004 0.0007 0.0005
Mger (8) 0.0339 0.0039 0.0373 0.0385 0.0213 0.0366 0.0360 0.0377
mre (g) 0.0120 0.0125 0.0121 0.0132 0.0118 0.0096 0.0111 0.0018
AT (K) 0.049570 0.012991 0.053924 0.056209 0.034127 0.051374 0.051954 0.048443
(Myater + E)AT 176.28 46.20 191.76 199.89 121.36 182.69 184.76 172.27
(cal)*

MaetAUgei (cal)® 147.75 16.99 162.56 167.79 92.83 159.51 156.89 166.03
MmpeAUpe (cal)® 26.76 27.88 26.98 29.44 26.31 21.41 24.75 4.01
AU, (callg)® 4432.44 4431.18 4430.50 4429.16 4433.38 4432.24 4439.92 4439.26
AH, (kcal/mol) —1171.18 —1170.85 —1170.67 —1170.32 —1171.43 —1171.13 —1173.16 —1172.99

i Myater = 2700 g.

bAUgel (heat of combustion of gelatine capsules) = 4358.30 £ 0.65 (cal/g).

¢ AUg, (heat of combustion of iron wire) = 2230.00 + 0.70 (cal/g).
4 AU, standard specific heats of combustion.

Table 2. Summary of experimental specific heats of combustion and standard molar thermodynamic function of DPAG at 7'=298.15 K

Experiment number AUY(c)* (cal/mol)

—(AH(c)® (kcal/mol)

—AHY(c) (kcal/mol) —AHY(g)? (kcal/mol)

1 4432.44 1171.18
2 4431.18 1170.85
3 4430.50 1170.67
4 4429.16 1170.32
5 4433.38 1171.43
6 4432.24 1171.13
7 4439.92 1173.16
8 4439.27 1172.99
Average value 4434.26 1171.47
Standard deviation 3.87 1.05

317.26 262.76
317.59 263.09
317.77 263.27
318.12 263.62
317.01 262.51
317.31 262.81
315.28 260.78
315.45 260.95
316.98 262.47

1.05 1.05

#Standard molar heat of combustion.
®Standard enthalpy of combustion.
¢Standard enthalpy of formation in crystalline state.

dStandard enthalpy of formation in gas phase obtained from the sublimation molar enthalpy (AHs = 54.5 kcal/mol).
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Table 3. Calculated electronic energy and heat of reaction (in Hartree units)

—(&o + Heorr)* Hartree

AM1 PM3 RHF 3-21G RHF 3-21+G RHF 6-31G RHF 6-31+G RHF 6-311G RHF 6-311+G
DPAG 0.107652 0.121523 980.970905 981.118240 985.968213 985.99755 986.249282 986.246318
DEP 0.088909 0.127295 305.069212 305.112382 306.622051 306.631078 306.698948 306.704826
CH,4 0.034185 0.028432 39.925067 39.927109 40.128804 40.129575 40.136938 40.137280
Acetic acid 0.097462 0.095528 226.462966 226.506267 227.629449 227.637306 227.690399 227.69586
Ethane 0.051104 0.049756 78.709545 78.712647 79.113214 79.114248 79.128130 79.128657
AH.® 0.012356 0.113977 0.048479 0.018302 0.011609 0.009736 0.035956 0.011312

#Sum of electronic and thermal enthalpies at semiempirical and Hartree—Fock ab initio techniques with different basis sets levels.

®Heat of reaction obtained with
AHT = Z(SO + Hcorr)producls -

semiempirical
Z(SO + Hcorr)reaclanls~

Table 4. Enthalpy of formation of DPAG

and Hartree-Fock ab initio

techniques at different basis sets levels:

—AH(g)* (kcal/mol)

AM1 PM3 RHF 3-21G RHF 3-21+G

RHF 6-31G

RHF 6-31+G RHF 6-311G RHF 6-311+G

236.955 316.231 268.467 256.194

251.994

250.818 267.272 251.807

#Standard enthalpy of formation in gas phase at the semiempirical and Hartree-Fock ab initio technique levels and with different basis sets.

to test their relative capabilities to predict accurately the
enthalpy of formation of the DPAG.

The heats of formation calculated through atomization
reaction are given in Table 4. The analysis of theoretical
results shows that ab initio procedures yield better re-
sults than semiempirical methods. Moreover, the best
agreement among experimental data and theoretical pre-
dictions happens for the 6-311G basis set.

4. Conclusions

We have reported a rather simple and accurate enough
experimental method to determine the enthalpy of the
formation of the title compound and we have comple-
mented it with the theoretical calculation of the property
under study via semiempirical and ab initio molecular
orbital methods. The theoretical value of the enthalpy
of formation of DPAG, 276.27 kcal/mol, evaluated at
the Hartree—Fock at the 6-311G basis set level, is in very
good agreement with the experimental value,
262.47 kcal/mol. This methodology, consisting of the
experimental determination of the thermochemical
property and its complementation with theoretical pro-
cedures, represents a quite sensible way to study similar
oxane derivative molecules, and at present, further stud-
ies along this line are under development. Results will be
published elsewhere in the near future.

5. Experimental procedure
5.1. Synthesis of glutaraldehyde acid diperoxide

The DPAG is synthesized by the oxidation of glutaral-
dehyde with oxygen peroxide in the presence of concen-
trated sulfuric acid, following the Bayer and Viller
method modified by Jorge et al.®

Sixty-eight percent of H,O, (0.04 mol, 1.36 g) and
glutaraldehyde (0.0762 mmol, 7.62 g) were added by

consecutive dropwise addition to a stirred solution of
water (12 ml), EtOH (12 ml), and H,SO,4 (12 ml) at
—10 °C. Stirring was continued for 4 h at —20 °C. The
resulting white precipitate was filtered, washed with
water, and air-dried. The precipitate was recrystallized
in methanol and carefully dried under vacuum condi-
tions. Melting points were determined with a electro-
thermal capillary melting point apparatus and we
obtained a melting point of 90 °C.

5.2. Thermochemical measurements

The measurement of the heat of combustion of DPAG
was made with an isoperibol macrocalorimeter fitted
with a stirred water bath. The substance was burned
in oxygen at p =25atm. The current of ignition was
determined to be 2 A. The heat capacity of the calorim-
eter (E) was determined with a standard reference sam-
ple of benzoic acid (Sample SRM 39i, NIST) for all
experiments, £ was measured to be (856.17 £ 1.5) cal/
K. The crystalline compounds were pressed into gela-
tine capsules of masses approximately 5x 10~%g. The
reduction of the data to standard conditions was
made through conventional procedures. 7 The atomic
weights used were those recommended by the IUPAC
Commission. 8

The vapor pressures as a function of temperature of
DPAG were measured by a mercury manometer
through a Bodestein differential equipment, and the
enthalpy of sublimation was deduced from the tempera-
ture dependence of the vapor pressures (Clausius—Cla-
peyron equation).
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Abstract—Three new diterpenoids and one known diterpenoid have been isolated from a sea anemone of the order Actiniara, and
the structures of the new compounds, actiniarins A-C (1-3) were established on the basis of extensive 1D and 2D NMR spectro-
scopic data interpretation. Compound 1 has a six-membered ring hemiacetal ring, and the equilibrium of this ring is discussed. All
the isolates were evaluated for their inhibition of Cdc25B and for cytotoxicity against the A2780 ovarian cancer cell line.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The protein-tyrosine phosphatase Cdc25 is a key regula-
tor of the cell cycle. Of the three homologs Cdc25A, B,
and C, Cdc25B appears to play a role in G2 by regulat-
ing CDK2/cyclin A and CDKl/cyclinA. Cdc25 is thus
an attractive target for the development of novel antimi-
totic natural products,! and several compounds have
been reported as Cdc25 inhibitors.>®

In continuation of our search for natural products with
potential anticancer activity, we screened a collection of
marine natural products from the National Cancer
Institute for activity against Cdc25B, and found that
an extract of an anemone designated as C010505 (Phy-
lum: Cnidaria/Colenterata; Class: Zoantharia; Order:
Actiniaria) showed reproducible activity in this assay.
Bioassay-guided fractionation led to the isolation of
the new bioactive cleaved xenicane derivative 2, together
with the new but weakly active xenicanes 1 and 3 and
the known xenicane diterpenoid 4. We hereby report
the isolation, structure elucidation, and bioactivity of
this new class of xenicane diterpenoids.

Keywords:  Diterpenoids; Cytotoxicity; Xenicanes; Hemiacetal;
Actiniara; Anemone.
* Corresponding author. Tel.: +1 540 231 6570; fax: +1 540 231
3255; e-mail: dkingston@vt.edu
URL: http://www.kingston.chem.vt.edu/

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.05.057

Since the discovery of xenicin'® from the soft coral Xenia
elongata, many xenicane diterpenoids have been isolated
from marine algae and soft corals. Most of the xenicane
diterpenoids are nine membered,'!~27 but there are a few
reports of degraded diterpenoids derived from xenicane-
type precursors.”! 18 Xenicane-type diterpenoids are of
considerable interest due to their cytotoxicity,!>16-19-23
antimicrobial and antibacterial activities,”*?° ability to
inhibit the growth of the alga Ceramium codii (a com-
mon benthic fouling organism)?® and inhibition of the
production of superoxide in both rabbit and human cell
neutrophils.?’

2. Results and discussion

Extract C010505 was suspended in H,O and centri-
fuged. The precipitate was suspended in 90% MeOH/
H,0, and extracted with hexanes. The H,O solution
was loaded onto a C;g column which was eluted with
H->O and then MeOH.

The MeOH eluent was combined with the aqueous
MeOH fraction. This combined fraction was first sepa-
rated on a reversed phase C;3 HPLC column, furnishing
10 fractions (I-X). Compounds 1-3 were purified by
phenyl HPLC from fraction III, while compound 4
was obtained using phenyl HPLC from fraction IX.
The structure of compound 4 was identified by compar-
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ison of its spectral data with previously published
values.’

The molecular formula of compound 1 was established
as C,oH»30¢ by HRFABMS, indicating seven degrees
of unsaturation, which was confirmed by 13C, 'H, and
HSQC spectra. The structural assignment of 1 was com-
plicated by its existence as a set of equilibrating isomers.
Thus, signals in the 'H and '*C NMR spectra of com-
pound 1 measured in MeOH-d, indicated it to be a mix-
ture of two molecules in the approximate proportion of
1:1, but its spectra obtained in CgDg, acetone-dg, or
CsDsN showed that it was (or at least appeared to be)
a single compound. This finding suggested that an equi-
librium system might exist in MeOH-d, solution.

Inspection of the 1D and 2D NMR spectra of 1 in
MeOH-d, (Table 1) indicated that the compound con-
sisted of two isomeric hemiacetals, designated 1b and
1c, each of which also contained an additional aldehyde
group. The '"H NMR spectrum of 1 in CsDsN (or ace-
tone-dg or C¢Dg), on the other hand, showed two strong
aldehyde proton signals at oy 9.72 and 9.58 for an iso-
meric structure designated la. It was clear that the
NMR solvent had a crucial effect on the tautomeric
form present, favoring a mixture of o- and B-hemiacetals
(1b and 1c¢) in MeOH-d,, and favoring the open form
dialdehyde 1a in CsDsN, acetone-ds, or CgDg.

The 'H and '>*C NMR spectra of 1b/l¢ in MeOH-d,
showed the presence of three methyls, four methylenes,
three methines, five olefinic protons, one aldehyde, one
ketone, one carboxylic acid group, one quaternary ole-
finic carbon, and one oxygenated quaternary carbon.
These data (Table 2) suggested that 1b/1c¢ belonged to
a cleaved xenicane-type diterpenoid. Three spin systems,
H-1la-H-4a-H,-5-H-6 (fragment I), H,-8-H,-9-H,»-10
(fragment II), and H-12-H-13-H-14 (fragment III),
were observed in the COSY spectrum of 1b/lc. In the
HMBC spectrum of 1b/1¢, H-3 and H;-16/H3-17 showed
correlations with C-4/C-4a/C-12 and C-14/C-15, respec-

Table 1. '"H NMR data (5) for compounds 1-3

Table 2. >C NMR data () for compounds 1-3

No. 1 1° 2° 3°
1 176.2/176.5 174.7 174.6 174.9
3 197.3 195.4 195.5 188.9
4 141.2 139.9 140.0 114.0
4a 37.1 33.8 35.7 32.4
5 36.7 44.5 42.8 45.1
6 98.7/97.3 201.3 174.6 202.3
7 211.8 207.7 207.5 207.7
8 43.7 42.8 43.0 42.9
9 22.6/22.7 21.9 22.0 21.9
10 34.8 34.5 34.4 34.5
11 146.4 146.2 146.3 146.8
lla 55.1 54.9 54.7 55.0
12 154.5/154.2 156.0 155.2 175.0
13 123.8 122.5 123 119.7
14 155.7 156.0 155.2 150.0
15 71.7/71.6 70.3 70.3 94.0
16 29.5 30.0 30.2 25.4
17 29.8 30.2 30.2 25.6
18 29.7 29.6 29.6 29.6
19 115.0/114.9 114.3 114.3 114.1
%In MeOH-d,.
°In CsDsN.

tively, and 3J and 2J correlations between H,-19 and
C-10/C-11a, and between H3-18 and C-7 were also
observed. The structures of 1b/1c were thus assigned as
shown (Fig. 1). The only major difference in the 'H
NMR spectra of 1a and 1b/1c¢c was that the hemiacetal
group in 1b/1¢c was replaced by an aldehyde group in 1a.

The absolute stereochemistry at the 4a- and 1la-posi-
tions of 1 was not determined, but it is most likely the
same as that of compound 4 and xenicin®!? since they
have a common biosynthetic origin (Fig. 2). Stereo-
chemical assignment about the 4'*!4 double bond was
determined as E on the basis of Jy314 = 14.9 Hz. The
configuration of the double bond at 4(12)-position was
also assigned as E based on the ROESY correlation
between H-3 and H-12.

No. 1* 1° 2b 3°
3 9.34/9.35 s 9.58 s 9.68 s 10.11s
4a  342m 4.36 m 4.49 m 4.52 ddd (5.0, 11, 10.9)
5 1.70 m 1.95 m 2.83dd (2.5,17.2) 3.30 m  3.02dd (3.0, 15.2) 3.36 m  2.84 dd (5.0, 15.8) 3.09 dd (11, 15.8)
6 4.10 dd (2.5,9.2) 4.19dd (3.5,8.5) 9.72brs 9.88 br s
8 2.52 m 2.28 m 2.28 m 2.30 m
9 2.14 m 1.83 m 1.87 m 1.88 m
10 1.76 m 2.30 m 2.34 m 2.35m
11
Ila  37lm 4.24d (11.2) 4.39 m 4.36 d (10.9)
12 7.06/7.09 d (10.3) 7.10 d (10.1) 7.20 d (10.1)
13 6.93 dd (10.3, 14.6) 7.70 dd (10.1, 14.9) 7.84 dd (10.1, 14.9) 6.96 d (5.7)
14 6.43/6.46 d (14.6) 6.61d (14.9) 6.59 d (14.9) 6.72.d (5.7)
16 1.35/1.36 s 1.50 s 148 s 140 s
17 1.36/1.37 s 1.51's 1.49 s 143 s
18 2.14 s 1.95s 1.95s 1.95s
19 5.06/5.07 br s 5.09 br s 5.14 br s 5.10 br s
5.19/5.21 br s 5.38 br s 5.49 br s 5.48 br s

#In MeOH-d,.
®In CsDsN.
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5R=Me

in CgDe/CsDsN/acetone-dg: 1a 100%
in MeOH-dj: 1a 0%

Figure 1. Equilibrating structures la—lc.

Figure 2. Structures of compounds 2 and 3.

The molecular formula of com]?ound 2 was deduced as
C,oH»507; by HRFABMS and 3C NMR spectrometry.
The spectral data for this compound were very similar to
those of compound 1, and the 'H and '*C NMR data of
compound 2 in pyridine-ds revealed that the difference
between 1a and 2 was in the replacement of the aldehyde
at the 6-position in compound 1a by a -COOH group in
compound 2. Hence, the structure of 2 was also defined
as a diterpenoid of the cleaved xenicane class.

The molecular formula of 3 was deduced as C,yH»¢Og
by HRFABMS and '*C NMR methods. The NMR data
(CsDsN) for this compound were also similar to those
obtained for 1a. The most noticeable differences in the
C NMR data were the shifts of the C-3, C-4, C-12,
C-13, C-14, C-15, C-16, and C-17 signals compared to
those of 1a (Table 2). The corresponding change was
also observed at the diene region in the '"H NMR spec-
trum of 3 in that two olefinic protons appeared at oy
6.72 (d, J=5.7Hz, H-14) and 6.96 (d, J=5.7 Hz,
H-13) rather than three olefinic protons of la at dy
6.61 (d, J=149 Hz, H-14), 7.70 (dd, J=10.1 and
14.9 Hz, H-13), and 7.10 (d, J = 10.1 Hz, H-12) in frag-
ment III. It could be deduced that a dihydrofuran ring
in 3 was formed through the cyclization of the hydroxyl
group at the 15-position of 1a. Compound 3 also had an
E configuration at the 4(12)-position because H-3 corre-
lated to H-13 in the ROESY spectrum. It is probable that
compound 3 also exists in MeOH as two isomeric hemi-
acetals in the same way as compound 1, but the available
sample was too small to test this hypothesis.

Compounds 1-4 were tested in the Cdc25B assay.
Among the four natural products compound 2, which
unlike compounds 1 and 3 cannot undergo cyclization
to a hemiacetal, was the most active (Table 3). On the
basis of the above results, it was concluded that the open
form (1a) of 1 should be more active than its cyclized
ones (1b and 1c¢), which were the dominant forms in

in CgDe/CsDsN/acetone-dg: 1b, 1c 0%
in MeOH-dj: 1b 50%, 1¢ 50%

Table 3. ICsy (ng/mL) values of compounds 1-5 against recombinant
human Cdc25B* and A2780°

Compound 1 2 3 4 5

Cdc25B 53 1.6 40 33 42

A2780 >20 >20 >20 7.6 >20
#See Ref. 28.

® Concentration of each compound that inhibited 50% (ICsq) of the
growth of the A2780 human ovarian cell line.” Actinomycin D (ICs
1-3 ng/mL) was the positive control for the A2780 assay.

Geranyl geraniol

AcO H

Xenicin

Figure 3. Proposed biosynthesis of compounds 1-4.
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protic solvent. To confirm the assumption, compound 1
was reacted with excess diazomethane to furnish 5, the
methyl ester of 1. Compound 5, which cannot form a
hemiacetal ring via the 1- and 6-positions, was much
more active than the parent molecule 1. Compounds
1-5 were also tested in the A2780 assay, but only com-
pound 4 was active against the A2780 cell line with an
ICsy of 7.6 pg/mL.

Biogenetically, compound 4 could be regarded as being
derived from a xenicin-type precursor by oxidative cleav-
age followed by cyclization of the resulting intermediate
(Fig. 3).° To the best of our knowledge, there are no lit-
erature reports about intermediate-type xenicane diterp-
enoids such as compounds 1-3 from natural sources.

3. Experimental section
3.1. General procedures

Optical rotations were recorded on a Perkin-Elmer 241
polarimeter. IR and UV spectra were measured on
MIDAC M-series FTIR and Shimadzu UV-1201 spec-
trophotometers, respectively. NMR spectra were
obtained on a JEOL Eclipse 500 and a Unity 400 spec-
trometer in CD30D and DMSO-dy. Mass spectra were
obtained on a JEOL JMS-HX-110 instrument. The
chemical shifts are given in ¢ (ppm), and coupling con-
stants are reported in Hertz (Hz). A Horizon™ Flash
Chromatograph from BioTage Inc. was used for flash
column chromatography. HPLC was performed on a
Shimadzu LC-10AT instrument with a semi-preparative
Cis, a phenyl Varian Dynamax (5 um, 250 x 10 mm),
and a preparative C;g Varian Dynamax column (8 um,
250 x 21.4 mm).

3.2. In vitro phosphatase assays

Bioassays were conducted as previously described?® with
an epitope-tagged (histidines) catalytic domain of
human recombinant Cdc25B, which contained amino
acids 275-539 of the full length protein.

3.3. Marine sample

The anemone sample used in this work was collected for
the National Cancer Institute by Ernani Menez (Smith-
sonian Institution), and was assigned the collector
number 0ALQ 0192. A photograph of the sample
(EM89-10K) is available as supporting data. The deep
frozen sample was pulverized at the National Cancer
Institute in dry ice by use of a worm-fed grinder (ham-
burger mill), the powder produced was allowed to stand
at —30 °C until the CO, sublimed, and the mass was then
extracted at 4 °C with de-ionized water (1 L) by stirring
(30 rpm) for 30 min. The mixture was centrifuged at
room temperature (rt) and the supernatant was lyophi-
lized to give the aqueous extract. The insoluble portion
from the centrifugation was lyophilized and then statical-
ly extracted overnight at rt with 1 L of a 1:1 ratio of
MeOH/CH,Cl,. The organic phase was filtered off, the
pellet washed with a 10% volume of fresh MeOH, and

the combined organic phases reduced to dryness at
<35 °C by rotary evaporation and then finally dried un-
der high vacuum at rt to give the organic extract as a
gum. A portion of this extract was received from the
National Cancer Institute as sample number C010505

(0.8 g).
3.4. Extract fractionation

Extract C010505 (0.8 g) was suspended in H,O, and
then centrifuged. The precipitate was suspended in aque-
ous MeOH (MecOH/H,0, 9:1, 200 mL) and extracted
with hexanes (3 x 200 mL portions, 127 mg after remov-
al of the solvents). The clear H,O solution was loaded
on a C18 column, eluated with H,O (33 mg after remov-
al of H,0), and then MeOH. The MeOH eluent was
combined with the 90% MeOH/H,O portion (640 mg
after removal of the solvents). This 640 mg fraction
was fractionated by column chromatography on a Shi-
madzu prep-HPLC over C18 Si gel using H,O/MeOH
(90:10 to 50:50 in 30 min, 50:50 to 0:100 in 20 min fol-
lowed by 100% MeOH) to furnish 10 fractions (I-X).
Fraction IX yielded compound 4 (44 mg, tr: 49 min).
The use of phenyl HPLC (30% MeOH) provided com-
pounds 1 (3.0 mg, fg: 17 min), 2 (0.8 mg, tr: 12 min),
and 3 (1.2 mg, tg: 22 min) from fraction III (70 mg).

3.5. Actiniarin A (1)

Colorless oil; [oc]zD2 —13° (¢ 0.23, EtOH); A (EtOH)/nm
(log ) 277 (4.27); vmax (film)lcm™" 3444, 2960, 2932,
1713, 1674, 1633, 1408, 1365, 1260, 1200, 1159, 1066,
971, 910, and 797; m/z (HR FAB MS). Found:
[M—OH]", 347.1838 (C,oH»;05 requires 347.1858.); 'H
NMR (CgDg) 1.30 (3H, s, H3-17), 1.31 (3H, s, H3-16),
1.56 (2H, m, H,-9), 1.62 (3H, s, H3-18), 1.81 (2H, m,
H,-8), 1.94 (2H, m, H»-10), 2.42 (1H, br d J = 18.3 Hz,
Ha-5), 2.84 (1H, m, Hb-5), 3.98 (2H, m, H-11a and
H-4a), 4.88 (1H, br s, Ha-19), 5.16 (1H, br s, Hb-19),
6.02 (1H, d, J=15.1 Hz, H-14), 6.46 (1H, d, J=11.5
Hz, H-12), 7.31 (1H, dd, J = 11.5, 15.1 Hz, H-13), 9.16
(1H, br s, H-6), 9.17 (1H, s, H-3); '"H NMR (acetone-
d¢) 1.34 (3H, s, Hs-16), 1.35 (3H, s, H3-17), 1.70 (2H,
m, H,-9), 2.08 (3H, s, H3-18), 2.12 (2H, m, H,-10), 2.48
(2H, m, H,-8), 2.60 (1H, dd J=4.1 and 16.9 Hz, Ha-
5), 2.75 (1H, m, Hb-5), 3.69 (1H, d, J=11.5Hz,
H-11a), 3.88 (1H, m, H-4a), 5.07 (1H, br s, Ha-19),
5.22 (1H, br s, Hb-19), 6.47 (1H, d, J = 15.1 Hz, H-14),
7.04 (1H, d, J=12.1 Hz, H-12), 7.08 (1H, dd, J = 12.1,
15.1 Hz, H-13), 9.33 (1H, br s, H-3), 9.54 (1H, s, H-6);
13C NMR (acetone-dg) 22.1 (C-9), 30.0 (C-18), 30.0 (C-
16), 30.0 (C-17), 33.8 (C-4a), 34.7 (C-10), 43.0 (C-8),
44.4 (C-5), 544 (C-11a), 70.7 (C-15), 114.5 (C-19),
122.8 (C-13), 140.0 (C-4), 146.3 (C-11), 155.1 (C-14),
155.1 (C-12), 173.4 (C-1), 195.4 (C-3), 201.4 (C-6), and
207.8 (C-7); 'H and C NMR data (CsDsN and
MeOH-d,) are listed in Tables 1 and 2.

3.6. Actiniarin B (2)
Colorless oil; [oc]lz)2 —18° (¢ 0.08, EtOH); Anax (EtOH)/nm

(log &) 277 (4.05); vmax (film)fem ™' 3444, 2957, 2930,
1732, 1729, 1463, 1375, 1364,1271, 1115, and 1071; m/=
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(HR FAB MS). Found: [M—OH]", 363.1839 (C,,H,,O¢
requires 363.1808.); 'H and '*C NMR data are listed in
Tables 1 and 2.

3.7. Actiniarin C (3)

Colorless oil; [oc]f)2 —27° (¢ 0.07, EtOH); /.« (EtOH)/nm
(log ¢) 299 (4.28); Vimax (film)/em™"! 2959, 2931, 1727,
1601, 1459, 1430, 1368, 1260, 1125, 1071, 1021, 845,
and 799; m/z [Finnigan LC (-)ESI MS]. Found:
[M—H]", 361; m/z (HR FAB MS). Found: [M + HJ",
363.1796 (Cy0H»70¢ requires 363.1808); 'H and
13C NMR data are listed in Tables 1 and 2.

3.8. Methylation of compound 1

Compound 1 (1 mg) was methylated with diazomethane,
followed by purification with TLC (CH,Cl,/MeOH,
20:1) to give compound 5 (1 mg). Compound 5: colorless
oil; [o]% —30° (¢ 0.08, EtOH); Zmax (EtOH)/nm (log &)
278 (3.86); vmax (ilm)cm™' 3444, 2959, 2927, 2855,
1714, 1673, 1632, 1595, 1435, 1362, 1259, 1198, 1158,
1122, 1072, 1020, 972, 909, 846, and 801; 'H NMR
(500 MHz, C¢Dg) 1.16 (3H, s, CHs-16), 1.16 (3H, s,
CH;-17), 1.58 (2H, m, CH»-9), 1.59 (3H, s, CH;3-18),
1.80 (2H, t, J= 6.9 Hz, CH»-8), 1.98 (2H, m, CH»-10),
2.45 (1H, dd, J = 2.8 and 16.3 Hz, Ha-5), 2.93 (1H, m,
Hb-5), 3.20 (3H, s, —CO-OCHs3), 4.07 (1H, m,
CH-11a), 4.07 (1H, m, CH-4a), 4.90 (1H, br s, Ha-19),
517 (1H, br s, Hb-19), 595 (1H, d, J=15.2 Hz,
CH-14), 6.45 (1H, d, J=11.0 Hz, CH-12), 7.20 (1H,
dd, J=11.0 and 15.2 Hz, CH-13), 9.20/9.21 (1H, br s,
CH-6), 9.21/9.20 (1H, s, CH-3); m/z [Finnigan LC
(+)ESI MS]. Found: [M+Na]*, 401/M + H,0O]",
396/[M + H]", 379.
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Abstract—A series of organoselenocyanate compounds 4a—d were synthesized utilizing 1,8-naphthalic anhydride as the building
unit. These compounds were evaluated for their antioxidative activities against DMBA-PMA-induced oxidative stress in a two-
stage mouse skin carcinogenic model. Compound 4d was found to have the maximum antioxidative property in comparison with
the other compounds. Also, the pretreatment group showed better results than the concomitant treatment groups.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Selenium is an essential micronutrient for both animals
and humans. Selenium deficiency has been implicated as
playing a role in the development of many diseases,
including cancer.! Epidemiological studies have also
suggested an inverse relationship between selenium in-
take and risk for cancer.? It is known from different
studies that the formulation of the selenium-containing
compound and not the element per se is critical for bio-
logical activities.? Therefore, it is essential to determine
which structural requirements govern and which provide
optimal biological activities of selenium compounds.
Organoselenium compounds have been found to be less
toxic than inorganic selenium compounds; as a result,
there has been a growing interest in the synthesis of
organoselenium compounds with respect to their use
in enzymology and bioorganic chemistry. Organoseleno-
cyanate received wide attention for its better cancer che-
mopreventive properties. Few organoselenocyanates are
reported in the literature for their cancer chemopreven-
tive properties against lung, liver, colon, and mammary
gland cancer. These are benzyl selenocyanate,* diphe-
nylmethyl selenocyanate,>® phenylenebis(methylene)sel-
enocynate,”® its ortho and meta isomers,” and some
aliphatic selenocyanates.!® Naphthalimides are reported
for their antitumor activities.!!"!* Two members of this

Keywords: 1,8-Naphthalimide; Organoselenocyanate; Oxidative stress;

Phase II enzymes.
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class of compounds, amonifide and mitonafide, are in
clinical trials.'#

Free radicals are formed during normal cellular metabo-
lism and they are known to contribute to healthy func-
tions in human health and development when they are
not excessive. Formation of free radicals is not limited
to normal cellular process but also occur upon exposure
to certain chemicals (polycyclic aromatic hydrocarbon,
cadmium, lead, etc.), radiation, cigarette smoke, and high
fat diet. Exposure of a healthy cell to free radicals is
known to damage structures and consequently interfere
with functions of enzymes and critical macromolecule.
Mammalian cells possess elaborate defense mechanisms
to detoxify free radicals. A balance between formation
of free radicals and their detoxification is essential for
normal cellular function. When such a balance is disrupt-
ed as a result of excessive generation of damaging species
or low levels of antioxidants, a cell enters into a state of
oxidative stress and is damaged. If the damage persists,
the cell will enter into a state of genetic instability that
can lead to chronic diseases including cancer.'®

We report here for the first time the synthesis and charac-
terization of a series of organoselenocyanate using naph-
thalimide as the carrier of the selenocyanate active group
attached to it by 2-5-membered methylene units. In the
course of our anticarcinogenesis-drug development pro-
gram we have evaluated the antioxidative properties of
these compounds in a 7,12-dimethylbenz[a]anthracene
(DMBA)-PMA two-stage mouse skin carcinogenesis
model at the initial stage of carcinogenesis.



mailto:sudinb1957@yahoo.co.in
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2. Chemistry

Several novel organoselenocyanate compounds with 1,8-
naphthalimide moiety were designed and synthesized as
follows (Scheme 1). Hydroxyl derivatives 2a-d were
formed by refluxing 1,8-naphthalic anhydride with cor-
responding amino alcohol either in water'® or in ethanol
(see Section 7). Compounds 2a-d were converted to
their corresponding bromo derivatives (3a—d) with phos-
phorous tribromide in ethyl acetate at 70 °C. All the
hydroxy compounds (2a-d)!” and bromo compounds
(3a—d)'? were reported in the literature but melting
points and spectral data were not reported for 2b-d
and 3b—d. The desired organoselenocyanate compound
(4a) was obtained by nucleophilic substitution of the
bromide group with anhydrous KSeCN in acetone un-
der refluxing conditions. Selenium compounds 4b—d
were formed on treatment of 3b—d with anhydrous
KSeCN in acetone at room temperature (25 °C). Com-
pounds 4a—d were all purified through column chroma-
tography, over silica gel and further crystallized.

3. Biology
The synthesized compounds were evaluated for their

antioxidative activities against DMBA-PMA-induced
oxidative stress on Swiss albino mice. Levels of glutathi-

one-S-transferase (GST), reduced glutathione, superox-
ide dismutase (SOD), catalase (CAT), and lipid
peroxidation were measured 15 days after the first
DMBA application.

4. Results

All the newly synthesized organoselenocyanate com-
pounds 4a—d were evaluated for their antioxidative
activities against oxidative stress induced by DMBA-
PMA in a two-stage mouse skin carcinogenesis model
at the preliminary selected treatment dose of 3 mg/
kg bw. Results are listed in Table 1.

4.1. Hepatic microsomal lipid peroxidation level

Lipid peroxidation in liver microsomes, expressed in
nanomoles of thiobarbaturic acid reactive substances
(TBARS) formed per milligram of protein, was found
to increase significantly (p < 0.05) by 181% in the ani-
mals treated with DMBA-TPA (Gr C) in comparison
to vehicle-treated animals (Gr N) when measured 15
days after the first DMBA treatment.

The level of lipid peroxidation decreased in all the treat-
ed groups (I-VIII) in comparison to the carcinogen-
treated Gr C. Lipid peroxidation decreased significantly

O (0] 0] 0

(3« O 249 Y

O —> N(CH2)nOH—> (CH)NBr ———> O (CH,)nSeCN
0 0 (0] O

1 2a-d

n=2-5

3a-d 4a-d

Scheme 1. (1) H,N(CH,)n-OH, EtOH and/or water, reflux; (2) PBrs;, EtOAC; (3) KSeCN, acetone.

Table 1. Modulation of phase II detoxifying enzymes (GST, SOD, CAT, GSH) and lipid peroxidation by organoselenium compounds 4a—d in
DMBA-TPA-induced two stage mouse skin carcinogenesis model after 15 days

Compound Group LPO (nm TBARS per
milligram of protein)

GST (nmol CDNB-
GSH min ' mg™")

GSH (nmol GSH per
milligram of protein)

SOD (unit of inhibition
per milligram of protein)

CAT (units per
milligram of protein)

N 0.2 +£0.025" 695.01 + 49.89"

C 0.562 + 0.06 397.17 £22.1
4a I 0.433 £0.078™ 555.07 £ 56.05™

il 0.339 +0.042"" 567.28 +39.25™
4b 111 0.379 £0.01" 685.46 + 71.40"

535.74 +20.5"
496.63 +17.5™
507.22 +10.32™
689.87 +28.02""
940.89 + 35.4™

v 0.342+0.12"
4c A 0.356 + 0.03"™"

A% 0.286 +0.03"™
4d VII 0.259 +0.057™"

VIII 0.24 +0.01™"

118.89 + 8.89" 60.73 +5.34" 14.41 £ 1.3
62.21 £ 5.64 36.31 £1.43 7.55+0.35
87.3+43" 4443+ 44" 8.28 +0.21""
87.29 +4.3™ 56.41 5.6 9.82+0.77
89.17 £ 1.45™ 4572 +0.1" 7.98 +0.15"
92.33+9.04™ 48.29 +0.88" 9.81 +0.06
7223 +2.16™ 40.06 £ 0.1 8.41 021"
84.43 +16.02" 60.72 + 0.40" 10.07 +0.21"
95.28 +8.04™ 48.5+0.35" 9.58 +0.31™"
97.85+1.24™ 83.84+7.9" 11.19+0.8"

Data represent means = SD, *p < 0.05. **p < 0.01 Comparisons are made in the text between group N (vehicle control) and group C (carcinogen
control) group C (carcinogen control) and group I: (DMBA-TPA + compound 4a treatment at the dose of 3 mg/kg bw for 15 days) group C
(carcinogen control) and group II: (DMBA-TPA +15 days pretreatment +15 days post-treatment of compound 4a at a dose of 3 mg/kg bw) group C
(carcinogen control) and group III: (DMBA-TPA + compound 4b treatment at the dose of 3 mg/kg bw for 15 days) group C (carcinogen control)
and group IV (DMBA-TPA +15 days pretreatment +15 days post-treatment of compound 4b at a dose of 3 mg/kg bw) group C (carcinogen control)
and group V (DMBA-TPA + compound 4c treatment at the dose of 3 mg/kg bw for 15 days). Group C (carcinogen control) and group VI (DMBA-
TPA +15 days pretreatment +15 days post-treatment of compound 4¢ at a dose of 3 mg/kg bw) group C (carcinogen control) and group VII
(DMBA-TPA + compound 4d treatment at the dose of 3 mg/kg bw for 15 days) group C (carcinogen control) and group VIII (DMBA-TPA +15
days pretreatment +15 days post-treatment of Compound 4d at a dose of 3 mg/kg bw).
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(p <0.01) by 22.95% in Gr I, 39.68% in Gr II, 32.56% in
Gr 111, 39.32% in Gr 1V, 36.65% in Gr V, 49.11% in Gr
VI, 53.91% in Gr VII, and 57.29% in Gr VIII, compared
to Gr C (Table 1).

4.2. Effect of compounds 4a—d on GST activity

DMBA-TPA-treated Gr C animal showed a signifi-
cant decrease of 42.85% (p < 0.05) in the total hepatic
GST activity expressed in nanomoles of CDNB-GSH
formed per minute per milligram of protein in the
hepatic cytosol compared to the normal vehicle con-
trol Gr N. Whereas all the treated groups (Gr I-
VIII) showed a significant (p <0.01) increase of
GST activity in comparison to carcinogen-induced
Gr C animal.

There was a 39.76% increase in the enzyme activity in Gr
I, 42.83% in Gr I, 72.59 % in Gr 111, 34.89 % in Gr IV,
25.42%in Gr 'V, 27.71% in Gr VI, 73.70% in Gr VII, and
in Gr VIII the level was increased by 136.90% as com-
pared to the carcinogen control Gr C (Table 1).

4.3. Effects of compounds 4a-d on GSH

There was a significant decrease of 47.67% in GSH level
expressed in nanomoles of GSH per milligram of pro-
tein, in DMBA-PMA-treated Gr C (p < 0.05) mice com-
pared to the normal vehicle control Gr N, measured 15
days after the first DMBA application.

However, treatment with the organoselenium com-
pounds showed a significant (p <0.01) increase in
GSH level. There was a 40.19% increase in GSH level
in Gr 1, 57.08% in Gr 11, 43.34% in Gr III, 60.54% in
Gr IV, 16.11% in Gr V, 35.72% in Gr VI, 85.82% of
GSH level in Gr VII mice, and in Gr VIII there was
an increase of 90.89% in GSH level all with respect to
carcinogen control Gr C (Table 1).

4.4. Effect of compounds 4a—d on CAT

The CAT enzyme activity measured in the liver cytosols
and expressed in units per milligram protein was found
to decrease (47.6%) significantly in the DMBA-PMA-
treated Gr C (p < 0.05) mice with respect to vehicle con-
trol mice (Gr N). The selenium compound treated
groups, however, showed a significant (p < 0.05) rise in
the activity by 9.66% in Gr 1, 30.07% in Gr 11, 8.74%
in Gr 111, 29.93% in Gr 1V, 15.36% in Gr V, 33.38%
in Gr VI, 26.88% in Gr VII, and 48.21% in Gr VIII
as compared to the carcinogen control Gr C animals
(Table 1).

4.5. Effect of compounds 4a—d on SOD

SOD activity expressed in units per milligram of pro-
tein present in the liver cytosols was found to de-
crease  significantly (p <0.05) by 40.21% in
carcinogen-treated mice (Gr C) as compared to nor-
mal vehicle control mice (Gr N). The enzyme level
was found to increase significantly (p <0.05) in all
the treated groups.

Treatment with the selenium compounds showed a
22.36% increase in SOD activity in Gr I, 55.36% increase
in Gr II, 25.91% increase in Gr III, 32.99% increase in
Gr IV, 10.33% increase in Gr V, 67.25% increase in
Gr VI, 33.57% in Gr VII, and 130.90% increase in Gr
VIII as compared to the DMBA-PMA-treated control
group (Gr C) (Table 1).

5. Discussion

All the selenium compounds are hitherto unknown and
obtained in good yield. Reaction between naphthalic
anhydride and 5-amino-1-pentanol in refluxing ethanol
did not work in the desired direction, producing a mix-
ture of products. The reaction worked when water was
used in place of ethanol, producing desired compound
2d. Refluxing bromo compound 3b with KSeCN in ace-
tone for the preparation of 4b as in 4a resulted in a prod-
uct, which did not show any cyanide peak in the IR
spectra and could not be yet characterized. Compound
4b was obtained in good yield when the same reaction
was done at 25 °C for 48 h. Compounds 4¢ and 4d were
prepared following the modified procedure.

A wide variety of organoselenium compounds have been
shown to inhibit chemical carcinogenesis in animal
model. Several organic as well as inorganic selenium
compounds have protective role against carcinogen-in-
duced covalent DNA adduct!® formation and retarda-
tion of oxidative damage to DNA and in the multistep
carcinogenesis process. A number of organoselenium
compounds are known to act as antioxidants by reduc-
ing H,0,, lipid, and phospholipid hydroperoxide level,
thereby dampening the propagation of free radical, reac-
tive oxygen, and nitric oxide species mediating cellular
damage.'>?° It has been earlier reported from our labo-
ratory that diphenylmethyl selenocyanate significantly
reduced the level of lipid peroxidation by upregulating
several phase II detoxifying enzyme.>° Although several
organoselenocyanates were known for their cancer che-
mopreventive properties against lung, liver, colon, and
mammary gland cancer, only diphenylmethyl selenocya-
nate was reported for its antioxidative as well as cancer
chemopreventive properties against DMBA-—croton oil
(which contains phorbol ester PMA)-induced two-stage
mouse skin carcinogenesis.

ROS produced in large amounts during the process of
any kind of assault to the body initiate various lethal
chain reactions that inactivate certain vital enzymes
and important subcellular elements and lead to cell
death.?’ In the present study, we have synthesized a ser-
ies of organoselenocyanate compounds and have studied
their antioxidative effects on DMBA-induced and phor-
bol 12-myristate 13-acetate (PMA) promoted skin carci-
nogenesis in Swiss albino mice because mouse skin
carcinogenesis model serves as an useful model for the
purpose of screening of antioxidative agents in vivo.
Liver is the site of drug metabolism and detoxification
in the body; hence the antioxidative enzymes and the lip-
id peroxidation level were determined in the liver.?! For-
mation of free radicals leads to lipid peroxidation,
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resulting in the formation of malondialdehyde and other
reactive aldehydes as the end products.?? These products
cause chaotic cross-linkage between proteins and nucleic
acids that play an important role in the process of carci-
nogenesis.>?> ROS can also induce DNA strand break by
modulating different biochemical pathways and gene
expression.?* In the present study, we found that oral
administration of the selenium compounds 4a-d in
5.5% aqueous propylene glycol produced a remarkable
reduction of lipid peroxidation in the DMBA-PMA-
treated mice and the extent of reduction increased with
the increase of carbon chain bearing the active selenocy-
anate functional group, with compound 4d showing the
highest activity amongst the concomitant group as well
as the pretreatment group. It has been reported in the
literature that the length of the aliphatic side chain is a
determinant in modulating the cancer chemopreventive
efficacy and the activity increased with the increase of
chain length in a series of aliphatic selenocyanates.'”
In the present experiment also, the activity as observed
increased with increase of methylene carbon chain.
The increase in lipophilic character may be one of the
reasons for better activity of compound 4d, which had
the maximum number of methylene groups attached to
the selenocyanate active group. Also within the individ-
ual compound, it was observed that pretreatment with
the selenium compound has better effect than with the
concomitant treatment (Gr II vs. Gr III and so on). In
the pretreatment groups, the level of antioxidant/phase
IT detoxifying enzymes may already be in an enhanced
condition before the DMBA treatment compound to
the concomitant group and their enhanced level of anti-
oxidant/phase II detoxifying enzymes plays the part in
the better effect on lipid peroxidation.

Compound 4d was also found to have a better effect
than diphenylmethyl selenocyanate. Others (compounds
4a—c) showed effects comparable to that of diphenylm-
ethyl selenocyanate.

It has been reported in the literature that activities of
antioxidative enzymes were lowered in squamous cell
carcinoma.?’ It may be noted from the present study
that DMBA-PMA treatment significantly lowered the
level of phase II enzymes such as GST, CAT, and
SOD compared to normal control animals. Treatment
with the compounds increased the level of the enzymes.
GST plays an important role in detoxifying/transport of
many DNA alkylating agents,?® carcinogens, and envi-
ronmentally hazardous chemicals?’ by catalyzing the
conjugation of GSH with these chemicals or their active
metabolites. The cellular GSH, alone as a nucleophile,
can also play an important role in the deactivation of
the electrophilic compounds.?®?° Selenium compounds
were reported to enhance the level of GST activity in
the liver of animals.?®3! In the present study, it was ob-
served that treatment with the selenium compounds
upregulated the activity of GST as well as the GSH level
significantly. It showed that these compounds have the
potential to improve the host-defense system for provid-
ing cellular protection through GST-mediated neutral-
ization of DMBA metabolites, thereby reducing the
DMBA-induced oxidative DNA damage. Oxidative

DNA damage by DMBA was reported in the litera-
ture.??33 It has been found that increase in the methy-
lene chain length from two (compound 4a) to five
(compound 4d) has distinct effects on GST as well as
GSH activity. Compound 4d is the most active in this re-
gard but no structure-activity relationship could be
drawn from the results obtained, as compound 4b,
which contains three methylene group attached to
selenocyanate, showed better activity than compound
4c, which contains four methylene groups attached to
the selenocyanate active group. The reason is not clear
at present. Compound 4d was also found superior to
diphenylmethyl selenocyanate in modulating GST
activity with compounds 4a and 4b, and also showed
comparable or better results than diphenylmethyl
selenocyanate.

Superoxide dismutase (SOD) and catalase (CAT) are the
enzymes regarded as the first line of antioxidants that
protect cells against oxidative stress. SOD scavenges
the super oxide radicals whereas CAT catalyzes the
breakage of toxic H,O, produced in the cell to O, and
H,0.

PMA, a peroxisome proliferator and tumor promoter,
stimulates the generation of super oxide anion radicals
(057),3*35 which act as a precursors to the formation
of H,O, and the extremely reactive hydroxyl radical
(OH), involved in the process of tumor promotion.?*"
36 It has been reported that activities of the detoxifying
enzymes SOD and CAT were depressed significantly by
tumor promoter.’”-3® Increased generation of reactive
oxygen radicals coupled with depleted antioxidant pro-
tective systems makes the cells more vulnerable to oxida-
tive stress. Similar results were obtained in the present
experiments also when the animals were treated with
DMBA-PMA. Treatment with the selenium compounds
showed a positive effect on the status of both SOD and
CAT levels. The depleted level of these enzymes in-
creased significantly compared to carcinogen-treated
control animals. However, the effect of increase of the
methylene chain length on the SOD activity is more pro-
nounced in the pretreatment group as compared with
the concomitant treatment group, with compound 4d
showing the highest activity. No structure-activity rela-
tionship could be drawn from the results obtained.
Regarding the effect on the CAT activity, the effect of
the increase in methylene chain length was pronounced
both in the pretreatment group and in the concomitant
treatment group, with the pretreatment group showing
better effects than the concomitant treatment group. In
both the pretreatment and concomitant treatment
groups, compounds 4a and 4b, which differ in structure
by one methylene group, showed some activity, and the
activity increase depends on the number of methylene
groups attached to the selenocyanate group; thus com-
pound 4d shows the highest proactive activity. However,
the effect of these compounds on both SOD and CAT is
less than that showed by diphenylmethyl selenocyanate.

During pretreatment with the selenium compound, the
antioxidant/phase II detoxifying enzymes may already
be in an enhanced level and this enhanced state
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continued to persist even after DMBA-PMA treatment,
as the treatment with the selenium compound was con-
tinued during the total experimental period, whereas
during the concomitant treatment, the levels of enzymes
were also enhanced but most of it was utilized to counter
the oxidative stress induced by DMBA and PMA. As a
result, the pretreatment groups showed better results
than the concomitant groups. There may be some other
reasons, which are not clear at this moment.

6. Conclusion

The antioxidative potential of the compounds at the pre-
liminary screening dose of 3 mg/kg bw seems clear at
this stage of investigation. The compounds act through
modulation of the antioxidant enzymes, thereby leading
to a favorable shift in the oxidation-reduction balance
and resulting in downregulation of lipid peroxidation.
So far it has been found that compound 4d has the high-
est potential to downregulate the oxidative stress at the
preliminary stage of carcinogenesis, and the pretreat-
ment group showed better effects than the concomitant
group. However, their cancer chemopreventive efficacy
requires further investigation (such as incidence of pap-
illoma formation), which is currently in progress, and its
mechanism of action, whether it works through inhibi-
tion of DMBA metabolism, induction of apoptosis,
inhibition of cell proliferation or inhibition of prosta-
glandin synthesis, or by the downregulation of protein
kinase C, is also to be studied.

7. Experimental
7.1. Chemistry

All reactions were conducted under anhydrous condi-
tion except those using water. Solvents were well dried
and reactions were performed using oven-dried glass-
ware. Melting points were determined on a capillary
melting point apparatus and were uncorrected. NMR
spectra were recorded on a 300 and 200 MHz for proton
and 75 MHz for carbon and were performed in CDCl;
or DMSO-dg solution using tetramethylsilane as the
internal reference on Brucker 300-MHz instrument.
The coupling constants (J) are reported in Hertz. The
mass spectrum was recorded on JEOL JMS600 in
FAB ionization mode. Elementary analyses were record-
ed on Perkin-Elmer auto analyzer 2400 II. The column
chromatography was performed using silica gel (60—
120 mesh) (Qualigens Fine Chemicals, India), 3-amino-
I-propanol, 4-amino-1-butanol, 5-amino-1-pentanol
and 1,8-naphthalic anhydride.

7.2. Chemicals

7.2.1. Preparation of 2-(2-hydroxy-ethyl)-benzo|deliso-
quinoline-1,3-dione (2a). General procedure: A mixture
of 1,8-naphthalic anhydride (2.5 g, 0.013 mol) and etha-
nol amine (0.8 g, 0.013 mol) in ethanol (20 mL) was
heated under reflux for 1.5h. The resulting mixture
was concentrated by evaporating ethanol under reduced

pressure and then cooled at 4 °C. The solid separated
was filtered, washed with cold ethanol and dried to af-
ford 2a (2.5g, 82.24%) having melting point 172—
174 °C (lit. m.p.'® 175-176 °C). The compound was pure
enough to be used directly for the preparation of 3a.

7.2.2. Preparation of 2-(3-hydroxy-propyl)-benzo|deliso-
quinoline-1,3-dione (2b). Compound 2b following the
above-described procedure was prepared with 3-ami-
no-1-propanol instead of ethanolamine. Yield: 91.44%
m.p.: 121-122°C. IR (KBr) vpaccm ' 3437 (~OH),
2944 (aromatic —-CH), 1695 and 1645 (amide), 1589 (aro-
matic ring).

'"H NMR (300 MHz, CDCls,): 2.0 (q, 2H, J=5.8 Hz),
3.15 (s, -OH), 3.6 (t, 2H, J=5.0Hz), 4.36 (t, 2H,
J=6.1Hz), 7.77 (t, 2H, Ar-H, J=7.4Hz), 8.23 (d,
2H, Ar-H, J=8.3 Hz), 8.62 (d, 2H, Ar-H, J=17.3 Hz).
Anal. Found: C, 70.21; H, 5.32; N, 5.55. Calcd. for
Cy5H1305N: C: 70.58; H: 5.13; N: 5.49.

7.2.3. Preparation of 2-(4-hydroxy-butyl)-benzo|deliso-
quinoline-1,3-dione (2c). General procedure: A mixture
1,8-napthalic anhydride (2.5 g, 0.013 mol), and 4-ami-
no-1-butanol (3.6 mL, 0.04 mmol) in water (10 mL)
was refluxed for 30 min and then cooled at 4 °C. Then
product 2¢ formed was filtered, washed with ice cold
water and crude product was recrystallized from acetone
and dried over P,Os to give the compound 2¢ as white
crystalline solid.

Yield: 59.6%, m.p.: 111-113 °C. IR (KBr) vpyax cm™
3323.0 (-OH), 2929.0 (aromatic ~CH), 1691.0, 1654.0,
1587. "H NMR (300 MHz, CDCls, TMS = 0.00): 1.77
(m, 4H), 3.74(t, 2H, J=9.5Hz), 4.24(t, 2H,
J=10.4Hz), 7.76 (t, 2H, Ar-H, J=11.12 Hz), 8.20 (d,
2H, Aro-H, J=1242Hz), 8.60 (d, 2H, Aro-H,
J=10.94 Hz). Anal. Found: C, 71.06; H, 5.42; N,
5.33. Calcd. for C;¢H;503N: C, 71.36; H, 5.61; N, 5.20.

7.2.4. Preparation of 2-(5-hydroxy-pentyl)-benzo[deliso-
quinoline-1,3-dione (2d). Compound 2d was prepared
using 5-amino-1-pentanol following the above-described
procedure.

Yield: 83.91%. m.p.: 94-96°C. IR (KBr) vpmaxcm
3403.31, 2943.90, 1712.71, 1663.27, 1589.44. '"H NMR
(200 MHz, CDCl3): 1.50 (q, 2H, J=4.6 and 6.8 Hz),
1.67 (q, 2H, J= 6.8 Hz), 1.8 (q, 2H, J = 7.8 Hz), 3.7 (t,
2H, J=6.3Hz), 4.2 (t, 2H, J=7.3 Hz), 7.75 (t, 2H,
Ar-H, J=17.70 Hz), 8.2 (d, 2H,Ar-H, J = 7.6 Hz), 8.50
(d, 2H, Ar-H, J=7.0 Hz). Anal. Found: C, 71.98; H,
6.21; N, 5.01. Calcd. for C7H;5sO3N: C, 72.07; H,
6.05; N, 4.94.

7.2.5. Preparation of 2-(2-bromo-ethyl)-benzo|delisoquin-
oline-1,3-dione (3a). General procedure: To a stirred sus-
pension of compound 2a (1.0 g, 4.149 mmol) in ethyl
acetate (5 mL) PBr; (0.8 mL) was added at room tem-
perature for 20 min. Then the resulting mixture was
heated at 70-75 °C with stirring for 1.5 h. The resulting
mixture was cooled, poured into ice water, and extracted
with CHCI; (100 mL) The extract was washed with sat-
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urated NaHCO; and then with water and dried over
CaCl,. The solvent was evaporated under reduced pres-
sure to afford a yellow solid which was purified by col-
umn chromatography over silica gel (petroleum ecther
(60-80 °C)/CHCI; (1:1, v/v)) to give compound 3a.

Yield: 1.24 g, 79.5%. m.p.: 224-226 °C (lit. m.p.'® 222~
223 °C). Compounds 3b—d were prepared by following
the above-described procedure.

7.2.6. Preparation of 2-(3-bromo-propyl)-benzo|deliso-
quinoline-1,3-dione (3b). Yield: 64% m.p.: 138-140 °C.
IR (KBr) vpax cm™: 2948, 1696, 1660, 1586. '"H NMR
(300 MHz, CDCly): 2.34 (q, 2H, J=6.8 Hz), 3.5 (t,
2H, J=6.9Hz), 43 (t, 2H, =N-CH,-, J=7.0 Hz),
7.76 (t, 2H, Ar-H, J=7.7Hz), 8.2 (d, 2H, Ar-H,
J=7.8Hz), 8.60 (d, 2H, Ar-H, J=7.2Hz). Anal.
Found: C, 56.32; H, 3.90; N, 4.52. Calced. for
C15H]2BrOzN: C, 5662, H, 380, N, 4.40.

7.2.7. Preparation of 2-(4-bromo-butyl)-benzo|delisoquin-
oline-1,3-dione (3c). Yield: 51.3% m.p: 112-114°C. IR
(KBr) vmaxcm ' 29509 (aromatic C-H), 1697.2,
1662.5, 1587.3, '"H NMR (300 MHz, CDCls): 1.96 (m,
4H,) 3.50 (t, 2H, J=6.3 Hz), 4.2 (t, 2H, J = 6.8 Hz),
7.7 (t, 2H, Ar-H, J=7.3Hz), 822 (d, 2H,Ar-H,
J=82Hz), 8.61 (d, 2H, Ar-H, J=7.2Hz). Anal
Found: C, 57.75; H, 4.31; N, 4.15. Caled. for
C6H14BrO,N: C: 57.85; H: 4.25; N: 4.22.

7.2.8. Preparation of 2-(5-bromo-pentyl)-benzo|deliso-
quinoline-1,3-dione (3d). Yield: 50.22%. m.p.: 121-
123°C. IR (KBr) vpaxcm ', 2932.6, 215691 (—-CN),
1694.78, 1648.71, 1590.35. "H NMR (300 MHz, CDCls):
1.60 (q, 2H, J = 6.8 Hz), 1.8 (q, 2H, J = 7.4 Hz), 1.95(q,
2H, J=69Hz), 34 (t, 2H, J=6.7Hz), 4.2 (t, 2H,
J=174Hz), 7.7 (t, 2H, Ar-H, J=17.75Hz), 8.21 (d,
2H, Ar-H, J=8.15Hz), 8.60 (d, 2H, Ar-H,
J=17.22 Hz). Anal. Found: C, 58.77; H, 4.59; N, 4.15.
Calcd. for C17H¢BrO,N: C: 58.97; H: 4.66; N: 4.05.

7.2.9. Preparation of 2-(2-selenocyanato-ethyl)-
benzo|delisoquinoline-1,3-dione (4a). General procedure:
To a solution of 2a (1g, 3.289 mmol) in acetone
(25mL) was added anhydrous KSeCN (660 mg,
4.58 mmol). The mixture was stirred and heated at 65—
70 °C for 7 h. Acetone was removed under reduced pres-
sure. The residual mass was extracted with CHCI;
(100 mL). The total extract was washed with water
and dried over CaCl,. Chloroform was removed under
reduced pressure. The residue obtained was purified by
column chromatography over silica gel (petroleum ether
(60-80 °C)/CHCl; (7:3, v/v)) to give the compound (4a)
as a pale yellowish solid 730 mg, m.p.: 179-181 °C. The
compound was further purified by crystallization (ace-
tone-light petroleum 60-80°C).

Yield: 73.9% IR (KBr) vpax cm™': 2143.6 (-CN), 1697.9,
1651.0 (amide), 1588.7 (Ar-ring). 'H NMR (300 MHz,
DMSO-dg): 3.37 (t, 2H, J=6.9Hz), 4.51 (t, 2H,
J=6.84Hz), 7.9 (t, 2H, Ar-H, J=7.9 Hz), 847 (d,
2H, Ar-H, J=7.7 Hz), 8.52 (d, 2H, Ar-H, J = 7.5 Hz).
3C (75 MHz, CDCl,): 164.16, 134.5, 131.64,131.58,

128.13,127.02, 121.97, 101.46 (—-CN), 39.76, 26.76. Mass.
FABHRMS m/z 331 (M+1). ¥Se correct isotope pat-
tern, 224 (M-SeCN). Anal. Found: C, 54.55; H, 3.21;
N, 8.62. Calcd. for C;sH;yO,N,Se: C: 54.72; H: 3.06;
N: 8.51.

7.2.10. Preparation of 2-(3-selenocyanato-propyl)-
benzo|delisoquinoline-1,3-dione (4b). Anhydrous KSeCN
(532 mg, 1.46 mmol) in acetone (25 mL) was added drop-
wise to a stirred suspension of 3b (800 mg, 2.25 mmol) in
acetone (30 mL) over a period of 1 h at 25 °C. The reac-
tion mixture was stirred at room temperature (reaction
was monitored by T.L.C.). After 48 h, solvent was evap-
orated in vacuo and the yellow residue thus formed was
extracted with CHCIl; (50 mL), washed with brine, and
dried over CaCl,, and the solvent was removed under re-
duced pressure. The solid obtained was purified by col-
umn chromatography [silica gel, 60-120 mesh, light
petroleum (60-80 °C)-CHCl; 4:1, v/v], to furnish 3b as
a white solid (480 mg, 84.8%) m.p.: 152-155 °C. It was
crystallized from acetone to light petroleum 60-80 °C
to afford 4b of analytical grade m.p.: 154-155°C. IR
(KBr) viaxcm ' 2952.8 (CH), 2146.6 (-CN), 1687.9,
1652.9, 1587. 'H NMR (300 MHz, CDCls): 2.39 (q,
2H, J=6.6 Hz), 3.13 (t, 2H, J=7.0 Hz), 4.38 (t, 2H,
J=6.3Hz), 7.78 (t, 2H, Ar-H, J = 8.1 Hz), 8.24 (d, 2H,
Ar-H, J=82 and 7.3Hz), 8.60 (d, 2H, Ar-H,
J=173Hz). “C (75MHz, CDCly): 27.695, 29.69,
39.00,102.24, 122.14, 126.97, 128.05, 131.45, 134.3,
164.43. FABHRMS m/z: (M* +1, 345). 3%Se correct iso-
tope pattern. Anal. Found: C, 55.80; H, 3.12; N, 8.21.
Calcd. for C;sH1,0,N5Se: C, 55.91; H, 3.52; N, 8.16.

Compounds 3c—d were prepared by following the above-
mentioned procedure.

7.2.11.  Preparation of 2-(4-selenocyanato-butyl)-
benzo|delisoquinoline-1,3-dione  (4c). Yield: 89.34%.
m.p.: 107-109 °C. It was crystallized from acetone—hex-
ane to afford 4¢ of analytical grade m.p.: 108-109 °C. IR
(KBr) vmaxcm™': 2945.86, 2156.91, 1690.85 1655.08,
1588.85. '"H NMR (300 MHz, CDCl;, TMS = 0.00):
1.9 (q, 2H, J=6.5Hz), 2.0 (q, 2H, J = 6.3 Hz), 3.2 (t,
2H, J=7.0Hz), 42 (t, 2H, J=7.1 Hz), 7.76 (t, 2H,
Ar-H, J=7.9 Hz), 8.20 (d, 2H, Ar-H, J = 8.1 Hz), 8.60
(d, 2H, Ar-H, J=72Hz). *C (75MHz, CDCls):
27.48, 28.19, 28.93, 38.98, 101.37, 122.34, 126.88,
128.01, 131.23, 131.47, 134.00, 164.08. FABHRMS m/
z (M* 41, 359). Se correct isotope pattern. Anal.
Found: C, 57.00; H, 3.83; N, 7.94. Calcd. for
C17H|402stei C, 5715, H, 395, N, 7.84.

7.2.12. Preparation of 2-(5-selenocyanato-pentyl)-
benzo|delisoquinoline-1,3-dione (4d). Yield: 68%. m.p.:
126-127 °C. It was crystallized from diethyl ether—light
petroleum 60-80 °C to afford 4d of analytical grade
m.p.: 154-155°C IR (KBr) vyax cm™': 2932.6, 2156.91
(CN), 1694.78, 1648.71, 1590.35. '"H NMR (300 MHz,
CDCl;, TMS =0.00): 1.61 (q, 2H, J=7.8 Hz), 1.8 (q,
2H, J=7.3Hz), 2.0 (q, 2H, J=7.1 Hz), 3.1 (t, 2H,
J=173Hz), 42 (t, 2H, J=72Hz), 7.8 (t, 2H, Ar-H,
J=17.6Hz), 8.22 (d, 2H, Ar-H, J=7.9 Hz), 8.60 (d,
2H, Ar-H, J=7.0Hz). *C (75 MHz, CDCls): 26.45,
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27.14, 29.27, 30.33, 39.78, 101.45, 122.46, 126.87,
128.02, 131.17, 131.48, 133.93, 164.1. FABHRMS
mlz: (M* +1, 373). Se correct isotope pattern. Anal.
Found: C, 58.27; H, 4.3; N, 7.21. Calcd. for
Ci3H1602N5Se: C: 58.23; H: 4.34; N: 7.54.

7.3. Biology

7.3.1.  Materials.  7,12-Dimethylbenz[a]anthracene,
PMA, 1-chloro-2,4-dinitrobenzene (CDNB), ethylenedi-
aminetetraacetic acid (EDTA), reduced glutathione,
pyrogallol, sodium dodecyl sulfate (SDS), thiobarbituric
acid (TBA), bovine serum albumin (BSA) (Sigma, USA)
hydrogen peroxide (30%) (Merck India Ltd.).

7.3.2. Animals. Adult (5-6 weeks) Swiss albino female
mice bred in the animal colony of Chittaranjan National
Cancer Institute, Kolkata, were used for this study.
Mice weighing (22 + 2g.), housed in wire-mesh cages (5
mice/cage). They had free access to water and food un-
der controlled environmental conditions of humidity
(60 £ 5%), lighting (12-h light/dark cycle), and tempera-
ture (23 £2°C). Standard food pellets and drinking
water were provided ad libitum.

7.3.3. Experimental protocol

7.3.3.1. Carcinogen treatment. The backs of the ani-
mals were shaved 2 days prior to the start of the exper-
iment. To induce oxidative stress the mice of Gr C and
Gr [-VIII were subjected to two topical applications of
DMBA at an interval of 72 h at the dose of 0.05 mg/
kg bw in acetone (100 pL/mouse) on the shaved area fol-
lowed by PMA (5 nmol/mouse) twice in a week at an
interval of 72 h starting from day 8 of first DMBA
application.

7.3.3.2. Drug preparation. Synthetic organoselenocya-
nate compounds 4a—d were used as a suspension in 5.5%
propylene glycol in water, prepared on the day of exper-
iment, just before treatment.

7.3.3.3. Treatment group

Group N: Animals received topical application of
acetone (100 pl./mouse) on the shaved skin and prop-
yleneglycol (5.5% in water, 300 pL/mouse) by oral
gavage everyday during the treatment period.
Group C: Two topical applications of DMBA fol-
lowed by PMA as mentioned above during the period
of treatment for 15 days.

Group I: Received DMBA-PMA and compound 4a
at the dose of 3 mg/kg bw from the day of DMBA
treatment for 15 days.

Group II: Received compound 4a at a dose of 3 mg/
kg bw 15 days prior to first DMBA treatment and the
treatment continued throughout the experimental
period for 15 days +DMBA-PMA as in group C.
Group III: Received DMBA-PMA as in group C and
compound 4b at the dose of 3 mg/kg bw from the day
of DMBA treatment for 15 days.

Group IV: Received compound 4b at a dose of 3 mg/
kg bw 15 days prior to first DMBA treatment and the
treatment continued throughout the experimental
period of 15 days +DMBA-PMA as in group C.

Group V: Received DMBA-PMA as in group C and
compound 4c at the dose of 3 mg/kg bw from the day
of DMBA treatment for 15 days.

Group VI: Received compound 4¢ at a dose of 3 mg/
kg bw 15 days prior to first DMBA treatment and the
treatment continued throughout the experimental
period of 15 days +DMBA-PMA as in group C.
Group VII: Received DMBA-PMA as in group C
and compound 4d at the dose of 3 mg/kg bw from
the day of DMBA treatment for 15 days.

Group VIII: Received compound 4d at a dose of 3 mg/
kg bw 15 days prior to first DMBA treatment and the
treatment continued throughout the experimental
period of 15 days +DMBA-PMA as in group C.

7.3.4. Tissue preparation

7.3.4.1. Preparation of liver microsomes for quantitative
estimation of lipid peroxidation. Liver tissues of the ani-
mals were collected, washed in 0.9% saline, soaked in fil-
ter paper, weighed and 400 mg of liver homogenized in
1.15% KCI. The homogenates were then centrifuged at
12,000g at 4 °C for 10 min, and the supernatant were col-
lected and again centrifuged at 10,000g at 4 °C for 10 min.
This supernatant was then ultracentrifuged at 54,000g at
4 °C for 1 h. The supernatant was discarded and the
microsomal pellet was dissolved in 0.4 mL of 1.15%
KCl to get the sample for assay of lipid peroxidation.

7.3.4.2. Preparation of liver cytosol for GST assay.
Liver tissues of experimental animals were collected,
washed in 0.9% saline, soaked in filter paper, and
weighed. Tissue fragments (200 mg) were homogenized
in cold condition in 1mL homogenizing buffer
(250 mM sucrose, 20 mM Tris—HCI, 1 mM dithiothrei-
tol, pH 7.4), using glass/Teflon homogenizers. The
homogenates were centrifuged at 75,000g at 4 °C for
2 h. Supernatant (cytosolic fraction) was kept in aliquot
and used for the assay.>’

7.3.4.3. Preparation of liver cytosol for assay of
reduced glutathione. Liver tissues (200 mg) were homog-
enized in homogenizing buffer, pH 7.4 (in absence of
dithiothreitol). Supernatant was collected as described
for GST for quantification*® of the level of GSH.

7.3.4.4. Preparation of liver cytosol for SOD assay.
Liver tissues of the animals were collected, washed in
0.9% saline, soaked in filter paper, and weighed. Then
100 mg liver tissue from each animal was homogenized
in 0.5 mL of Tris—HCI buffer and the homogenate was
centrifuged at 10,000g for 30 min at 4 °C. The superna-
tant was taken and 0.25 mL of ethanol and 0.15 mL of
chloroform were added per milliliter of the supernatant,
vortexed for 5-7 min, and centrifuged at 130,000g for
15 min, and the supernatant was used as the enzyme
source.

7.3.4.5. Preparation of liver cytosol for CAT assay.
Liver tissues of the animals were collected, washed in
0.9% saline, soaked in filter paper, and weighed. Then
100 mg liver tissue was homogenized in 500 mL M/150
phosphate buffer in ice and centrifuged at 2000g for
10 min at 4 °C. The supernatant was taken for the assay
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7.3.5. Biochemical estimation

7.3.5.1. Quantitative estimation of hepatic microsomal
lipid peroxidation. Lipid peroxidation was estimated in
the liver microsomal fraction. The level of lipid perox-
ides formed was measured*' using thiobarbaturic acid
and expressed as TBARS formed per milligram of pro-
tein using as extinction coefficient of
1.56x 10°M 'em™.

7.3.5.2. Quantitative estimation of hepatic GST activ-
ity. GST activity was measured in the liver cytosol. The
enzymatic activity was determined from the increase in
absorbance at 340 nm with 1-chloro-2,4-dinitrobenzene
as the substrate and specific activity of the enzyme ex-
pressed as the formation of 1-chloro-2,4-dinitrobenzene
(CDNB-GSH) conjugate per minute per milligram of
protein.#?

7.3.5.3. Quantitative estimation of reduced glutathione.
The level of glutathione was estimated from the liver
cytosol*® and expressed in nanomoles of GSH per milli-
gram of protein.

7.3.5.4. Quantitative estimation of SOD activity. SOD
activity after partial extraction and purification of
SOD* was determined** by quantification of pyrogallol
autooxidation inhibition and expressed in units per mil-
ligram of protein. One unit of enzyme activity is defined
as the amount of enzyme necessary for inhibiting the
reaction by 50%. Autooxidation of pyrogallol in Tris—
HCI buffer (50 mM, pH 7.5) was measured by increase
in absorbance at 420 nm.

7.3.5.5. Quantitative estimation of CAT activity.
Activity of CAT in liver cytosol was determined*’ spec-
trophotometrically at 250 nm and expressed in units per
milligram of protein where unit is the amount of enzyme
that liberates half the peroxide oxygen from H,O; in
100 s at 25 °C.

7.3.5.6. Estimation of protein. Protein was estimated
spectrophotometrically*® with BSA as standard.

7.3.5.7. Statistical analysis. The data were analyzed
by student’s ¢ test to identify the means of different
groups. The p value of <0.05 was considered significant.
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Abstract—Tuberculosis continues to be a major cause of morbidity and mortality all over the world. Various 7-substituted cipro-
floxacin derivatives were synthesized and evaluated for antimycobacterial activity in vitro and in vivo against Mycobacterium tuber-
culosis and for inhibition of the supercoiling activity of DNA gyrase from Mycobacterium smegmatis. Preliminary results indicated
that most of the compounds demonstrated better in vitro antimycobacterial activity against M. tuberculosis than ciprofloxacin.
Compound  1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-[[N*-[1’-(5-methylisatinyl-p-semicarbazo)jmethyl] N'-piperazinyl]-3-quino-
line carboxylic acid (3h) decreased the bacterial load in spleen tissue with 0.76-log;, protections and was considered to be moderately
active in reducing bacterial count in spleen. The results demonstrated the potential and importance of developing new quinolone

derivatives against mycobacterial infections.
© 2005 Published by Elsevier Ltd.

1. Introduction

Tuberculosis (TB) is one of the most common infectious
diseases known to humans. About 32% of the world’s
population (1.9 billion people) is infected with TB.
Every year, approximately 8 million of the infected peo-
ple develop active TB, and almost 2 million of these
infected people die from the disease,! a life lost to TB
every 15 s. The incidence of TB infection has steadily ris-
en in the last decade, and this increase can be attributed
to a similar increase in human immunodeficiency virus
(HIV) infection.? The association of TB and HIV infec-
tions is so dramatic that, in some cases, nearly
two-thirds of the patients diagnosed with TB are also
HIV-1 seropositive.> Furthermore, numerous studies
have shown that TB is a cofactor in the progression of
HIV infection.* The reemergence of TB infection is fur-
ther complicated by an increase in cases that are resis-
tant to conventional antitubercular drug therapy. As a
consequence of HIV epidemic, and the lack of potency
of multidrug regimens, drugresistance has become more

Keywords: Antimycobacterial; Anti-TB; Ciprofloxacin derivatives;

DNA gyrase inhibition.

* Corresponding author. Tel.: +91 1596 244684; fax: +91 1596
244183; e-mail: dsriram@bits-pilani.ac.in

0968-0896/$ - see front matter © 2005 Published by Elsevier Ltd.
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evident and the development of novel mechanism-based
antitubercular agents has become a high priority area
globally.>® Fluoroquinolones are used for the clinical
control of multidrug resistant TB, that is, TB due to
bacilli that are resistant to both isoniazid and rifampin.
Several of the quinolone antibacterials, such as gatiflox-
acin, moxifloxacin, and sitafloxacin, have been exam-
ined as inhibitors of Mpycobacterium tuberculosis
(MTB), as well as other mycobacterial infections.” Quin-
olones inhibit bacterial type II topoisomerase, deoxyri-
bonucleic acid (DNA) gyrase, and topoisomerase 1V,3
which are essential enzymes that maintain the supercoils
in DNA. The incidence of mycobacterial resistance to
fluoroquinolones is relatively low at the present time,
and there are no reports of cross-resistance or antago-
nism with other classes of antimycobacterial agents.’
One major factor relevant to the design of new antitu-
bercular agents is the transport of compounds through
the cell wall of mycobacteria. This is difficult since it is
well known that mycolic acids and surface-associated
lipids of these organisms form a transport barrier when
compared to the cell wall of other eubacteria.'® As a part
of the study attempting to further optimize the quino-
lone antibacterials against MTB, we have explored the
effect of increasing the lipophilic character at 7-position
of ciprofloxacin on activity against MTB. In the present
report, we describe the synthesis, antimycobacterial
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evaluation in vitro and in vivo against MTB and the
tests of the ability of representative compounds to inhib-
it the supercoiling activity of M. smegmatis DNA
gyrase.

2. Results and discussion
2.1. Synthesis

The general procedures for the preparation'! of target
compounds 3a-1 (Table 1) are described in Scheme 1.
Isatin and its derivatives (1) react with formaldehyde
and secondary amino (piperazino) function of cipro-
floxacin (2) to form the required Mannich bases of
ciprofloxacin in 68-89% yield. The purity of the syn-
thesized compounds was checked by thin-layer chro-
matography, and the elemental analyses and the
structures were identified by spectral data. In general,
(IR) infrared spectra showed C=N (azomethine) peak
at 1640/cm' and CH, (Mannich methylene) peak at
2860 and 2840/cm’. In the nuclear magnetic resonance
spectra ("H NMR), the signals of the respective pro-
tons of the prepared ciprofloxacin derivatives were
verified on the basis of their chemical shifts, multiplic-
ities, and coupling constants. The spectra showed a
singlet at 6 4.8-5.1 ppm corresponding to —NCH,N—
group; multiplet at § 3.8-4.1 ppm for piperazine pro-
ton; multiplet at ¢ 0.88-1.12 ppm for cyclopropyl pro-
ton and singlet at ¢ 8.6 ppm for C,-H. The elemental
analysis results were within £0.4% of the theoretical
values.

2.2. Antimycobacterial activity

All compounds were initially screened for their antimy-
cobacterial activity at 6.25 pg/mL against MTB H3,Rv
strain by the Tuberculosis Antimicrobial Acquisition
& Coordinating Facility (TAACF) in BACTEC 12B
medium using the microplate Alamar Blue assay'? (Ta-
ble 1). Compounds exhibiting >90% inhibition in the ini-

Table 1. Physical and antimycobacterial properties of compounds 3a-1

(0]
F COOH
. HN/\ |
N
N

2 A
lm

R. : _R
N (0]
' COOH

(6]
CHZ\N/\F
N J

3a-1 A
R =H, Cl, Br, CH;

R = O, -NNHCONH,, -NNHCSNH,

R. : _R
N0
H
1

(a) HCHO, C,H;sOH, reflux, 24h

Scheme 1. Synthetic protocol of the titled compounds.

tial screen were retested at and below 6.25 pg/mL using
2-fold dilution to determine the MIC. In the preliminary
screening, all the compounds inhibited MTB with 95—
100%. In the secondary level, five compounds (3a, g-i,
and k) showed most promising activity with MIC of
<2 nM and all the compounds were more potent than
parent compound ciprofloxacin (MIC of 6.04 nM) ex-
cept 3l. When compared to moxifloxacin, compounds
3a, g-i and k were more potent. Compound 3k was
found to be the most active compound with MIC of
1.21 nM and was five times more potent than ciproflox-
acin in vitro. The preliminary antimycobacterial evalua-
tion results show that compounds with bromo
substitution in the C-5 position of isatinimino deriva-
tives have shown promising results, and extensive struc-

Compound R R’ Melting Yield (%) LogP* Antimycobacterial Cytotoxicity ~ Selectivity index
point (°C) screening (IC5¢/MIC)

% Inhibition =~ MIC (nM) ICsy Vero
at 6.25ug/mL cells (nM)

3a H (@) 230 63 1.01 99 1.59 >127.42 >80.13

3b Cl (0] 226 67 0.99 100 2.97 >19.05 >6.41

3¢ Br (@) 246 68 0.91 100 2.74 >17.56 >6.41

3d CH; O 202 72 0.99 99 3.09 >19.82 >6.41

3e H -NNHCONH, 235 79 1.92 100 2.85 >18.26 >6.41

3f Cl -NNHCONH, 212 81 1.40 100 2.68 >17.18 >6.41

3g Br -NNHCONH, 198 77 2.04 99 1.24 >99.77 >80.45

3h CH; -NNHCONH, 210 83 1.97 100 1.39 >111.29 >80.06

3i H -NNHCSNH, 240 89 1.51 100 1.38 >110.89 >80.35

3§ Cl -NNHCSNH, 256 83 0.89 95 2.61 >16.72 >6.41

3k Br ~-NNHCSNH, 208 86 1.66 100 1.21 >97.27 >80.38

31 CH; -NNHCSNH, 268 92 1.61 100 10.82 >10.82 >1.00

Ciprofloxacin — — — — 0.01 98 6.04 >30.21 >5.00

Moxifloxacin  — — — — —0.03 100 1.94 >15.58 >8.00

#The log P was calculated using online calculator (www.logp.com).
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ture—activity correlation could be derived in the future
with various other modifications.

The lipophilicity of the fluoroquinolones is well known
to play an important role in the penetration of these com-
pounds into bacterial cells.'®> Assuming that the issue of
penetration is even more crucial for quinolone activity
against mycobacteria,'* our results demonstrated that
simply increasing the lipophilic character at C-7 in-
creased the activity, as seen from the log P values of
the synthesized compounds (0.89-2.04), which were
much more than the parent compound (0.01).

All the compounds were further examined for toxicity
(ICsp) in a mammalian cell line, Vero cells by the
TAACF. The compounds, which showed MIC of
<2 nM, were nontoxic till 100 nM, and their selectivity
indexes were more than 100. Vero cells are the cell lines
used in the standard protocol followed in TAACF and
they are developed from African monkey nephrocytes
especially used for assessing the cytotoxicity.

2.3. Animal testing

Prior to animal screening, the maximum tolerated dose
(MTD) was performed for a representative compound
3h using C57BL/6 female mice by administration of a
one-time dose/animal of an escalating dose of drug
(100, 300, 500, and 1000 mg/kg). The nine mice (3
mice/dose) in each study were observed for a total of
1 week. Surviving mice were killed and organs examined
for signs of overt toxicity. Compound 3h showed no
effect or adverse reactions/toxicity at the maximum dose.

Subsequently, compound 3h was tested for efficacy
against MTB at a dose of 300 mg/kg (Table 2) in 8- to
10-week-old female specific-pathogen-free C57BL/6-
Ifngtmlts (GKO) mice (Jackson Laboratories, Bar
Harbor, ME, USA) exposed to a low-dose aerosol infec-
tion with MTB in a Glas-Col inhalation exposure sys-
tem.!> The virulent MTB strain Erdman (TMCC 107)
has been used as the standard strain for drug testing.
One day to postinfection, three mice were killed to verify
bacterial uptake of 50-100 colony-forming unit (CFU)/
mouse. Every treatment group consisted of five mice for
every following time point. Treatment was started 18
days after infection and lasted up to 28 days postinfec-
tion. One control group of infected mice was killed at
the start of treatment. A second group of infected but
untreated mice was killed after the cessation of treat-
ment. In this model, drug treatment began 20 days after
inoculation of MTB into the animal. Bacterial counts
were measured on day 28 in two tissues, viz., lungs

Table 2. In vivo activity data of 3h and isoniazid against Mycobac-
terium tuberculosis in mice

Compound Lungs Spleen

(log CFU £ SEM)  (log CFU £ SEM)
Control 8.78 £0.12 6.84+0.21
3h (300 mg/kg) 9.26 £ 0.19 6.08 £ 0.11
Isoniazid (25 mg/kg)  5.80+0.18 3.1410.12

and spleen, and compared with the counts from negative
(untreated) controls (mean CFU in lung was 8.78 and in
spleen was 6.84). Compound 3h decreased the bacterial
load in spleen tissue (mean CFU of 6.08) with 0.76-
logo protections and was considered to be moderately
active in reducing bacterial count in spleen. In the lung
tissue, the compound 3h was found to be inactive (mean
CFU of 9.26).

2.4. DNA gyrase inhibition

Since the compounds were fluoroquinolone derivatives,
it was important to test whether they inhibit the enzyme
DNA gyrase even after the modification. The ability of
the compounds 3g, h, and k to inhibit DNA supercoiling
was tested using DNA gyrase from M. smegmatis. The
gyrase subunits from M. smegmatis are >90% similar
(Gyr A, 93.7%; Gyr B, 92%) to those present in MTB
at the amino acid level.!® Moxifloxacin was used as po-
sitive control in these assays, as it has been shown to be
a potent inhibitor of DNA supercoiling of mycobacteri-
al DNA gyrase.!” Each of the new compounds tested
showed dose-dependent inhibition. The representative
data after carrying out experiments three times are
shown in Figure 1A and B. From the data, it is clear that

A MEX [ 3g |
Enzyme - + | + + | + + | -
Compound - - 5 10 | 20 [ 40 | -

B MFX [ 3k | [ 3h ]
Enzyme =i | s | | £ +| + + [+ |+ -
Compound | - i 5 |10 20| 40| 10| 20| 40| - 1

1 2 3 4 5 6 7 8 9 10 11

Figure 1. (A) DNA gyrase supercoiling assays to evaluate enzyme
inhibition. The assays were performed as described in the Section 4.
The enzyme was incubated with indicated concentrations of the
compounds prior to the addition the reaction mixture. Moxifloxacin
(5 pg/ml) was used as positive control for inhibition and 5% DMSO
was used as solvent control. The samples after processing were
analyzed on 0.8% agarose gels as described in the Section 4. Effect of
compound 3g on DNA gyrase. Lane 1, relaxed DNA substrate alone;
lane 2, supercoiling reaction in the absence of any drug; lane 3, 5 pg/ml
of moxifloxacin; lanes 4-6 have 10, 20, and 40 pg/ml of 3g; lane 7
supercoiled plasmid DNA. (B) Effect of compounds 3k and h on
supercoiling activity. Lanes 1 and 11 have relaxed and supercoiled
DNA, respectively. Lane 2, complete supercoiling reaction in the
absence of any drug; lanes 3 and 10 are drug control and solvent (5%
DMSO) controls, respectively. Lanes 4-6 and 7-9 have 10, 20, and
40 pg/ml of compounds 3k and h, respectively.
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the substituted compounds inhibit the DNA gyrase
activity. However, none of the new compounds are as
effective as moxifloxacin very likely due to the presence
of different chemical groups. All the compounds used
for the assays show ICs, values around 10 pg/mL. The
results demonstrate that lipophilic quinolones retain
their inhibitory property on DNA gyrase from
mycobacteria.

3. Conclusion

This study has revealed that increasing the lipophilic
side chain at C-7 had improved the antimycobacterial
activity in vitro and had shown no cytotoxicity at the
active concentration. The investigation on further
structure—activity relationships and emergence of drug
resistance are now in progress. Appropriate modifica-
tion of other quinolones such as moxifloxacin, sparflox-
acin, and sitafloxacin, which are more effective than
ciprofloxacin, is likely to provide more effective inhibi-
tors of the enzyme with improved efficacy.

4. Experimental

Melting points were taken on an electrothermal melting
point apparatus (Buchi BM530) in open capillary tubes
and are uncorrected. IR spectra (KBr disc) were run on
Jasco IR Report 100 spectrometer. '"H NMR spectra
were scanned on a JEOL Fx 300 MHz NMR spectrom-
eter using DMSO-dg as solvent. Chemical shifts are
expressed in 0 (ppm) relative to tertamethylsilane.
Elemental analyses (C, H, and N) were performed on
Perkin Elmer model 240C analyzer, and the data were
within + 0.4% of the theoretical values.

4.1. Synthesis of Compounds 3a-1

The general procedure for preparing 3a-l was as follows.
To a solution of 1-cyclopropyl-6-fluoro-1,4-dihydro-7-
piperazin-1-yl-4-oxo quinoline-3-carboxylic acid (cipro-
floxacin, 0.02 mol) in ethanol (50 mL), isatin and its
derivatives (0.02 mol) and 37% formalin (1 mL) were
added. The reaction mixture was heated under reflux
for 24 h. On cooling, the precipitate was collected,
washed with cold ethanol, and recrystallized from a mix-
ture of DMF and water to give 3a-1 with 68-92% yield.

4.1.1. 1-Cyclopr0pyl-6-ﬂu0ro-1,4-dihydro-4—0x0-7-[N4-
(isatinyl)methyl]-N'-piperazinyl-3-quinoline  carboxylic
acid (3a). Yield: 63.2 %; mp: 230 °C; IR (KBr): 3010,
1736, 1720,1620, 1506, 1236, 1125cm; 'H NMR
(DMSO-dg) 6 (ppm): 1.05-1.2 (m, 4H, cyclopropyl-H),
3.7-4.1 (m, 9H, -piperazine-H and cyclopropyl-H), 5.1
(s, 2H, -NCH,N), 6.58-8.48 (m, 6H, Ar-H), 8.62 (s,
1H, C,-H), 14.88 (br s, 1H, COOH); Calcd for
C26H23N405FZ C, 6367, H, 4.73; N, 11.42. Found: C,
63.49; H, 4.71; N, 11.33.

4.1.2. 1-Cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-[[N*-
[1'-(5-methylisatinyl-p-semicarbazo)|methyl]- V' -piperazi-
nyl]-3-quinoline carboxylic acid (3h). Yield: 82.9%; mp:

210 °C; IR (KBr): 3010, 2850, 2840, 1736, 1645, 1620,
1506, 1236, 1125cm; 'H NMR (DMSO-dg) 6 (ppm):
0.88-1.12 (m, 4H, cyclopropyl-H), 1.82 (s, 3H, CH3),
3.74-4.26 (m, 9H, -piperazine-H and cyclopropyl-H),
5.12 (s, 2H, -NCH;,N), 6.50-8.46 (m, SH, Ar-H), 8.62
(s, 1H, C,-H), 10.02 (s, 2H, CONH,, D,O exchange-
able), 10.82 (s, 1H, NH, D,O exchangeable), 14.86 (br
s, 1H, COOH); Calcd for C,gH>3N;OsF: C, 59.89; H,
5.03; N, 17.46. Found: C, 60.01; H, 4.99; N, 17.43.

4.1.3. 1-Cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-[[V*-
[1’-(5-bromoisatinyl-B-thiosemicarbazo)|methyl] V 1 -pipe-
razinyl]-3-quinoline carboxylic acid (3k). Yield: 86.4%;
mp: 268 °C; IR (KBr): 3010, 2852, 2840, 1735, 1640,
1620, 1506, 1236, 1125cm; 'H NMR (DMSO-ds) 6
(ppm): 0.88-1.10 (m, 4H, cyclopropyl-H), 3.74-4.26
(m, 9H, -piperazine-H and cyclopropyl-H), 5.16 (s,
2H, -NCH;N), 6.62-8.40 (m, 5H, Ar-H), 8.62 (s, 1H,
C,-H), 10.62 (s, 2H, CSNH,, D,O exchangeable),
10.88 (s, 1H, NH, D,O exchangeable), 14.86 (br s, 1H,
COOH); Caled for C,7H,5N,O4SFBr: C, 50.47; H,
3.92; N, 15.26. Found: C, 50.41; H, 3.99; N, 15.27.

4.2. Antimycobacterial activity

Antimicrobial susceptibility testing was performed using
alamar blue susceptibility test (MABA) as reported
earlier.'”> The lowest drug concentration effecting an
inhibition of >90% was considered the MIC.

4.3. Cytoxicity assay

Cytotoxicity was assessed against Vero cells (CCL-81,
American Type Culture Collection) following the earlier
reported protocol.!?

4.4, Maximum tolerated dose assay

Three healthy mice were given orally one single dose of
the compound and were observed at regular times for
any adverse effects. Four different concentrations were
tested: 100, 300, 500, and 1000 mg/kg. The last dose
was 2-5 times the dose used for efficacy testing of the
compound in mice. After 7 days of observation the mice
were sacrificed and the organs were studied by gross nec-
ropsy. In the case of abnormalities, the organs were
fixed in formalin and further analyzed by extensive
pathology analysis.

4.5. In vivo antimycobacterial activity

The animal testing was carried out as per the reported
procedure.!> The quinolones were suspended in 5% eth-
anol for treatment, and isoniazid (INH) was dissolved in
distilled water. All compounds were administered by
oral gavage in eight treatments for 5 days/week. After
completion of therapy, the mice were killed by CO,
inhalation. Spleens and left lungs were aseptically
removed and disrupted in a tissue homogenizer. The
number of viable organisms was determined by serial
dilution of the homogenates on nutrient Middlebrook
7HI11 agar plates (GIBCO BRL, Gaithersburg, MD,
USA). The plates were incubated at 37°C in ambient
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air for 4 weeks prior to the counting of viable M. tuber-
culosis colonies (CFU). The viable counts were convert-
ed to logarithms, which were then evaluated by multiple-
comparison analysis of variance by a one-way Dunnett
test. Differences were considered significant at the 95%
level of confidence.

4.6. DNA gyrase supercoiling assays

DNA gyrase was purified from M. smegmatis cells, and
supercoiling assays were carried out as described previ-
ously.!” For assessing the inhibition, the compounds
3g, k, and h were dissolved in DMSO and incubated
in the supercoiling assay mixture along with the enzyme.
Control lanes (absence of compounds) contained
DMSO (5%). The reaction samples were loaded on to
0.8% agarose gels and electrophoresed in TBE buffer
after 12 h at room temperature. The gel is stained with
ethidium bromide to visualize DNA topoisomers.
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Abstract—Certain coumarin o-methylene-y-butyrolactones were synthesized and evaluated for antiproliferative and vasorelaxing
activities. These compounds were synthesized via alkylation of hydroxycoumarins 2a—f followed by oxidation and the Reformat-
sky-type condensation. The results of this study are as follows (1) for the vasorelaxing activity, coumarin-7-yl a-methylene-y-butyro-
lactone 6d, with an ICs, value of 9.4 uM against pig coronary arterial contraction induced by KCl, is a more active vasorelaxant
than its coumarin-4-yl counterpart 6a and its y-methyl congener 1. A methyl group substituted at C-4 of the coumarin-7-yl moiety
reduced the vasorelaxing effect (6d vs 6e) while the 3,4,8-trimethyl derivative 6f was inactive. (2) For the antiproliferative activity,
coumarin-4-yl a-methylene-y-butyrolactone 6a, which exhibited the most potent antiproliferative activity on the growth of MCF7,
NCI-H460, and SF-268 with ICso values of 6.97, 14.68, and 8.36 uM, respectively, is more cytotoxic than its coumarin-7-yl coun-
terpart 6d and the 6,7-dimethyl derivative 6b. For the coumarin-7-yl derivatives, 6d is more active than its y-methyl congener 1,
indicating that substitution at the y-position decreased cytotoxicity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The a-methylene-y-butyrolactone moiety is a character-
istic component of a large number of biologically ac-
tive natural products, especially the sesquiterpene
lactones.!™* However, the biological activity of a-meth-
ylene-y-butyrolactones is not confined to the complex
polyfunctional sesquiterpene lactones only. For exam-
ple, some simple natural o-methylene-y-butyrolactone
bearing butanolides and even the parent o-methylene-
y-butyrolactone (tulipaline A) were found to have
significant pharmacological activities.>® Over the past
few years, we were particularly interested in synthesiz-
ing o-methylene-y-butyrolactones and evaluated their
cardiovascular and cytotoxic activities.”® Although
the enone (O=C—C=CH,) component in this type of
lactone is essential for their biological activities, by
acting as an alkylating agent through a Michael-type

Keywords: Coumarin; o-Methylene-y-butyrolactones; Vasorelaxing

activity; Antiproliferative activity.
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reaction with bionucleophiles or sulfhydryl-containing
enzymes,” both y-substituents of the lactone (1; R
and aryl) also played important roles in their pharma-
cological properties (Fig. 1). For example, an aliphatic
methyl substituent of R is more potent against high-K™*
medium, Ca”*-induced and norepinephrine (NE)-in-
duced vasoconstrictions than its phenyl substituent,
which in turn is a more potent vasorelaxant than a
substituted phenyl counterpart.'® For the aryl substitu-
ent, coumarin-7-yl is superior to its coumarin-4-yl
counterpart for inhibition of NE-induced vasoconstric-
tions in which 1 was one of the best.! The present
report describes the preparation and antiproliferative
and vasorelaxing activities of certain coumarin o-meth-
ylene-y-butyrolactones, derivatives of 1 in which the
v-methyl substituent was removed because the more

Figure 1. Structure of y-methyl-o-methylene-y-butyrolactone.
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bulky the substituent at the vy-position the less the
vasorelaxing activity.'°

2. Chemistry

Preparation of y-[(2-oxo0-2H-1-benzopyranyloxy)meth-
yl]-a-methylene-y-butyrolactones 6a—f is shown in
Scheme 1. Treatment of hydroxycoumarins 2a—f with
KOH and epichlorohydrin provided 2-aryloxymethyl-
oxiranes 3a—f that were reacted with 6% perchloric acid
to give 3-aryloxy-1,2-propanediols 4a—f in good overall
yields. Oxidative cleavage of 4a—f with sodium periodate
afforded 2-aryloxyacetaldehydes 5a—f that were made to
react immediately with ethyl 2-(bromomethyl)acrylate
and zinc powder in dry THF (Reformatsky-type
condensation) to give the desired products 6a—f. The
intermediate 5a has also been purified and its structure
confirmed by NMR spectra and elemental analysis.

3. Pharmacological results and discussion

The vasorelaxing effect of y-[(2-oxo0-2H-1-benzopyranyl-
oxy)methyl]-a-methylene-y butyrolactones 6a—f and the
C,-methyl counterpart 1 is given in Table 1. 7-
[(2,3,4,5-Tetrahydro-4-methylene-5-oxo-2-furanyl)meth-
oxy]-2H-1-benzopyran2-one (6d), with an ICs, value of
9.4 UM against pig coronary arterial contraction in-
duced by KCI, is a more active vasorelaxant than its
vy-methyl congener 1 (14.0 uM), indicating that the sub-
stitution at y-position is unfavorable. Coumarin-7-yl
o-methylene-y-butyrolactone 6d is also a more potent
vasorelaxing agent than its coumarin-4-yl counterpart
6a (35.5 uM), implying that the positional isomers of
coumarin o-methylene-y-butyrolactone exhibited differ-
ent vasorelaxing activities. A methyl group substituted
at C-4 of the coumarin-7-yl moiety reduced vasorelaxing
effect (6d vs 6e). Polysubstitution on the coumarin-7-yl
moiety of 6d further decreased vasorelaxing activity in
which 3,4,8-trimethyl derivative 6f was inactive. The
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Ary—OH Aryl\O POV O/\/\OH
KOH OH
2 4
CO,Et
o}
NalO, CH,Br Ay 0
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Scheme 1. Synthetic pathway of coumarin a-methylene-y-butyrolactones 6a—f.

Table 1. The inhibitory effects of coumarin a-methylene-y-butyrolactones on pig coronary arterial contraction induced by KCI*

3uM 10pM 30 M 100 uM ICso (uM)
Control 101.5+5.2 103.8 £8.9 94.1+7.6 70.0 7.1 Nd
1 89.4 + 11.0 43.0 + 14.7° 8.8 +8.5° 0.0 £0.0° 14.0+3.7
6a 99.8 +0.5¢ 63.8 +11.4° 326 +11.9° 28+32° 355+ 7.4
6b Nd® Nd Nd 60.6 +24.0 Nd
6¢c Nd Nd Nd 45.0 + 8.66° Nd
6d 84.3 +5.19 25.7+9.8° 0.0 £0.0° 0.0 £0.0° 94+30
6e 100.0 £ 0.0 76.7 +5.8° 46.0 +3.5° 12.0 £ 4.0° 39.0+3.6
6f Nd Nd Nd 50.5+ 1.0 Nd

@ Data are expressed as means £ SEM. The ICs, values represent the concentration at which 50% reduction in KCl-induced tone was observed.

®Significantly different from control value at P < 0.001.
¢Significantly different from control value at P < 0.01.
dSignificantly different from control value at P < 0.05.
¢ Not determined.
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same SAR is observed in the case of coumarin-4-yl
counterpart in which 6a exhibited an ICsy of 35.5 uM
while 6b was inactive.

These a-methylene-y-butyrolactones 6a—f were also eval-
uated in vitro against a panel of cell lines consisting of
MCEF7 (breast), NCI-H460 (lung), and SF-268 (CNS)
as described previously.!! Compounds which reduced
the growth of any one of the cell lines to 50% or less
at the concentration of 4 pg/ml were subjected to further
evaluation for their dose-response effects and I1Cs, mea-
surement. The cells were treated with at least five differ-
ent concentrations of test compounds in a CO,
incubator for 72 h. The number of viable cells was esti-
mated using the tetrazolium dye reduction assay (MTS
assay), and the experiment was performed as recom-
mended by the manufacturer (Promega, Madison,
WI). The absorbance was measured at 490 nm on a Wal-
lac 1420 VICTOR2 Multilabel counter (Perkin-Elmer,
Boston, MA). The results of these assays were used to
obtain the dose-response curves from which ICsy (UM)
values were determined. An ICsy value represents the
concentration of the tested compound at which a 50%
cell growth inhibition after 3 days of incubation was
produced. Results from Table 2 indicated that couma-
rin-4-yl a-methylene-y-butyrolactone 6a is more cyto-
toxic than its coumarin-7-yl counterpart 6d and
6,7-dimethyl derivative 6b. For the coumarin-7-yl deriv-
atives, 6d is more active than its y-methyl congener 1,
indicating that the substitution at y-position decreased
cytotoxicity. A methyl group substituted at C-4 of the
coumarin-7-yl moiety reduced cytotoxicity (6d > 6e).
Polysubstitution on the coumarin-7-yl moiety of 6d fur-
ther decreased antiproliferative activity in which 6f was
inactive. Among these coumarin o-methylene-y-butyro-
lactones, 6a exhibited the most potent antiproliferative
activities on the growth of MCF7, NCI-H460, and SF-
268 with ICs, values of 6.97, 14.68, and 8.36 uM,
respectively.

4. Conclusion
Coumarin o-methylene-y-butyrolactones were synthe-
sized and evaluated for antiproliferative and vasore-

laxing activities. The results of this study showed
that coumarin-7-yl a-methylene-y-butyrolactone 6d is

Table 2. Cytotoxicity of coumarin o-methylene-y-butyrolactones

the most potent vasorelaxing agent with an ICs, val-
ue of 9.4 uM against pig coronary arterial contraction
induced by KCI while its coumarin-4-yl counterpart
6a exhibited the most potent antiproliferative activi-
ties on the growth of MCF7, NCI-H460, and SF-
268 with ICsq values of 6.97, 14.68, and 8.36 uM,
respectively.

5. Experimental
5.1. General

TLC: precoated (0.2 mm) silica gel 60 F,s4 plates from
EM Laboratories Inc.; detection by UV light (254 nm).
All chromatographic separations were performed using
silica gel (Merck 60 230-400 mesh). mp: Electrothermal
IA9100 digital melting-point apparatus; uncorrected. 'H
NMR spectra: Varian-Unity-400 spectrometer at
400 MHz or Varian-Gemini-200 spectrometer at
200 MHz, chemical shifts § in ppm with SiMe, as an
internal standard (=0 ppm), coupling constants J in
Hz. Elemental analyses were carried out on a Heraeus
CHN-O-Rapid elemental analyzer, and results were
within +0.4% of calculated values.

5.1.1. 6,7-Dimethyl-4-[(oxiran-2-yl)methoxy]-2H-1-benz-
opyran-2-one (3b). To a stirred solution of 4-hydroxy-
6,7-dimethylcoumarin (2b, 3.80 g, 20 mmol) in EtOH
(100 ml) was added an aqueous solution of KOH
(1.25 g in 5 ml H,0). The solution was stirred at rt for
30 min, and then epichlorohydrin (20 ml) was added.
The mixture was heated at reflux for 2.5 h (TLC moni-
toring). Evaporation of the solvent gave a residue, which
was partitioned between H,O (80 ml) and CH,Cl,
(100 ml). The organic phase was washed with H,O
(80 ml), dried (Na,SO,), and evaporated. Crystallization
of the residue from EtOH gave 3b (4.53 g, 92%) as white
solid, mp 122-123 °C. '"H NMR (CDCls) § : 2.31, 2.34
(each 3H, two s, 6- and 7-Me), 2.82 (1H, dd, J =4.6,
2.6 Hz, 3’-H), 3.00 (1H, dd, J =4.6, 4.2 Hz, 3'-H), 3.47
(1H, m, 2’-H), 4.00 (1H, dd, J=11.2, 6.4 Hz, OCH,),
4.44 (1H, dd, J=11.2, 2.6 Hz, OCH,), 5.61 ng, s, 3-
H), 7.09 (1H, s, 8-H), 7.57 (1H, s, 5-H). '°C NMR
(CDCl3): 6 18.82, 19.83 (6- and 7-Me), 44.00 (3'-C),
48.72 (2’-C), 69.36 (OCH,), 89.56 (3-C), 112.41 (4a-C),
116.83 (8-C), 122.51 (5-C), 132.38 (6-C), 142.26 (7-C),

MCF7 (breast cancer)

NCI-H460 (lung cancer)

SF-268 (CNS cancer)

GI%* ICs® (M) G1% ICso (M) G1% ICso (UM)

1 49 25.52+5.61 48 37.06 % 9.90 48 38.47 £ 1.95
6a 4 6.97+1.37 16 14.68 + 3.42 10 8.36+0.94
6b 32 11.08 + 3.01 41 16.72 + 4.76 2 21.89 +4.02
6¢ 31 12.05 +3.28 47 21.34+3.98 27 24.59 + 5.24
6d 38 19.57 £5.31 47 17.02 £3.93 41 20.72 +5.03
6e 47 2224+ 3.74 52 20.38 + 4.16 55 19.76 £ 5.55
of 70 Nd° 81 Nd 87 Nd

#Percentage of growth (GI%) of preliminary testing at 4 ug/ml concentration.
® Concentration necessary for 50% inhibition (ICsy). The values represent averages + SD of three or more independent experiments, each with

duplicate samples.
“Not determined.
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151.30 (8a-C), 162.74 (4-C), 165.02 (2-C). Anal. Calcd
for C14H404: C, 68.28; H, 5.73. Found: C, 68.10; H,
5.68.

5.1.2. 4-Methyl-6-[(oxiran-2-yl)methoxy]-2 H-1-benzopy-
ran-2-one (3c). From 6-hydroxy-4-methylcoumarin (2c)
as described for 3b: yield 87%, mp 125-127°C. 'H
NMR (CDCl;): ¢ 2.41 (3H, d, J=1.2 Hz, 4-Me), 2.79
(1H, dd, J=4.8, 2.8 Hz, 3’-H), 2.94 (1H, dd, J=4.8,
4.0 Hz, 3’-H), 3.38 (1H, m, 2’-H), 3.97 (1H, dd,
J=112, 6.0Hz, OCH,), 434 (1H, dd, J=11.2,
3.2Hz, OCH,), 6.29 (1H, q, J=1.2Hz, 3-H), 7.09
(1H, d, J=2.8 Hz, 5-H), 7.13 (1H, dd, J = 8.8, 2.8 Hz,
7-H), 7.26 (1H, d, J = 8.8 Hz, 8-H). '*C NMR (CDCls):
0 18.63 (4-Me), 44.49 (3'-C), 50.09 (2’-C), 69.66 (OCH,),
109.10 (5-C), 115.52 (8-C), 117.96 (3-C), 119.26 (7-C),
120.47 (4a-C), 148.17 (8a-C), 151.90 (4-C), 154.86 (6-
C), 160.82 (2-C). Anal. Calcd for C3H,O04: C, 67.24;
H, 5.21. Found: C, 67.09; H, 5.23.

5.1.3. 3,4,8-Trimethyl-7-[(oxiran-2-yl)methoxy|-2 H-1-
benzopyran-2-one (3f). From 7-hydroxy-3,4,8-trimethyl-
coumarin (2f) as described for 3b: yield 84%, mp
138-140 °C. "H NMR (CDCl;): 2.20, 2.35, 2.38 (9H,
three s, 3-, 4-, and 8-Me), 2.76 (1H, dd, J=15.2,
2.8 Hz, 3’-H), 2.93 (1H, dd, J=5.2, 4.4 Hz, 3’-H), 3.36
(1H, m, 2’-H), 3.94 (1H, dd, J=11.2, 6.0 Hz, OCH,),
4.32 (1H, dd, J=11.2, 2.8 Hz, OCH,), 6.78 (1H, d,
J=8.8Hz 6-H), 742 (1H, d, J=8.8 Hz, 5-H). 1’C
NMR (CDCly): 8.21, 13.08, 14.99 (3-, 4-, and 8-Me),
43.50 (3’-C), 49.12 (2’-C), 70.78 (OCH,), 107.88 (8-C),
114.00 (4a-C), 114.22 (6-C), 119.51 (3-C), 121.86 (5-C),
146.30 (4-C), 151.10 (8a-C), 158.53 (7-C), 162.61 (2-C).
Anal. Calcd for C;sHc04: C, 69.22; H, 6.20. Found:
C, 59.12; H, 6.38.

5.1.4. 4-(2,3-Dihydroxypropoxy)-6,7-dimethyl-2 H-1-
benzopyran-2-one (4b). A solution of 3b (2.46¢g,
10 mmol) in 6% perchloric acid (50 ml) was stirred at
rt for 16 h. Then, the pH was adjusted to 8 with NaH-
COs, and the solution was extracted continuously with
CH,Cl, for 24 h. Removal of the solvent gave 4b
(1.43 g, 58%) as a viscous liquid which solidified upon
standing. mp 130-131 °C. 'H NMR (DMSO-d;): 2.80
(6H, two s, 6.7-Me), 3.49 (2H, m, 3’-H), 3.89 (1H, m,
2’-H), 4.07 (1H, dd, J=10.8, 6.0 Hz, 1’-C), 4.20 (1H,
dd, J=10.8, 3.6 1’-H), 4.78 (1H, t, J = 6.0 Hz, 3’-OH),
5.19 (1H, d, J = 5.2 Hz, 2’-OH), 5.77 (1H, s, 3-H), 7.20
(1H, s, 8-H), 7.62 (1H, s, 5-H). *C NMR (DMSO-dy):
18.78, 19.68 (6-, 7-Me), 62.22 (3'-C), 69.34 (2'-C),
71.02 (1’-C), 89.50 (3-C), 112.78 (4a-C), 116.73 (8-C),
122.80 (5-C), 132.52 (6-C), 142.41 (7-C), 151.15 (8a-C),
161.96 (4-C), 165.52 (2-C). Anal. Caled for C4H¢Os:
C, 63.63; H, 6.10. Found: C, 63.37; H, 6.04.

The same procedure was used to convert each of the
compounds 3¢, 3d,'? 3e,!> and 3f-4c, 4d, 4e, and 4f,
respectively.

5.1.5. 6-(2,3-Dihydroxypropoxy)-4-methyl-2 H-1-benzo-
pyran-2-one (4c). Yield 52%, mp 98-99 °C. 'H NMR
(DMSO-dg): 2.41 (3H, d, J=1.2 Hz, 4-Me), 3.46 (2H,
m, 3’-H), 3.80 (1H, m, 2’-H), 3.94 (1H, dd, J=10.0,

6.4 Hz, 1'-H), 4.07 (I1H, dd, J=10.0, 4.0 Hz, 1’-H),
469 (1H, t, J=6.0Hz, 3-OH), 497 (1H, d,
J=52Hz, 2’-OH), 6.36 (1H, q, J = 1.2 Hz, 3-H), 7.21
(2H, m, 5-, 7-H), 7.30 (1H, d, J=8.8 Hz, 8-H). *C
NMR (DMSO-dg): 18.13 (4-Me), 62.63 (3'-C), 69.96
(2’-C), 70.38 (1’-C), 108.85 (5-C), 114.62 (8-C), 117.41
(3-C), 119.55 (7-C), 120.06 (4a-C), 147.14 (8a-C),
152.97 (4-C), 155.12 (6-C), 159.86 (2-C). Anal. Calcd
for C13H 405 C, 62.40; H, 5.64. Found: C, 62.47; H,
5.68.

5.1.6. 7-(2,3-Dihydroxypropoxy)-2H-1-benzopyran-2-one
(4d). Yield 61%, mp 123-124 °C [lit."* 122-124°C]. 'H
NMR (DMSO-dg): 3.45 (2H, m, 3’-H), 3.81 (1H, m,
2'-H), 3.98 (1H, dd, J=10.0, 6.0 Hz, 1’-H), 4.11 (1H,
dd, J=10.0, 4.0 Hz, 1’-H), 4.71 (1H, t, J=6.0 Hz, 3'-
OH), 5.02 (1H, d, J=5.2Hz, 2'-OH), 6.28 (1H, d,
J=9.2Hz 3-H), 6.96 (2H, m, 6-, 8-H), 7.62 (1H, d,
J=8.4Hz 5-H), 798 (1H, d, J=9.2Hz, 4-H). 1°C
NMR (DMSO-dy): 62.48 (3'-C), 69.74 (2'-C), 70.32
(1'-C), 101.19 (8-C), 112.25 (4a-C), 112.38, 112.70 (3-,
6-C), 129.42 (5-C), 144.28 (4-C), 155.33 (8a-C), 160.26,
161.98 (2-, 7-C). Anal. Calcd for C;,H;,0s5: C, 61.02;
H, 5.12. Found: C, 60.90; H, 5.15.

5.1.7. 7-(2,3-Dihydroxypropoxy)-4-methyl-2 H-1-benzo-
pyran-2-one (de). Yield 53%, mp 99-100 °C [lit.!> 108
110°C]. 'H NMR (DMSO-ds): 2.38 (3H, d,
J=1.2Hz, 4-Me), 3.46 (2H, m, 3’-H), 3.81 (1H, m, 2'-
H), 3.94 (1H, dd, /=10.4, 6.0 Hz, 1’-H), 4.11 (1H, dd,
J=10.0, 40Hz, 1-H), 472 (1H, t, J=5.6Hz,
3’-OH), 5.02 (1H, d, J=52Hz, 2'-OH), 6.18
(1H, q, J=1.2Hz, 3-H), 6.97 (2H, m, 6-, 8-H), 7.66
(1H, d, J=8.8 Hz, 5-H). '*C NMR (DMSO-d): 18.07
(4-Me), 62.51 (3'-C), 69.77 (2'-C), 70.31 (1'-C), 101.21
(8-C), 111.05, 112.38 (3-, 6-C), 113.02 (4a-C), 126.37
(5-C), 153.35 (4-C), 154.68 (8a-C), 160.13, 161.89
(2-, 7-C). Anal. Calcd for Cy3H1405: C, 62.40; H, 5.64.
Found: C, 62.02; H, 5.65.

5.1.8. 7-(2,3-Dihydroxypropoxy)-3,4,8-trimethyl-2 H-1-
benzopyran-2-one (4f). Yield 51%, mp 136-137°C. 'H
NMR (DMSO-d): 2.05, 2.18, 2.31 (9H, three s, 3-, 4-,
and 8-Me), 3.50 (2H, m, 3’-H), 3.85 (1H, m, 2’-H),
398 (1H, dd, J=9.8, 5.6 Hz, 1’-H), 4.09 (1H, dd,
J=9.8, 44Hz, 1'-H), 4.71 (1H, t, J = 5.6 Hz, 3’-OH),
501 (1H, d, J=5.0Hz 2'-OH), 6.98 (1H, d,
J=8.8Hz 6-H), 7.53 (1H, d, J=8.8 Hz, 5-H). ’C
NMR (DMSO-dg): 7.97, 12.85, 14.85 (3-, 4- and 8-
Me), 62.62 (3'-C), 69.96 (2’-C), 70.23 (1’-C), 108.06 (8-
C), 112.15 (4a-C), 113.63 (6-C), 117.49 (3-C), 123.00
(5-C), 146.87 (4-C), 150.37 (8a-C), 158.34 (7-C), 161.27
(2-C). Anal. Caled for Ci5sH 305 C, 64.74; H, 6.52.
Found: C, 64.59; H, 6.52.

5.1.9. 2-(2-Oxo-2H-1-benzopyran-4-yloxy)acetaldehyde
(5a). To a stirred solution of 4a (1.89 g, 8§ mmol) in diox-
ane (25 ml) was added an aqueous solution of NalOy,
(3.42 g, 16 mmol in 60 ml H,O). The solution was stirred
at rt for 24 h, and then H,O (100 ml) was added. The
mixture was extracted with CH,Cl, (75 mlx 3), the
organic phase was washed with brine, dried (Na,SOy),
and evaporated. The residue was purified by column
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chromatography (silica gel, EtOAc:hexane, 1:4) yielding
5a (0.98 g, 60%) as a white powder. mp 158 °C (dec). 'H
NMR (CDCls): 4.81 (2H, s, 1’-H), 5.61 (1H, s, 3-H),
7.33 (2H, m, 6-, 8-H), 7.60 (1H, m, 7-H), 7.93 (1H, dd,
J=17.6, 1.2 Hz, 5-H), 9.89 (1H, s, CHO). '3*C NMR
(CDCl3): 72.54 (1'-C), 91.53 (3-C), 115.04 (4a-C),
116.92 (8-C), 123.07 (5-C), 124.24 (6-C), 132.97 (7-C),
153.40 (8a-C), 162.23 (4-C), 164.50 (2-C), 194.67
(CHO). Anal. Calcd for C1HgO4: C, 64.71; H, 3.95.
Found: C, 64.62; H, 4.06.

5.1.10. 4-(2,3,4,5-Tetrahydro-4-methylene-5-oxo-2-fura-
nyl)methoxy]-2 H-1-benzopyran2-one (6a). Method A. To
a solution of 5a (0.82 g, 4 mmol) in dry THF (60 ml)
were added activated Zn powder (0.41 g, 4.8 mmol),
hydroquinone (8 mg), and ethyl 2-(bromomethyl)acry-
late (0.98 g, S mmol). The mixture was refluxed under
N, for 20 h (TLC monitoring). After cooling, it was
poured into ice-cold 5% HCI solution (300 ml) and
extracted with CH,Cl, (75 ml x 3). The CH,Cl, extract
was washed with brine, dried, and evaporated to give
a viscous liquid that was purified by column chromatog-
raphy (silica gel, EtOAc:hexane, 1:1) and crystallization
from EtOH was performed to give 6a (0.72 g, 66%) as a
white solid. mp 128-130 °C. UV A, nm (log ¢): 305
(3.72), 276 (3.93), 266 (3.96), 230 (3.68) (in CH,Cl,).
'"H NMR (CDCly): 3.01 (1H, ddt, J=17.2, 52,
2.6 Hz, 3’-H), 3.26 (1H, ddt, J=17.2, 8.8, 3.0 Hz, 3'-
H), 4.23 (1H, dd, J=10.4, 4.4 Hz, OCH,), 4.39 (1H,
dd, /=104, 2.8 Hz, OCH,), 5.04 (1H, m, 2’-H), 5.80
(1H, t, J=2.6Hz, CH,=C#’)), 640 (1H, t,
J=3.0Hz, CH,=C(4")), 5.71 (1H, s, 3-H), 7.30 (2H,
m, 6-, 8-H), 7.57 (1H, m, 7-H-C), 7.87 (1H, dd,
J=17.9, 1.3 Hz, 5-H). *C NMR (CDCls): 29.52 (3'-C),
69.99 (OCH,), 73.40 (2'-C), 91.04 (3-C), 115.09 (4a-C),
116.82 (8-C), 122.85 (vinylic-C), 123.04 (5-C), 124.12
(6-C), 132.74 (7-C), 133.15 (4’-C), 153.28 (8a-C),
160.34 (4-C), 164.94 (2-C), 169.30 (5’-C). Anal. Calcd
for C;sH,05 0.25 H,O: C, 65.09; H, 4.55. Found: C,
65.04; H, 4.78.

5.1.11. 4-(2,3,4,5-Tetrahydro-4-methylene-5-oxo-2-fura-
nyl)methoxy]-2H-1-benzopyran2-one (6a). Method B. To
a stirred solution of 4a’ (1.18 g, 5mmol) in dioxane
(25ml) was added an aqueous solution of NalOy4
(3.42 g, 20 mmol in 60 ml H,O). The solution was stirred
at rt for 24 h, and then H,O (100 ml) was added. The
mixture was extracted with CH,Cl, (75mlx 3), the
organic phase was washed with brine, dried (Na,SOy),
and evaporated. The residue was dissolved in dry THF
(100 ml), which was added to activated Zn powder
(0.43 g, 5 mmol), hydroquinone (10 mg), and ethyl 2-
(bromomethyl)acrylate (1.18 g, 6 mmol). The mixture
was refluxed under N, for 30 h (TLC monitoring). After
cooling, it was poured into ice-cold 5% HCI solution
(300 ml) and extracted with CH,Cl, (75 ml x 3). The
CH,Cl, extract was washed with brine, dried, and evap-
orated to give a viscous liquid that was purified by col-
umn chromatography (silica gel, EtOAc:hexane, 1:1)
and crystallization from EtOH was performed to give
6a (0.79 g, 58% yield) as a white solid. mp 128-130 °C.
UV Znax nm (log ¢): 305 (3.72), 276 (3.93), 266 (3.96),
230 (3.68) (in CH,Cl,). "H NMR (CDCl5): 3.01 (1H,

ddt, J=17.2, 52, 2.6Hz, 3’-H), 3.26 (1H, ddt,
J=17.2, 8.8, 3.0Hz, 3'-H), 4.23 (1H, dd, J=10.4,
4.4 Hz, OCH,), 4.39 (1H, dd, J=10.4, 2.8 Hz, OCH,),
5.04 (1H, m, 2’-H), 5.80 (1H, ¢, J = 2.6 Hz, CH,—C(4")),
6.40 (1H, t, J = 3.0 Hz, CH,=C(4")), 5.71 (1H, s, 3-H).
7.30 (2H, m, 6-, 8-H), 7.57 (1H, m, 7-H-C), 7.87 (1H,
dd, /=179, 1.3Hz 5-H), >*C NMR (CDCls): 29.52
(3'-C), 69.99 (OCH,), 73.40(2’-C), 91.04 (3-C), 115.09
(4a-C), 116.82 (8-C), 122.85 (vinylic-C), 123.04 (5-C),
124.12 (6-C), 132.74 (7-C), 133.15 (4’-C), 153.28 (8a-
C), 160.34 (4-C), 164.94 (2-C), 169.30 (5’-C). Anal.
Calcd for C;5sH,05 0.25 H,O: C, 65.09; H, 4.55. Found:
C, 65.04; H, 4.78.

The same procedure was used to convert each of the
compounds 4b—f to 6b—f, respectively.

5.1.12. 6,7-Dimethyl-4-[(2,3,4,5-tetrahydro-4-methylene-
5-oxo-2-furanyl)methoxy]-2 H-1-benzopyran-2-one  (6b).
Yield 58%, mp 154-155°C. UV A, nm (loge): 313
(3.88), 281 (4.02), 270 (4.04), 232 (3.87) (in CH,Cl,).
'"H NMR (CDCly): 2.27, 2.33 (6H, two s, 6-,7-Me),
3.09 (1H, ddt, J=17.2, 4.8, 2.4 Hz, 3’-H), 3.25 (1H,
ddt, /=172, 8.8, and 2.8 Hz, 3’-H), 4.19 (1H, dd,
J=10.4, 44Hz, OCH,), 435 (1H, dd, J=104,
2.8 Hz, OCH,), 5.03 (1H, m, 2’-H), 5.60 (1H, s, 3-H),
5.80 (1H, t, J=24Hz, CH,=C(4')), 640 (IH, t,
J=2.8 Hz, CH,=C(4")), 7.09 (1H, s, 8-H), 7.38 (1H, s,
5-H). '*C NMR (CDCly): 19.31, 20.26 (6-, 7-Me),
29.64 (3’-C), 69.94 (OCH,), 73.51 (2'-C), 90.08 (3-C),
112.59 (4a-C), 117.29 (8-C), 122.76 (vinylic-C), 122.82
(5-C), 132.92 (6-C), 133.38 (4’-C) 142.88 (7-C), 151.73
(8a-C), 162.89 (4-C), 165.20 (2-C), 169.35 (5’-C). Anal.
Calcd for C7H ;605 0.25 H,O: C, 66.99; H, 5.56. Found:
C, 67.05; H, 5.50.

5.1.13.  4-Methyl-6-[(2,3,4,5-tetrahydro-4-methylene-5-
oxo-2-furanyl)methoxy]-2 H-1benzopyran-2-one (6¢).
Yield 54%, mp 157-158 °C. UV L.« nm (loge): 337
(3.69), 272 (4.06), 232 (4.07) (in CH,Cl,). '"H NMR
(CDCly): 2.41 (3H, d, J=1.2Hz, 4-Me), 3.01 (1H,
ddt, J=17.2, 52, 2.6Hz, 3’-H), 3.16 (1H, ddt,
J=17.2, 8.8, 3.0Hz, 3’-H), 4.15 (1H, dd, J=104,
4.4 Hz, OCH,), 4.22 (1H, dd, J=10.4, 4.0 Hz, OCH,),
491 (1H, m, 2’-H), 5.73 (1H, t, J = 2.6 Hz, CH,=C(4")),
6.31 2H, m, CH,=C(4’) and 3-H), 7.04 (1H, d,
J=3.0Hz, 5-H), 7.10 (1H, dd, J=28.8, 3.0 Hz, 7-H),
727 (1H, d, J=8.8 Hz, 8-H). >*C NMR (CDCls):
18.67 (4-Me), 29.64 (3'-C), 70.01 (OCH,), 74.40 (2'-C),
109.17 (5-C), 115.74 (8-C), 118.13 (3-C), 119.11 (7-C),
120.57 (4a-C), 122.70 (vinylic-C), 133.52 (4'-C), 148.42
(8a-C), 151.71 (4-C), 154.56(6-C), 160.70 (2-C), 169.63
(5’-C). Anal. Calcd for C;¢H405: C, 67.13; H, 4.93.
Found: C, 66.96; H, 4.97.

5.1.14. 7-(2,3,4,5-Tetrahydro-4-methylene-5-oxo-2-fura-
nyl)methoxy]-2 H-1-benzopyran2-one (6d). Yield 57%,
mp 129 °C. UV A, nm (log ¢): 320 (4.12), 232 (3.67)
(in CH,Cl,). '"H NMR (CDCly): 3.00 (IH, ddt,
J=17.2, 5.6, 2.6 Hz, 3’-H), 3.17 (1H, ddt, J=17.2,
8.8, 3.0Hz, 3’-H), 4.14 (1H, dd, J=104, 4.0 Hz,
OCH,), 4.24 (1H, dd, J=104, 3.0 Hz, OCH,), 4.93
(1H, m, 2’-H), 5.74 (1H, ¢, J=2.6 Hz, CH,=C(4")),
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6.28 (1H, d, J=9.2 Hz, 3-H), 6.32 (1H, t, J=3.0 Hz,
CH,=C(4")), 6.79 (1H, d, J=2.8 Hz, 8-H), 6.84 (1H,
dd, J=8.8, 2.8 Hz, 6-H), 7.39 (1H, d, J=8.8 Hz, 5-
H), 7.64 (1H, d, J=9.6 Hz, 4-H). >°C NMR (CDCl5):
29.57 (3'-C), 69.42 (OCH,), 74.09 (2’-C), 101.56 (8-C),
112.80 (3-C), 113.15 (4a-C), 113.65 (6-C), 122.74 (viny-
lic-C), 128.93 (5-C), 133.38 (4'-C), 143.20 (4-C), 155.68
(8a-C), 160.88, 161.12 (2-, 7-C), 169.57 (5'-C). Anal.
Caled for C;sH;;05: C, 66.18; H, 4.44. Found: C,
65.86; H, 4.70.

5.1.15. 4-Methyl-7-[(2,3,4,5-tetrahydro-4-methylene-5-
oxo-2-furanyl)methoxy]-2 H-1benzopyran-2-one (6e).
Yield 56%, mp 105-107 °C. UV A,.xnm (loge): 318
(4.14), 232 (3.73) (in CH,Cl,). "H NMR (CDCl;): 2.40
(3H, d, J=1.2 Hz, 4-Me), 2.99 (1H, ddt, J=17.6, 5.6,
2.4 Hz, 3’-H), 3.17 (1H, ddt, J=17.6, 8.8, 2.8 Hz, 3'-
H), 4.15 (1H, dd, J=10.4, 4.4 Hz, OCH,), 4.24 (1H,
dd, J=10.4, 3.6 Hz, OCH,), 4.93 (1H, m, 2’-H), 5.74
(1H, t, J=24Hz, CH,=C®4')), 6.15 (1H, d,
J=12Hz, 3-H), 6.32 (1H, t, J = 2.8 Hz, CH,=C(4")),
6.79 (1H, d, J=2.4Hz, 8-H), 6.86 (1H, dd, J=28.8,
2.4 Hz, 6-H), 7.50 (1H, d, J = 8.8 Hz, 5-H). °C NMR
(CDCl3): 18.62 (4-Me), 29.59 (3’-C), 69.41 (OCH,),
74.14 (2’-C), 101.59 (8-C), 112.42, 112.50 (3-, 6-C),
114.24 (4a-C), 122.72 (vinylic-C), 125.72 (5-C), 133.42
(4'-C), 152.37 (4-C), 155.09 (8a-C), 160.98, 161.01 (2-,
7-C), 169.59 (5'-C). Anal. Calcd for C;¢H140s5 0.5
H,0: C, 65.08; H 5.13. Found: C, 65.38; H, 5.04.

5.1.16. 3,4,8-Trimethyl-7-[(2,3,4,5-tetrahydro-4-methy-
lene-5-0x0-2-furanyl)methoxy|2 H-1-benzopyran-2-one (6f).
Yield 49%, mp 152-154 °C. UV /.« nm (log ¢): 316 (4.18),
256 (3.67),231 (3.77) (in CH,Cl,). 'H NMR (CDCl5): 2.18,
2.23,2.36 (9H, threess, 3-,4-, 8-Me), 3.05 (1H, ddt, J = 17.2,
4.8, and 2.6 Hz, 3’-H), 3.19 (1H, ddt, J=17.2, 8.8, and
2.8 Hz, 3’-H), 4.17 (1H, dd, J = 10.4, 3.6 Hz, OCH,), 4.27
(1H, dd, J =104, 3.6 Hz, OCH,), 495 (1H, m, 2’-H),
574 (1H, t, J=2.6Hz, CH,=C#)), 6.33 (lH, t,
J=2.8 Hz, CH,=C(4')), 6.78 EIH, d, /=9.0 Hz, 6-H),
740 (1H, d, J=9.0 Hz, 5-H). '>*C NMR (CDCl;): 8.12,
13.17, 15.04 (3-, 4-, 8-Me), 29.71 (3'-C), 69.61 (OCH,),
74.32 (1’-C), 107.37 (8-C), 114.28 (6-C), 115.10 (4a-C),
119.30 (3-C), 122.11 (vinylic-C), 122.50 (5-C), 133.63 (3'-
), 146.04 (4-C), 151.14 (8a-C), 157.14 (7-C), 162.34 (2-
), 169.70 (5'-C). Anal. Calcd for C;gH;50s: C, 68.78; H,
5.77. Found: C, 68.47; H, 5.81.

5.2. Pharmacology

Porcine hearts were obtained from a local abattoir with-
in 30 min of slaughter and were transported to the lab-
oratory in Krebs—Henseleit (KH) buffer solution with
the following composition (mM): NaCl (120), KCl
(5.2), KH,PO, (1), MgS0O, (1.3), CaCl, (2.5), NaHCO;
(15.5), glucose (11.3), and pyruvate (1). pH value of
the KH buffer solution was adjusted to 7.4. The right
coronary and anterior descending branches of the left
coronary arteries were dissected from each heart and
stored overnight at 4 °C in an oxygenated KH buffer
solution. On one of the two following days, these arter-
ies were cleaned of any remaining connective tissue and
cut into 3-mm rings.

Coronary arterial rings were suspended in organ bath
filled with 20 ml KH solution. The bath solution was
gassed with a mixture of 95% O, and 5% CO,, and the
temperature was maintained at 37 °C throughout the
experiment. Each ring was suspended by two fine stain-
less-steel wire clips; one clip was anchored inside the or-
gan bath and the other was connected to a force
transducer (model FT03, Grass Instrument, USA). Iso-
metric tension was measured by Cyber 380 and Digidata
1320A (Axon Instrument, USA) and recorded in
computer.

Tissues were allowed to equilibrate for a minimum of
1 h before testing was begun. An amount of 30 mM
KCI was then poured into the organ chamber to con-
tract these rings. When the contraction reached a stable
plateau (usually 15 min), testing compounds (100 pM)
were added in the organ bath to screen the activity of
relaxation. Concentration-response curves for some
more potent compounds were established by cumulative
addition at doses of 3, 10, 30, and 100 uM.

Contractile responses were calculated using the differ-
ence between resting tension and maximum tension
developed in response to KCl-stimulation. Data are
expressed as mean +* SEM from a number (n=4-6)
of experiments. Statistical analysis were performed
using paired Student’s 7 test; P < 0.05 was considered
significant.
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Abstract—A preference for one of the two axial ligand-binding sites on the central metal atom of chlorophylls (Chls) and bacterio-
chlorophylls (BChls) was confirmed. In recently reported crystallographic data on PS2 and LHC2 complexes, there are 42 Chl
molecules whose fifth ligands were identified; 33 of 42 molecules bound the fifth ligand at the axial position where the C13%-meth-
oxycarbonyl group protrudes (denoting as the ‘back’-type isomer). Among 151 (B)Chl a/b molecules found in eight types of (B)Chl
proteins including PS2 and LHC2, 124 molecules (82%) are the ‘back’-type isomers. Such a statistical selection was observed not
only for Chl a but also for Chl b and BChls a/b, indicating that the C3-, C7-, and C8-substituents as well as the macrocyclic n-con-
jugates would have little influence on the ligand-binding site. Computational examinations revealed that the energetic gap between
the ‘back’ and its opposite ‘face’ complexes was inherent to (B)Chls and that the C13%-methoxycarbonyl moiety contributed relative-
ly greatly to the diastereomeric preference in the ligand binding. Nomenclature of the two distinguishable sides on chlorophyllous

macrocycles, as well as the two asymmetric ligand-binding sites, is also discussed.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Chlorophylls (Chls) and bacteriochlorophylls (BChls)
are abundant, natural tetrapyrroles (Fig. 1). The central
metal atoms of these compounds (Mg or Zn) take the
five-coordinated states in all photosynthetic proteins re-
solved so far as well as in most solvents. Since (B)Chls
alb are asymmetric molecules, the fifth ligand can coor-
dinate to the central metal atom either from the chlorin
macrocycle side where the C13%methoxycarbonyl
moiety protrudes (denoting as the ‘back’ side) or from
the other side (the ‘face’ side): the ‘back’- and ‘face’-type
ligand—(B)Chl complexes are a pair of epimers. Possible
difference between the two asymmetric ligand-binding
sites had not been noticed. We investigated, for the first
time, which side of the macrocycle is favored for the li-
gand coordination, by survey of the highly resolved

Keywords: Bacteriochlorophyll; Chirality; Chlorophyll; Coordination;

Diastereomer; Epimer.

* Corresponding author at present address: Department of Applied
Chemistry, Utsunomiya University, Utsunomiya, Tochigi 321-8585,
Japan. Fax: +81 28 689 6158; e-mail: tob_p206@cc.utsunomiya-u.ac.

p

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/.bmc.2005.06.016

crystal structures of various photosynthetic (B)Chl-con-
taining proteins:' photosystem 1 (PS1) core complex,
peridinin-Chl protein, purple bacterial reaction centers
(RCs), BChl-containing light-harvesting complexes 2
and 3 (LH2 and LH3), and FMO protein. It was found
that Chl a as well as BChls a/b in these proteins mostly
bind their ligands on the ‘back’ sides (back/face = 81/14
in Chl @ and 10/4 in BChls). The finding was confirmed
by the theoretical calculations for imidazole complexes
of methyl chlorophyllide ¢ (MeChlid «, Fig. 1) and
methyl bacteriochlorophyllide a (MeBChlid «): the
‘back’-type complex was ca. 1 kcal/mol more stable than
the ‘face’ one. These results were supported by Balaban
and his colleagues.>>

The coordination chemistry of (B)Chls is a basis for an
understanding of how these pigments are fixed at the
specific sites in the photosynthetic proteins in the folding
processes. For development of the study, there are the
following four issues that should be addressed. For the
first subject, although we have surveyed six types of
(B)Chl proteins whose precise structures had been ob-
tained, it should be verified whether the ‘back’-type ste-
reoisomer is also abundant in newly resolved (B)Chl
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Compound M Ry Ra R Ry7
Chla Mg Me COOMe H phytyl
Chl b Mg CHO COOMe H phytyl
MeChlid a Mg Me COOMe H Me
Zn-MeChlid @ (1aR) Zn Me COOMe H Me
Zn-MeChlid a’(1aS) Zn Me H COOMe Me

Figure 1. Molecular structures of chlorophylls with partial numbering
according to the [IUPAC system. An imidazole molecule coordinates to
the central M from the ‘back’ side.

proteins. Ben-Shem et al.* and KrauB et al.> reported
structures_of super-complexes of PS1 core and LHCI
with >4 A resolutions. Stroebel et al.’ and Kurisu
et al.” found one Chl a molecule in cytochrome b5 f com-
plex (at 3.0-3.1 A resolutions), but regretfully its ligand,
probably a water, was not fully resolved. The ligand-
bound sides of Chls in LHC1 and cytochrome by f still
remain unclear. On the other hand, X-ray crystallogra-
phy of photosystem 2 (PS2) has been extensively stud-
ied.®!2 Kamiya and Shen,'® Ferreira et al,!' and
Biesiadka et al.!? have recently reported the structures
of PS2 core complexes at 3.70, 3.50, and 3.20 A resolu-
tions, respectively. These crystals involved the core DI
and D2 subunits and CP43 and CP47 core antennas that
bound about 36 Chl @ molecules as a whole. Although
ligands of some Chl molecules are yet unclear, the
reported data allow us to study coordination chemistry
of the Chls and pigment—protein interactions. Kiil-
brandt et al. had first reported the crystal structure of
light-harvesting complex 2 (LHC2) at resolution of
3.4 A.'% and more precise one was reported recently by
Liu et al. at the 2.72 A resolution.'* The latter is suffi-
cient for the analysis of the ligand-binding macrocycle
side of Chls @ and b.

The second issue is the origin of the small energy differ-
ences (ca. 1 kcal/mol) between the ‘back’ and the ‘face’
ligand—(B)Chl stereoisomers obtained from the theoret-
ical (PM3) calculatlons ! The results predicted the influ-
ence of the Cl3%stereochemistry on the ch01ce of the
macrocycle side for the ligand coordination:! it is sug-
gested that correlation between the ligand binding and
the peripheral substituents may be a key to examine
whether the preference of one of the two axial ligand-
binding sites is the inherent property of (B)Chls.

The third subject, detection of the small difference be-
tween the ‘back’ and ‘face’ stereoisomers for real Chl
molecules, is, of course, quite important. We are now
approaching to this subject by organic chemistry. Syn-
thesis and analysis of the model compounds will be pre-
sented elsewhere.

The fourth is a nomenclature. Natural corrins and por-
phyrins, for example, vitamin B, and protoheme, have
asymmetric molecular structures. Their macrocycle fac-
es are distinguished and named by IUPAC
recommendations. Although (B)Chls are also abundant,
natural tetrapyrroles, the nomenclature for the macro-
cycle faces of chlorophylls and their related compounds
has not yet been defined. For future discussion on
structure—function relationships of (B)Chls and fully
synthetic chlorins, it is required to name the faces
unambiguously.

Here, we address and discuss on the above issues 1, 2,
and 4.'> We examined the numbers of the ‘back’- and
‘face’-type ligand—Chl complexes in crystal structures of
PS2 core complex and LHC2. Among 42 Chl molecules
in the two proteins, whose fifth ligands were identified,
33 molecules are the ‘back’-type ligand—Chl complexes.
Of 151 (B)Chls a/b in eight types of (B)Chl-containing
proteins we surveyed, 124 molecules are the ‘back’-type
complexes (82%). Comparing the stabilities of a variety
of in silico ligand—chlorin complexes revealed that the
energy gap between the ‘back’ and the ‘face complexes
is inherent to (B)Chls that possess the C13%-methoxycar-
bonyl moiety. These results confirmed the diastereomeric
preference in the ligand binding at the central metal atom
of (B)Chl. Nomenclature of the macrocycle sides of
(B)Chls is also discussed.

2. Results and discussion

2.1. ‘Back’/face’-type (B)Chl complexes in photosynthetic
proteins

We examined coordination chemistry of Chls in PS2
(Ferreira et al., PDB code 1S5L)'! and LHC2 (Liu
et al.,, PDB code 1RWT).'* The resolved PS2 complex
contains the core D1 and D2 proteins, the core anten-
na CP43 and CP47 proteins, cytochrome b559, and
some small proteins. In the DI1/D2 proteins (Table
la), the special pair Chl a (P680, CL13/14) and two
additional Chl a (Chlz, CL19/110) are coordinated by
N? atoms of His residues from the ‘back’side of the
macrocycle. The axial ligands of the ‘accessory’ Chl a
(CL15/16) were not resolved. Among the 30 Chl ¢ in
CP43/47 (Table 1b), ligands of 24 Chls are identified
(His, 23; Asn, 1), of which 18 Chls have the ligands
at the ‘back’ side. The same analysis revealed that
another PS2 crystal (IW5C, Ref. 12) has 22 ‘back’-type
and 5 ‘face’-type ligand—Chl a complexes (Chls with
unidentified ligand, 8; total Chl molecules, 35).
Although we should bear a word of caution for over-
interpretation in the 3.2-3.8 A structures in mind,'? it
can be safely said that the ‘back’-type is the major form
in PS2.
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Table 1. Axial fifth coordination of (bacterio)chlorophylls a/b in photosynthetic proteins: name on the PDB data/axial ligand/coordination site are

depicted from the left to right at each line of a—c

(a) D1/D2 proteins in PS2 (6 Chl a)

CL13 (P680 His Back
CL14 (P680) His Back
CL15 (accessory) Unknown Unknown
CL16 (accessory) Unknown Unknown
CL19 (Chly) His Back
CL110 (Chly) His Back

(b) CP43/47 proteins in PS2 (30 Chl a)

CL111 His Back
CLI112 Unknown Unknown
CL113 His Face
CL114 His Back
CLI115 His Face
CL116 His Back
CL117 His Back
CLI118 His Back
CLI119 His Face
CL120 His Back
CL121 His Back
CL122 Unknown Unknown
CL123 His Back
CL124 His Face
CLI125 His Face

(¢) LHC2 (8 Chla, 6 Chlb)

Chl b 601 Tyr Face

Chl a 602 Glu Back

Chl a 603 His Face

Chl a 604 Water Back

Chl b 605 Val-C=0 Back

Chl b 606 Water Back

Chl b 607 Water Back

(d) Summary

Protein ‘Back’
Purple bacterial reaction center 4

LH2 and LH3 (purple bacteria) 1

FMO protein 5
Peridinin-Chl protein 2

PS1 core complex 79

PS2 core complex 22

LHC2 11

Total 124

CL126 Unknown Unknown
CL127 His Back
CL128 His Back
CL129 His Back
CL130 His Back
CL131 His Back
CL132 His Back
CL133 His Back
CL134 His Face
CL135 His Back
CL136 Unknown Unknown
CL137 His Back
CL144 Asn Back
CL146 Unknown Unknown
CL147 Unknown Unknown
Chl b 608 Water Back

Chl b 609 Glu Back

Chl a 610 Glu Back

Chl a 611 Phosphodiester—P=0 Back

Chl a 612 Asn Face

Chl a 613 Gln Back
Chla 614 His Back
‘Face’ Total

0 4 Ref. 1

2 3 Ref. 1

2 7 Ref. 1

0 2 Ref. 1

14 93 Ref. 1

6 28% This work
3 14 This work
27 151

#The numbers of Chls whose ligands were identified.

Each LHC2 monomer'# possesses eight Chl @ and six
Chl 5 molecules (Table 1c). A variety of ligands includ-
ing phosphodiester P=O and valinyl C=0 groups, coor-
dinate to the 14 Chl molecules. It is intriguing that water
is the most abundant ligand in this protein (water, 4;
Glu, 3; His, 2). The numbers of ‘back’- and ‘face’-type
Chl a complexes were six and two, respectively, per
one LHC2 monomer, while those of the ‘back’~ and
‘face’-type Chl b were five and one, respectively. All
the four monohydrated Chls (one Chl ¢ and three Chl b)
bind the ligand from the ‘back’ side.

Considering six other (B)Chl-containing proteins we
have examined (purple bacterial reaction center, LH2,
LH3, FMO protein, peridinin-Chl protein, and PSI)!
together, 124 (B)Chl complexes are the ‘back’-types
(82%, Table 1d) among 151 molecules in the eight struc-
turally resolved proteins; for Chl a, 109 of 131 molecules

are the ‘back’-type (83%). The side of the macrocycle
that bears a small ligand, water, indirectly (non-cova-
lently) fixed by protein scaffolds, can be a measure to
clarify the favorable side for the ligand coordination:
23 of 24 hydrated (B)Chls are the ‘back’-type (96%). It
is clear that the ‘back’-side ligated complexes are the
major epimers, confirming that the ‘back’-type ligand—
(B)Chl complexes are more stable than the other ones.
The content of the ‘back’-type epimers (82%) is consis-
tent with the value assuming an equilibrium between
the two types of epimers in a matrix.! It is noted that,
not only for Chl a but also for Chl 4 and BChls a/b,
the ‘back’-type complexes are major over the ‘face’ ones.
This shows that the peripheral substituents at the C3,
C7, and C8 positions as well as the macrocyclic n-conju-
gates would give little influence on binding sites of the
ligand, which is consistent with the fact that some Chl
a in the photosystems of cyanobacteria can be replaced
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with Chl 5.16°18 Tt is also suggested that the ‘back’-type
is also the major isomer for Chl d in Acaryochloris
marina'® and BChl g in Heriobacteria,? respectively, be-
cause they are the C3/8-derivatives of (B)Chl a.

2.2. Origin of the difference between the ‘back’ and ‘face’
complexes

In the previous report,! we presented a small energy dif-
ference (AAH;= 0.7 kcal/mol) between the ‘back’ and
‘face’ isomers of methyl chlorophyllide ¢ (MeChlid «,
Fig. 1) possessing an imidazole molecule as an axial li-
gand, by theoretical (PM3) calculations. Exploration
for origin of the small energy gap will give an additional
evidence to confirm preferential ligand binding to one of
the two axial coordination sites. We also found that
the energy gap depended on the stereochemistry at the
Cl13%-position: the optimized ‘back’-type imidazole—
zinc methyl chlorophyllide a (Zn-MeChlid a [C13%-(R)-
COOMe], 1aR, Fig. 1) complex was 2.0 kcal/mol more
stable than the optimized ‘face’-type complex, while
the ‘back’ isomer of its Cl3%-epimer (Zn-MeChlid a’
[C13%(S)-COOMe], 1aS) was 4.0 kcal/mol less stable
than the ‘face’ one (Table 2).! This finding suggests that
stereochemical effects of such peripheral substituents
can lead to the origin of the energy gaps. We build a ser-
ies of simple, virtual zinc chlorin molecules in silico to
examine influence of each substituent on AAH; (Table 2).
The model compounds examined in this study were zinc
chlorins for the following four reasons. (1) Zn-chlorins
are similar to Mg-chlorins in their properties and
functions in a photosynthetic organism (Acidiphilium
rubrum).?' (2) Zn-chlorins have been employed in vari-
ous model systems?> 2> that can provide experimental
supports. (3) The PM3 parameters for Zn atom seem
to be better than those of Mg atom.?® (4) Essentially,
similar tendency in AAH; was obtained for Zn- and
Mg-chlorins.!

Even when structural freedom and electronic conjuga-
tion of Zn-MeChlid a and &’ (1aR and 1aS) were re-
duced by replacing both C3-vinyl and C8-ethyl
moieties with methyl groups, substantial energy gaps

were still kept between the ‘back’ and ‘face’ isomers of
the methylated compounds 2aR and 2aS (-2.0 — —1.3
and +4.0 — +3.5 kcal/mol). Further substitution of all
the six methyl groups with hydrogen atoms, in going
from 2aR/S to 3aR/S, hardly changed AAH;
(-=1.3— —1.1 and +3.5 — +3.5 kcal/mol). Removal of
C13%-COOMe (1/2/3a — 1/2/3b) reduced the amplitudes
of AAH; values considerably. When both the C13% and
Cl17-moieties were removed as in 1/2/3c, the enthalpy
differences (AAH;) were nearly disagpeared. The AAH;
values of 2aR and 3aR [C13“-(R)-COOMe/C17-
(CH;),-COOMe] nearly matched to those of 2dR and
3dR [C13%(R)-COOMe/C17-H], respectively. More
than a half part of the AAH¢ value of 1aR was attribut-
able to the C13*-moiety alone, as suggested by AAH; of
1dR. The AAH; values of 1/2/3aS, ca. 3.0 kcal/mol great-
er than expected by 1/2/3b and 1/2/3dS (Table 2), were
rationalized by steric repulsion between the bulky
C13% and C17-moieties.?>27-28 Tt is noted that 3dR-type
derivatives singly substituted at the C13%-position varied
amplitudes and signs of their AAH; values depending on
type of the C13-substituent and on absolute configura-
tion at the C13-position. Electron-withdrawing substit-
uents gave negative AAH; values lower than —1.0 kcal/
mol (-CHO, —1.5; -COOMe, —1.1; -CN, —1.0), while
methoxy and methyl groups gave positive values (+0.1
and +0.5 kcal/mol, respectively). The C13°-COOMe
compounds 3dR and 3dS have AAH; values of the same
absolute amplitudes and different signs depending on the
absolute configuration at the C13-position, respectively
(Table 2).?° These indicate that the energy gap between
the ‘back’ and the ‘face’ ligand—(B)Chl complexes, or a
preference for one of the two axial ligand-binding sites
of the central metal atom, is an inherent property of
(B)Chls, and that the gap is affected by electronic and
steric effects of the Cl13*moiety on the chlorin
macrocycle.3?

2.3. Nomenclature of macrocycle faces of chlorophylls
and related compounds

The nomenclature to distinguish the two asymmetric
macrocycle faces as well as the ligand-binding sites on

Table 2. Energetic difference AAH; (kcal/mol) between the ‘back’ and ‘face’ complexes of zinc chlorins 1-3 with imidazole as an axial ligand:

AAH; = AH; (‘back’-type) — AH; (‘face’-type)

C17 Cl132
R, Rx
Ry7 [¢]
X
3
aR (CH,),COOMe (R)-COOMe —2.0 (1aR) —1.3 (2aR) —1.1 (3aR)
aS (CH,),COOMe (S)-COOMe +4.0 (1aS) +3.5 (2aS) +3.5 (3aS)
b (CH,),COOMe H 0.0 (1b) —0.2 (2b) —0.3 (3b)
¢ H H —0.1 (1c) —0.1 (2¢) 0.0 (3¢)
dR H (R)-COOMe —1.1 (1dR) —1.2 (2dR) —1.1 (3dR)
ds H (S)-COOMe +1.0 (1ds) +0.9 (2dS) +1.1 (3dS)
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the central metal atom of chlorophylls and their related
compounds has not yet been defined. For future studies
on structure—function relationships of (B)Chls, includ-
ing the folding processes of the (B)Chl proteins, these
faces and sites should be named unambiguously. The
nomenclature should be absolute and simple, and
should also be convenient when comparing with other
natural tetrapyrroles such as vitamin By,, protoheme (ir-
on(I1T) protoporphyrin IX) and their derivatives. Senge
et al. distinguished the epimers of Fe(III)Cl methyl phy-
tochlorin as ‘a-chloro form’ and B-chloro form’ (corre-
sponding to our ‘back’ and ‘face’, respectively).’!
Kosaka and Tamiaki proposed to distinguish the (bacte-
rio)chlorin macrocycle faces by ‘re-face’ and ‘si-face’
(corresponding to our ‘back’ and ‘face’, respectively),
referring to the 13-carbonyl face.>? Balaban et al. named
these faces as ‘syn- and anti-faces’>*? (corresponding to
our ‘face’ and ‘back’, respectively).

Vitamin By, (cyanocobalamin, Fig. 2a) has a six-coordi-
nated cobalt atom in the corrin macrocycle. One of the
axial coordination positions where a benzimidazole moi-
ety linking to the C17-position of the corrin macrocycle
is bound, is defined as the cobalt-a position and the
other position coordinated with cyanide is B position
(IUPAC recommendation for corrinoids).>* In case that
the position number of the carbon atoms in the corrin
macrocycle increases in a clockwise manner when view-
ing the plane from above, the axial ligands above and
below the plane are designated by the use of § and o,
respectively (these o/f correspond to our ‘back’/‘face’,
respectively). Two axial ligands of protoheme (L, and
L,, Fig. 2b) are also called as B- and a-ligands. The posi-
tions of the a- and B-ligands, relative to the porphyrin
macrocycle plane, are the same as those of vitamin By,
(IUPAC rule TP-8.1 and 8.2):® in the case that the por-
phyrin macrocycle is oriented with the clockwise num-
bering from above, the axial ligands above (L;) and
below (L,) the plane are then designated by B and a,
respectively.

It is noted that, for some important tetrapyrroles such as
protoheme, the assignment of the o/f ligands has to
change when the systematic numbering rule (IUPAC
rule TP-1.7) is employed instead of the trivial one (IU-
PAC rule TP-2, TP-4, and -Appendix),®> because the
o/p assignment depends on the direction of numbering
of the substituents (Fig. 3).3¢ In inorganic chemistry,

Figure 2. Molecular structures of (a) vitamin B, and (b) protoheme.

OH HO

Figure 3. Numbering systems for protoheme: trivial numbering
(a, Ref. TP-2.1) and systematic numbering (b, Ref. TP-1.7).

absolute stereochemistry in coordination compounds
other than tetrahedral complexes is specified by the sym-
bols C (clockwise) and 4 (anticlockwise).3”-3® For square
pyramidal five-coordinated complexes, the symbol C is
used in case that the priority numbers of the ligating
atoms in the base plane increase in a clockwise manner
when viewing the plane from the ligating atom at the
top. This C/A4 notation could be used for tetrapyrroles
in the five-coordinated state, if the priority numbers of
the four pyrrole nitrogen atoms can have easily be as-
signed: this rule depends again on whether one employs
trivial or systematic numbering. The relativity is, thus,
inevitable for nomenclature of the macrocycle faces of
tetrapyrroles.

We would like to propose that the trivial nomenclature
of the asymmetric macrocycle faces as well as the ligand-
binding sites of (B)Chls should be the same as those of
porphyrins and corrins (o and B), according to the trivial
numbering rule. At the same time, we also offer the sys-
tematic nomenclature according to the systematic num-
bering, to distinguish the naming system employed and
avoid confusion with ‘pyrrole-o and B positions’ com-
monly used in porphyrin chemistry as well as ‘meso-o
and B positions’ still used in chlorophyll chemistry
(=5- and 10-positions, respectively, in IUPAC system).
The systematic nomenclature is also advantageous for
fully synthetic chlorin compounds. Our recommenda-
tions are as follows (Fig. 4).!3

(1) Trivial nomenclature: in the case that Chl macrocy-
cle is oriented with the frivial clockwise numbering
from above (IUPAC rule TP-4 and TP-Appendix),
the axial ligands above and below the plane are des-
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Ly

Figure 4. Proposed nomenclatures for the two macrocycle faces and
axial ligating positions of (bacterio)chlorophylls.

ignated by p-ligand and o-ligand, respectively
(IUPAC rule TP-8.1 and TP-8.2), and the macrocy-
cle faces that bind the B-ligand and the a-ligand are
defined as ‘B-face’ and ‘a-face’, respectively. These B
and o correspond to our ‘face’ and ‘back’,
respectively.

(2) Systematicnomenclature: in the case that Chl macro-
cycle is oriented with the systematic clockwise num-
bering from above (IUPAC rule TP-1.7), the upside
face and the downside face of the macrocycle plane
are defined as Crp-face and Arp-face, respectively,
and the ligand bound on the Crp-face and Arp-face
are designated by Crp-ligand and Arp-ligand, respec-
tively.?® For naturally occurring (B)Chls, these Crp
and Atp correspond to the above B and o, and to
our ‘face’ and ‘back’, respectively.3®

3. Experimental

The crystal structures of PS2 core complexes (PDB
codes, 1S5L, and 1W5C)'">12 and LHC2 (IRWT)'* were
obtained from Protein Data Bank (PDB) at the Brook-
haven National Laboratory. Protein structures and
molecular modelings were viewed using a program pack-
age HyperChem release 5.1 and 7.5 (Hypercube Inc.).
The model structures of various imidazole—chlorin com-
plexes were built and optimized by molecular mechanics
program MM+ and molecular orbital program PM3, as
described previously.! Heat of formation (AHy) of each
molecule was calculated for the optimized geometry by
using PM3, and the values gave relative stability of the
‘back’ and ‘face’ isomers (AAH;= AH; (back) — AH;
(face)). The potential energy surfaces around the ener-
gy-minimized geometries were also explored.
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Abstract—Six derivatives of the general formula 2- or 4-(7-trifluoromethylquinolin-4-ylamino) benzoic acid N'-(nitrooxyacetyl or
propionyl) hydrazide and an oxime of the formula 1-[4-(7-trifluoromethylquinolin-4-ylamino)phenyljethanone oxime were synthe-
sized and tested for their in vivo anti-inflammatory, analgesic, and ulcerogenic properties, as well as their in vitro nitric oxide release
ability. Compound 2-(7-trifluoromethylquinolin-4-ylamino)benzoic acid N’-(2-nitrooxy propionyl)hydrazide 12 showed an anti-in-
flammatory activity comparable to that of indomethacin in the carrageenan-induced rat paw edema test, and equipotency to glaf-
enine in the acetic acid mice induced writhing model at 100 mg/kg p.o., respectively. All the final compounds showed no tendency to
induce stomach ulceration in rats; nitric oxide seems to contribute to their excellent safety profile.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
among the most commonly prescribed drugs to reduce
pain, inflammation, and fever. However, their use is lim-
ited by their significant side effects upon the stomach
and the kidney. Their side effects as well as their thera-
peutic actions are related to their ability to inhibit cyclo-
oxygenase enzymes involved in the first step of the
arachidonic acid cascade."? In addition, the damaging
effect of some NSAIDs upon the stomach and intestine
is in part due to their acidic, nature, as with indometh-
acin, ibuprofen, diclofenac, naproxene, aspirin, etc.’
Although basic NSAIDs such as glafenine and floctafe-
nine are expected to be devoid of the primary insult ef-
fect, their damaging effect upon the stomach and kidney
is still prominent as they inhibited prostaglandin biosyn-
thesis as strongly as indomethacin.*>

Recent strategies adopted to minimize the side effects of
NSAIDs include the use of the dual LOX/COX inhibi-
tors, the use of selective COX-2 inhibitors, and the use
of hybrid molecules made up of non-selective or

Keywords: NO-NSAID; Quinoline.
* Corresponding author. Tel.: +202 7001507; fax: +202 3628426;
e-mail: ahabadi@yahoo.com

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/.bmc.2005.05.053

selective COX inhibitors together with a nitric oxide
releasing function.®® Recent data revealed serious car-
diovascular side effects to selective COX-2 inhibitors.”>
In addition, such drugs only minimize the development
of new gastric ulcers but do not affect the existing
ones.!” The strategy involving the use of hybrid mole-
cules made up of non-selective COX inhibitors together
with a nitric oxide donating moiety constitutes one of
the most promising approaches, because nitric oxide
supports several endogenous GIT defense mechanisms,
including increase in mucus, bicarbonate secretions, in-
crease in mucosal blood flow, and inhibition of the acti-
vation of proinflammatory cells. Moreover, because of
the beneficial cardiovascular effects of NO, such drugs
are expected to be devoid of the potential adverse car-
diovascular effects associated with the use of selective
COX-2 inhibitors.®!" Among those NO-NSAIDs that
came into clinical trials are nitroaspirin, nitronaproxene,
nitroketoprofen, nitroibuprofen, etc. Among the nitric
oxide donors adopted to prove the validity of this prin-
ciple are furoxans, oximes, hydrazides, and organic ni-
trates.!>”'* However, the long-term safety profile of
such emerging classes of compounds is still to be
determined.

In view of the above facts, herein we report the synthe-
sis, anti-inflammatory, analgesic, and ulcerogenic prop-
erties as well as the nitric oxide releasing characteristics
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of hybrid molecules structurally related to basic NSA-
IDs, and incorporating organic nitrates and oximes as
the nitric oxide donating fragment.

2. Chemistry

The synthesis of the final compounds 4, 11-13, and 20—
22 is outlined in Schemes 1 and 2. Briefly, 4-chloro-7-tri-
fluoromethylquinoline was reacted with 4-aminoace-
tophenone, anthranilic acid, and p-aminobenzoic acid
to give the corresponding anilino derivatives 3, 6, and
15, respectively. Condensation of 3 with hydroxylamine
hydrochloride gave the corresponding oxime 4. Mean-
while, reaction of 6 and 15 with thionyl chloride

followed by hydrazine hydrate yielded the correspond-
ing hydrazides 7 and 16, respectively. The reaction of
these hydrazides with the appropriate acid chloride,
namely acetyl chloride, 2-chloropropionyl chloride,
and 3-chloropropionyl chloride, gave the corresponding
haloalkyl derivatives 8-10 and 17-19. The terminal chlo-
ro function is then converted to the target nitrate deriv-
atives with AgINO; and acetonitrile.

To evaluate the thiol-induced nitric oxide generation,
compounds 4, 11-13, and 20-22 were dissolved in phos-
phate buffer (pH 7.4), methanol, and H,O mixture at
37 °C for 1 h in the presence of 1:5 molar ratio of cys-
teine, the produced nitrite which is a convenient index
of nitric oxide production trend was determined by
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Griess reagent.!>!® These compounds were unable to
generate nitrite under the same conditions at pH 1.

3. Results and discussion

Clinically used, basic NSAIDs such as glafenine and
fluctafenine are 4-substituted quinoline derivatives with
a 7-chloro or 8-trifluoromethyl substituent on the quin-
oline moiety, respectively. However, their damaging ef-
fect upon the stomach and kidney is still prominent as
they inhibited prostaglandin biosynthesis as strongly as
indomethacin.*> Organic nitrates and oximes are among
the moieties known for their nitric oxide releasing prop-
erties.!?> 1% So, we designed our compounds as hybrids of
4-substituted-7-trifluoromethylquinolines to ensure the
activity together with organic nitrates or oximes as the
NO releasing moiety to minimize their side effects.

The final compounds 4, 11-13, and 20-22 and the two
haloalkyl derivatives 9 and 19 were tested for their in
vivo anti-inflammatory action in the carrageenan-in-
duced rat paw edema assay.!” Rat paw edema was in-
duced by subplantar injections of 0.1 ml of (1%)
suspension of carrageenan in saline into one paw, an
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equal volume of saline was injected into the other paw
and served as a control. After three hours, the average
percentage increase in foot edema weight was estimated
and served as a control. Treated groups received the
appropriate test compound or the positive controls
orally one hour prior to carrageenan injection. The ede-
ma reduction in treated animals, if any, was expressed as
the percentage inhibition of the edema weight relative to
that of untreated group. Glafenine and indomethacin
were employed as positive controls. The results are
shown in Table 1. In general, all the final compounds
showed potential anti-inflammatory action comparable
or slightly lower than that of glafenine and indometha-
cin, with the oxime being among the least active.

There was no preferential pattern for the anthranilic
acid derivatives 11-13 relative to their p-aminobenzoic
acid corresponding analogues 20-22. The positioning
of the nitrate function relative to the terminal hydrazone
carbonyl and the length of the alkyl spacer does not
seem crucial for the relative potency. The chloroalkyl
derivatives 9 and 19 were less active than their nitrooxy
derivatives 19 and 22; this indicates that the nitrate moi-
ety may contribute to the anti-inflammatory action of
the finals.
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Table 1. Analgesic, anti-inflammatory, ulcerogenic, and nitric oxide releasing properties of the finals and reference compounds

Compound Dose per os Anti-inflammatory activity after Analgesic activity number Lesion index % NO release®
(mg/kg) 240 min % increase in weight of stretchings * SEM in mm
of edema + SEM (% inhibition)* (% inhibition)*

Control — 69.3%0.1 243+1.8 —° —
4 100 37.3%£0.1 (46.2) 20.5% 1.5 (15.6) 04 0.5
9 100 36.8 £0.1 (46.9) 12.0 £ 1.5 (50.6) 2 —
11 100 30.3 £0.1 (56.3) 11.3+1.8 (53.5) 0 0.47
12 100 29.8 0.1 (57.0) 11.8 2.8 (51.4) 0 0.60
13 100 33.5%£0.1 (51.7) 123+ 1.4 (49.4) 0 0.60
19 100 39.6 £0.1 (42.9) 17.0 £ 1.3 (30.0) 1 —
20 100 37.10 £ 0.1 (46.5) 16.8 = 1.4 (30.9) 0 0.54
21 100 30.4 £0.1 (56.1) 15.0£0.9 (38.3) 0 0.55
22 100 33.0%0.1 (52.4) 155+ 1.8 (36.2) 1 0.32
Glafenine 100 34.6 £ 0.1 (50.1) 11.8 1.1 (51.4) 6.5+13 —
Indomethacin 10 30.1 £ 0.1 (56.7) — 25+2.1 —

#Test was performed with at least 6 animals/compound; P < 0.05.

® Percentage of NO released (n = 2) relative to a theoretical maximum release of 1 mol NO/mol of test compound; determined by Griess reagent in the

presence of 5 mM L-cysteine, at pH 7.4.
“Not tested.

9 Determined on the basis of the lesion greatest length in mm; expressed as the mean + SEM, P < 0.05.

For a comparative bioassay, the EDsy’s of compound
12, glafenine, and indomethacin were determined. The
dose-response curves were constructed using doses at
equal logarithmic dose intervals, viz., 3, 10, 30, 100,
and 300 mg/kg p.o. of glafenine and compound 12;
and doses of 0.3, 1, 3, and 10 mg/kg p.o. of indometha-
cin in the anti-inflammation model. The EDsy’s were
determined graphically. The resultant EDsy’s of indo-
methacin, glafenine, and compound 12 were 7.5, 98,
and 83 mg/kg p.o., respectively.

The potential analgesic activity of the new compounds
was evaluated in mice by injecting acetic acid into the
peritoneal cavity as the pain inducer.!® The animals re-
act with a characteristic stretching behavior, which is
called writhing. The analgesic activity of a compound
was assessed by measuring the inhibition of writhing
in treated animals (5 min after acetic acid injection and
for 10 min) relative to the writhing in untreated group.
Glafenine was used as a positive control. The anthranilic
acid derivatives with the nitrate function 11-13 showed
comparable analgesic profile to glafenine. The oxime
derivative 4 and the p-aminobenzoic acid corresponding
analogues 20-22 were inferior to them. The chloroalkyls
9 and 19 were nearly as active as their nitrooxy ana-
logues 12 and 22 in the analgesia test. The EDsy’s of
glafenine and compound 12 were determined in the
analgesia model utilizing the same doses from the anti-
inflammation model, the resultant EDsy’s were equal
(90 mg/kg p.o.) for both.

For the gastric mucosal ulcerogenicity, the rats from the
anti-inflammatory test were sacrified; their stomachs
were removed, opened, and examined under a micro-
scope for the presence of visible hemorrhagic lesions.
Interestingly, all the animals that administered nitrate
containing compounds and the oxime were nearly total-
ly devoid of such lesions; this indicates the excellent safe-
ty profile to such class of compounds. The ulcer indices
of compounds 9 and 19 were better than that of glafe-
nine but less than those of their nitrooxy derivatives

19 and 22. This indicates that nitric oxide is contributing
to the safety profile of this class of compounds.

The nitric oxide releasing properties of such class of
compounds were assessed in phosphate buffer, pH 7.4,
in the presence of L-cysteine, relative to nitric oxide re-
leased from standard sodium nitrite solution. Both the
oxime 4 and the nitrate containing molecules 11-13
and 20-22 were found to release NO (Table 1). Howev-
er, all the finals were not able to release NO at pH 1.
Compounds 9 and 19 did not release any nitric oxide un-
der the given conditions.

It is worthy to mention that NO-Aspirin does not pro-
duce nitrite at pH 1 and it is scarcely hydrolyzed in
the gastric lumen, thus, it is more likely that the gastro
protective action of NO is mediated systemically.®!¢ In
addition, it seems that the absence of a free carboxyl
functional group contributes to this pattern.

In conclusion, the use of hybrid molecules containing
nitric oxide releasing moieties looks as a promising
approach to improve the safety of NSAIDs without
altering their effectiveness.

4. Experimental
4.1. Chemistry

Melting points were determined on the Electrothermal
Melting Point apparatus and were uncorrected. Infrared
spectra were recorded on the Shimadzu-470 infrared
spectrometer. 'H NMR spectra were recorded in
DMSO-dgs on Varian XL-200 MHz spectrometers
(chemical shifts are given in parts per million (PPM)
downfield from TMS). Elemental analyses (C, H, N)
were performed by the Microanalytical Unit, Faculty
of Science, Cairo University; the values were found to
be within +£0.4% of the theoretical ones, unless otherwise
indicated.
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Mass spectra were made on Hewlett Packard GC-MS,
model 5890, series 1I. Intermediates 3,!° 6,2° and 15°!
were prepared by reported procedures. All the new com-
pounds were crystallized from ethanol.

4.1.1.  1-[4-(7-Trifluoromethylquinolin-4-ylamino)phen-
yllethanone oxime (4). A mixture of an equimolar
amount of 3 (5 mmol) and hydroxylamine hydrochlo-
ride in ethanol (20 ml) was refluxed for 3 h and left to
cool. The separated solid was filtered, washed with di-
lute ammonia solution and water, dried, and
crystallized.

Yield 90%; mp 328-330 °C; IR (KBr, cmfl): 3300, 3170;
"H NMR (DMSO-dj): 2.15 (s, 3H, CH3), 7.10-8.75 (m,
9H, aromatic), 9.80 (br s, 1H, OH, exchangeable), 11.20
(s, 1H, NH, exchangeable); Anal. (C;3H4F3N50) C, H,
N; EI-MS: m/z 345 (M™).

4.2. General procedure for the preparation of compounds
7 and 16

A mixture of (5g, 15 mmol) of 6 or 15 and excess of
thionyl chloride was refluxed for 4 h, excess thionyl
chloride was removed under reduced pressure, and the
residue was refluxed with excess hydrazine hydrate in
alcohol (30 ml) for 6 h. The mixture was left to cool
and then evaporated under reduced pressure. The resi-
due obtained was filtered, washed with water, dried,
and crystallized.

4.2.1. 2-(7-Trifluoromethylquinolin-4-ylamino) benzoic
acid hydrazide (7). Yield 95%; mp 233-235°C; IR
(KBr, cm™'): 3200, 1710; '"H NMR (DMSO-d;): 4.43
(br s, 2H, NH,, exchangeable), 7.18-8.70 (m, 9H, aro-
matic), 8.94 (br s, 1H, NH exchangeable), 10.8 (br s,
1H, NH exchangeable); Anal. (C;H3F5;N40O) C, H, N.

4.2.2. 4-(7-Trifluoromethylquinolin-4-ylamino) benzoic
acid hydrazide (16). Yield 90%; mp 210-212 °C; IR
(KBr, ecm™'): 3250, 1720; '"H NMR (DMSO-dy): 4.10
(br s, 2H, NH,, exchangeable), 7.10-8.77 (m, 9H, aro-
matic), 9.02 (br s, 1H, NH exchangeable), 10.60 (br s,
1H, NH exchangeable); Anal. (C;;H3F5;N40) C, H, N.

4.3. General procedure for the preparation of compounds
8-10 and 17-19

A mixture of (0.35 g, 1 mmol) of 7 or 16 was refluxed
with (1.2 mmol) of the appropriate acid chloride, viz.,
acetyl chloride, 2-chloropropionyl chloride, and 3-
chloropropionyl chloride in dry benzene (15 ml) and
in the presence of triethylamine (0.1 ml) for 10 h.
The solution was evaporated to dryness; the residue
obtained was filtered, washed with water, and
crystallized.

4.3.1. 2-(7-Trifluoromethylquinolin-4-ylamino) benzoic
acid NV'-(2-chloroacetyl)hydrazide (8). Yield 43%; mp
235-237°C; IR (KBr, cm™'): 3500, 1720, 1690; 'H
NMR (DMSO-dy): 3.80 (br s, 1H, NH, exchangeable),
421 (s, 2H, CH,Cl), 7.16-8.65 (m, 9H, aromatic),
10.38-10.82 (br m, 2H, NHs, exchangeable); Anal.

(C|9H14C1F3N402) C, H, N, EI-MS: m/z 422 (M+) and
424 (M*+2).

4.3.2. 2-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid NN'-(2-chloropropionyl)hydrazide (9). Yield 36%;
mp 205-207 °C; IR (KBr, cm™'): 3500, 1716, 1700; 'H
NMR (DMSO-dg): 1.62-1.66 (d, 3H, CH-CHj3), 3.45
(br s, 1H, NH, exchangeable), 4.66-4.70 (q, 1H, CH-
CH;), 7.15-8.97 (m, 9H, aromatic), 10.48 (s, 1H, NH,
exchangeable), 10.68 (s, IH, NH, exchangeable); Anal.
(C20H16C1F3N402) C, H, N.

4.3.3. 2-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid NV'-(3-chloropropionyl)hydrazide (10). Yield 33%;
mp 116-118 °C; IR (KBr, cm™'): 3300, 1723, 1700; 'H
NMR (DMSO-dg): 2.70-2.76 (t, 2H, CO-CH,-), 3.50
(br s, 1H, NH, exchangeable), 3.87-3.87 (t, 2H, CH,Cl),
7.10-9.20 (m, 9H, aromatic), 10.15 (s, 1H, NH,
exchangeable), 10.60 (br s, 1H, NH, exchangeable);
Anal. (C20H16C1F3N402) C, H, N; EI-MS: m/z 436
(M") and 438 (M*+2).

4.3.4. 4-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid NV'-(2-chloroacetyl)hydrazide (17). Yield 70%; mp
190-192 °C; IR (KBr, cm™'): 3300, 1730, 1710; 'H
NMR (DMSO-dy): 3.61 (br s, 1H, NH, exchangeable),
421 (s, 2H, CH,Cl), 7.11-9.10 (m, 9H, aromatic),
10.45 (s, 1H, NH exchangeable), 10.62 (s, 1H, NH,
exchangeable); Anal. (C9H4CIF5N40,) C, H, N.

4.3.5. 4-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid N'-(2-chloropropionyl)hydrazide (18). Yield 61%;
mp 310-312 °C; IR (KBr, cm™'): 3450, 1732, 1717; 'H
NMR (DMSO-dg): 1.61-1.64 (d, 3H, CH-CHj;), 3.45
(br s, 1H, NH, exchangeable), 4.60-4.65 (q, 1H, CH—
CH;), 7.19-8.95 (m, 9H, aromatic), 10.50 (s, 1H, NH,
exchangeable), 10.70 (s, IH, NH, exchangeable); Anal.
(C0H16CIF3N40,) C, H, N.

4.3.6. 4-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid N'-(3-chloropropionyl) hydrazide (19). Yield 80%;
mp 217-218 °C; IR (KBr, cm™"): 3320, 1730, 1710; 'H
NMR (DMSO-dg): 2.70-2.76 (t, 2H, CO-CH,-), 3.50
(br s, 1H, NH, exchangeable), 3.92-3.95 (t, 2H, CH,Cl),
7.15-8.83 (m, 9H, aromatic), 10.22 (s, 1H, NH,
exchangeable), 10.57 (br s, 1H, NH, exchangeable);
Anal. (C20H16C1F3N402) C, H, N.

4.4, General procedure for the preparation of compounds
11-13 and 20-22

A solution of the appropriate chloroalkyl derivative 8-
10 and 17-19 (1.8 mmol) in dry acetonitrile (2 ml) was
treated portionwise with a solution of AgNO; (0.34 g,
2 mmol) in dry acetonitrile (5 ml) and the whole mixture
was stirred at room temperature for 3 h. The mixture
was then filtered, evaporated to dryness, and the residue
was crystallized from absolute ethanol.

4.4.1. 2-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid N'-(2-nitrooxyacetyl)hydrazide (11). Yield 33%;
mp 200-202 °C; IR (KBr, cm™'): 3124, 1733, 1710; 'H
NMR (DMSO-dy): 4.20 (s, 2H, CH,;), 7.70-8.69 (m,
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11H, aromatic and 2 NHs, exchangeable), 10.30 (br s,
1H, NH, exchangeable); Anal. (C;9H4F3N505) C, H,
N; EI-MS: m/z 450 (M"+1).

44.2. 2-(7-Trifluoromethyl-quinolin-4-ylamino)benzoic
acid N'-(2-nitrooxypropionyl)hydrazide (12). Yield 30%;
mp 119-120 °C; IR (KBr, cm™'): 3150, 1720, 1698; 'H
NMR (DMSO-dg): 1.56-1.59 (d, 3H, CH3), 3.50 (br s,
1H, NH, exchangeable), 4.56-4.60 (q, 1H, CH-CH3),
6.80-7.80 (m, 9H, aromatic), 10.40 (s, 1H, NH,
exchangeable), 10.60 (s, 1H, NH, exchangeable); Anal.
(CxH 6F3N505) C, H, N.

4.4.3. 2-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid NV'-(3-nitrooxypropionyl)hydrazide (13). Yield 54%;
mp 202-203 °C; IR (KBr, cm™'): 3100, 1731, 1717; 'H
NMR (DMSO-dy): 2.71-2.74 (t, 2H, CO-CH,), 3.05-
3.08 (t, 2H, CH,-0), 4.10 (br s, 1H, NH, exchangeable),
7.14-8.81 (m, 9H, aromatic), 10.12 (s, 1H, NH,
exchangeable), 10.61 (br s, 1H, NH, exchangeable);
Anal. (C20H16F3N505) C, H, N.

4.4.4. 4-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid N'-(2-nitrooxyacetyl)hydrazide (20). Yield 80%;
mp 104-106 °C; IR (KBr, cm™"): 3350, 1710, 1683; 'H
NMR (DMSO-dg): 4.10 (s, 2H, CH,), 7.50-8.9 (m,
11H, aromatic and 2 NHs, exchangeable), 12.00 (br s,
1H, NH, exchangeable); Anal. (C;oH4F3Ns0s5) C, H,
N.

4.4.5. 4-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid /V'-(2-nitrooxypropionyl)hydrazide (21). Yield 52%;
mp 141-142 °C; IR (KBr, cm ): 3150, 1730, 1712; 'H
NMR (DMSO-dg): 1.61-1.63 (d, 3H, CHj;), 3.50 (br s,
1H, NH, exchangeable), 4.64-4.66 (q, 1H, CH-CH3),
7.10-8.93 (m, 9H, aromatic), 10.40 (s, 1H, NH,
exchangeable), 10.63 (s, IH, NH, exchangeable); Anal.
(CH16F3Ns05) C, H, N.

4.4.6. 4-(7-Trifluoromethylquinolin-4-ylamino)benzoic
acid /V'-(3-nitrooxypropionyl)hydrazide (22). Yield 85%;
mp 233-235°C; IR (KBr, cm™'): 3180, 1720, 1700; 'H
NMR (DMSO-d): 2.72-2.76 (t, 2H, CO-CH,), 3.08-
3.10 (t, 2H, CH,-0), 3.83 (m, 1H, NH, exchangeable),
7.10-9.05 (m, 9H, aromatic), 10.13 (s, 1H, NH,
exchangeable), 10.53 (br s, 1H, NH, exchangeable);
Anal. (C20H16F3N505) C, H, N.

4.5. Pharmacology

All the tested compounds were initially dissolved in
DMSO, then diluted with 1% CMC, and the final con-
centration of DMSO was 5%. Each compound was pre-
pared immediately before use and given intragastrically.
4.5.1. Anti-inflammatory activity and gastrotoxicity.'*!”
Carrageenan rat paw edema. The procedure employed was
a modification of the method of Winter et al.!” Groups of
adult male albino rats (150-180 g), 6 animals per group,
were deprived of food but not water 24 h before the exper-
iment. The tested compounds were given orally at a dose
level of 100 mg/kg, glafenine (100 mg/kg) or indometha-
cin (10 mg/kg) one hour before carrageenan injection.

A control group of animals received carrageenan without
any medication. Rat paw edema was induced by subplan-
tar injection of 0.1 ml of 1% suspension of carrageenan in
saline into one paw. An equal volume of saline was inject-
ed into the other paw of each animal. Treated animals re-
ceived a dose of 100 mg/kg of the appropriate compound
1 h before carrgeenan.

Three hours after carrageenan, the animals were decap-
itated and the paws were rapidly excised. The average
weight of edema was estimated for the treated group
as well as for control group and the percentage inhibi-
tion of the weight of edema was evaluated and statisti-
cally analyzed.

The stomachs of the sacrificed animals from the rat paw
test were removed, opened along the lesser curvature
and examined under a microscope for the presence of
macroscopically visible lesions. The number of lesions
in each animal, if any, was counted. Gastric lesion score
is expressed in millimeters of lesion and calculated by
summing the length of all lesions in a given stomach.

EDsy’s determination: as in the single dose test, but the
dose response curves were constructed using doses of 3,
10, 30, 100, and 300 mg/kg p.o. of compound 12 and
glafenine and doses of 0.3, 1, 3, and 10 mg/kg p.o. of
indomethacin. The average response to each dose was
calculated and the EDsy’s were determined graphically.

4.5.2. Analgesic activity.'8 Acetic acid writhing test. This
test was performed according to a modification of the
method of Manoury et al.'"® Mice of either sex weighing
20-25 g were housed in wire-mesh cages and kept under
conventional laboratory conditions. Animals were fast-
ed overnight with water ad libitum.

The test compounds or the positive control (glafenine)
were given orally to the animals (6 animals/group) at a
dose level of 100 mg/kg. One hour after treatment, each
animal received an ip injection of 10 ml/kg of 0.6% ace-
tic acid in water. A control group of animals received
the appropriate dose of acetic acid without any medica-
tion. For scoring purposes, a writhe is indicated by
stretching of the abdomen with simultancous stretching
of at least one hind limb. The number of writhing move-
ments was counted 5 min after acetic acid injection and
for 10 min. The number of writhes was recorded for
each animal. The percent inhibition of writhe in each
group was calculated. The effect of the test compounds
was compared with that of control and standard, and
analyzed statistically.

EDsy’s were determined as in the single dose test and uti-
lizing doses of of 3, 10, 30, 100, and 300 mg/kg p.o. of
compound 12 and glafenine. The average response to
each dose was calculated and the EDsy’s were deter-
mined graphically.

Detection of nitrite. A solution of the appropriate com-
pound (20 pL) in dimethylsulfoxide (DMSO) was added
to 2mL of 1:1 v/v mixture either of 50 mM phosphate
buffer (pH 7.4) or of an HCI solution (pH 1) with
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MeOH, containing 5x of 10~* M L-cysteine. The final
concentration of drug was 10~* M. After 1 h at 37 °C,
I mL of the reaction mixture was treated with 250 pLL
of Griess reagent [sulfanilamide (4 g), N-naphthylethy-
lenediamine dihydrochloride (0.2 g), 85% phosphoric
acid (10 mL) in distilled water (final volume: 100 mL)].
After 10 min at room temperature, the absorbance was
measured at 540 nm. Sodium nitrite standard solutions
(10-80 nmol/mL) were used to construct the calibration
curve.

The results were expressed as the percentage of NO re-
leased (n = 2) relative to a theoretical maximum release
of 1 mol NO/mol of test compound.
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Abstract—The first functional catalytic mimic of the enzyme dialkylglycine decarboxylase is described. This system utilizes a
hydrophobically modified polyethylenimine polymer, a pyridoxamine cofactor, and a 2-aryl-2-alkylglycine sacrificial amine source
to convert a-keto acids to a-amino acids at biologically relevant temperatures with multiple turnovers of the pyridoxamine catalyst.
The effects of hydrophobic and electronic factors in the 2,2-disubstituted sacrificial amine source and the pyridoxamine catalyst on

turnover frequency and turnover number are explored.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Dialkylglycine decarboxylase (DGD) is unique among
pyridoxamine 5’-phosphate (PMP)-dependent transam-
inase and decarboxylase enzymes. Unlike typical trans-
aminase enzymes, which utilize o-monosubstituted
amino acids as sacrificial amine sources, DGD regener-
ates the PMP cofactor from the corresponding aldehyde,
pyridoxal 5’-phosphate (PLP), by an oxidative decarbox-
ylation of a 2,2-dialkylglycine substrate (Scheme 1).! In
contrast to normative decarboxylase enzymes, in which
Ca protonation is greatly favored, protonation in DGD
occurs preferentially at the benzylic C-4’ position, to af-
ford a ketone and PMP after hydrolysis or transimina-
tion. Given its unique activity, DGD has experienced
significant mechanistic and crystallographic examination
in the past 10 years.? Distinctive to DGD among other
PMP/PLP-dependent enzymes is the lack of an observa-
ble quinoid intermediate throughout the catalytic cycle.?

As part of a long-lived initiative toward the mimicry of
various pyridoxamine-dependent enzymatic systems
(e.g., transaminases,* racemases,*>> tryptophan syn-
thases,® and decarboxylases*®7), we recently reported
the first functional mimic of DGD utilizing a laurylated
polyethylenimine polymer catalyst [PEI-C;, (8.7%)] and
a hydrophobically modified pyridoxamine cofactor (1)
in aqueous reaction conditions (Scheme 2).® Employing

*Corresponding author. Tel.: +212 854 2170; fax: +212 854 2755;
e-mail: rb33@columbia.edu
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Scheme 1. PMP/PLP catalytic cycle in dialkylglycine decarboxylase.

2-phenyl-2-methylglycine (Pmg) as a sacrificial amine
source, we obtained record rate accelerations (up to
725,000-fold) and turnover numbers (up to 100 turn-
overs) for a non-enzymatic pyridoxamine-mediated
transamination.

While our initial studies with the polymer-catalyzed,
1-mediated transamination of a-keto acids to o-amino
acids demonstrated remarkably fast reaction rates in
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Scheme 2. DGD mimetic system exploiting hydrophobic interactions.
PEI-C12 (8.7%) is commercial branched polyethylenimine®* in which
8.7% of the amines are laurylated and the remaining amines are
permethylated.®

comparison to pyridoxamine in water alone, the corre-
sponding reverse reaction did not proceed appreciably.
Other groups have reported similar difficulties in regen-
erating the pyridoxamine cofactor from pyridoxal using
monosubstituted a-amino acids under aqueous condi-
tions.® This reverse reaction can be promoted, with vary-
ing degrees of success, by very high concentrations (1 M!)
of the o-monosubstituted sacrificial amine source,!3?
high temperatures,'® the addition of metal'®'! or imi-
dazolium salts,!? incorporation of the pyridoxamine
cofactor into a protein environment,'® or quaternization
of the pyridoxamine/pyridoxal cofactor pyridine nitro-
gen.'423 Presumably, all of these strategies act to reduce
the resonance stabilization of the pyridoxal aldehyde/im-
ine with the pyridine ring of the cofactor. Utilizing o,
o-disubstituted amino acid, as in our DGD-mimetic sys-
tem, represents a unique strategy to regenerate the pyri-
doxamine cofactor and obtain a truly catalytic reaction.

Given our initial success, we sought to improve our DGD
mimic protocol to achieve faster turnover rates at lower,
more biologically relevant temperatures, potentially with
higher turnover numbers. In this paper, we describe the
influence of electronic and hydrophobic factors in the
2-aryl-2-alkylglycine sacrificial amine source on turnover
rate and number in our system. Furthermore, the impor-
tance of a cationic pyridoxamine cofactor is explored.
These studies indicate that enhancing hydrophobic inter-
actions between the sacrificial amine source and the poly-
mer—cofactor diad leads to greater fidelity and rate
acceleration in our DGD-mimetic protocol over strictly
electronic modifications. Additionally, quaternization of
the pyridine nitrogen of the hydrophobically modified
pyridoxal cofactor by alkylation greatly increases the rate
of cofactor-mediated decarboxylation.

2. Results and discussion

2.1. Synthesis of 2-aryl-2-alkylglycines

The rate determining step for our new catalytic system is
the decarboxylation of the putative internal aldimine

0 Z —H
PPN J-
(CqoHa1)N S | =
~
N

Figure 1. Putative internal aldimine intermediate 2.

intermediate 2 (Fig. 1); therefore, increasing the rate of
decarboxylation should lead to higher catalyst turnover
frequencies. Electronic factors in the sacrificial amine
source and pyridoxal cofactor, as well as hydrophobic
interactions between the reagents and the polymeric
cocatalyst in the aqueous reaction mixture should have
a dramatic impact on the rate of decarboxylation.

We previously observed?® that electron-rich 2,2-diphenyl-
glycine is too reactive in the polymer-buffered reaction
conditions, reacting directly with the o-keto acid
substrate and obviating the hydrophobically modified
pyridoxamine catalyst.® 2-Aminoisobutyric acid (2,2-
dimethylglycine), in contrast, did not decarboxylate
appreciably under our reaction conditions. Given our
success with Pmg as a sacrificial amino source, we syn-
thesized a small set of 2-aryl-2-alkylglycines to further
investigate electronic and hydrophobic influences on
the rate of pyridoxal-mediated decarboxylation. These
o, o-disubstituted amino acids were obtained in short
order from the corresponding ketones employing a mod-
ified Bucherer—Bergs reaction,!’ followed by hydrolysis
of the resulting hydantoins (Scheme 3). The amino acid
products were purified, generally by ion-exchange chro-
matography, and dissolved in slightly acidic deionized
water to afford 0.1 M stock solutions.'®

Attempts to synthesize either 2-(2-pyridyl)-2-methylgly-
cine or the 4-pyridyl derivative from the corresponding
hydantoins were unsuccessful, as these amino acids rap-
idly decomposed under both basic and acidic hydrolytic
conditions. 2-(3-Pyridyl)-2-methylglycine (3-Pmg)'” was
successfully obtained following the above protocol, but
it was indistinguishable from Pmg in both initial turn-
over frequency and turnover number when used as a
sacrificial amine source for our DGD-mimetic system
(data not shown).

[0}

9 NaCN, (NH4)oCO3 yNH Hydrolysis ~ *HaN_  CO,~
A7 DAkyl EtOHM,0,45°C M 0 A Akl
ultrasonication A Alkyl
Amino Acid Ar Alkyl Yield (%) Yield (%)
4-Mmg 4-MeOPh Me 69 33 (A)
4-Nmg 4-NO,Ph Me 92 12 (C)
4Tmg  4FCPh  Me 9 9(A)
Pxg Ph Hexyl 45 81 (A)

%
1-Aic m 83 83 (B)

Scheme 3. Synthesis of 2-aryl-2-alkylglycines. Hydrolysis conditions:
(A) 2 N aqueous NaOH, A; (B) Ba(OH),, H,O, A; (C) 6 N aqueous
HCl, A.
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2.2. Rate of decarboxylation of 2-aryl-2-alkylglycines and
influence on catalyst turnover frequency and number

The 2-aryl-2-alkylglycines described above were
designed to explore electronic and hydrophobic factors
in the rate of pyridoxal-mediated decarboxylation.
Whether decarboxylation and C-4’ protonation proceed
in a step-wise fashion through the intermediacy of a res-
onance-stabilized anion or represent a less likely con-
certed event in our DGD mimic, electron-withdrawing
substituents on the sacrificial amine source (e.g.,
4-NO,Ph or 4-CF;Ph) are expected to increase the rate
of decarboxylation for intermediate 2. Increasing the
electron-withdrawing potential of the amino acid o-sub-
stituents, however, could have deleterious conse-
quences. For example, the aryl methyl ketones produced
from the PLP-mediated oxidative decarboxylation of the
2,2-disubstituted amino acids will be more activated
toward aldol condensation with the pyridoxal intermedi-
ate, thus killing the catalytic cycle; we have observed
that the hydrophobically modified polyethylenimine
polymers can accelerate such aldol condensations (data
not shown). Electron-donating substituents (e.g.,
4-McOPh), on the other hand, should retard the rate
of decarboxylation, but exhibit longer-lived catalytic
cycles due to slower ketone-induced catalyst
decomposition.

Hydrophobic factors are also expected to play a signifi-
cant role. Lengthening the alkyl substituents on the sac-
rificial amine source should increase hydrophobic
interactions with the modified polymer, and the result-
ing increase in local concentration should afford faster
rates of decarboxylation. A similar phenomenon was
observed in the rate of pyridoxamine-mediated trans-
aminations when the hydrophobicity of either the pyri-
doxamine cofactor or a-keto acid substrate was
increase, with the former being more influential.® Fur-
thermore, increasing the length, and thus steric bulk,
of the alkyl substituent should reduce the rate of aldol
condensation between the resulting ketone byproduct
and the pyridoxal cofactor.

Preliminary amino acid decarboxylation studies were
conducted in the absence of the modified PEI polymer
employing the fully water-soluble pyridoxal 5’-ethyl
thioether*® (Table 1). The reactions were monitored by
UV-vis spectroscopy at 60 °C,'® and pseudo-first-order
rates of decarboxylation (Kgecarboxylation) Were computed
following the exponential decay of the characteristic
pyridoxal/pyridoximine absorbance at 400 nm.** To
prevent any adventitious metal ion catalysis, the decar-
boxylation reactions were performed in the presence of
20x 107> M EDTA. As predicted, 2-aryl-2-alkylgly-
cines with electron-withdrawing groups on the aromatic
ring (i.e., 4-Tmg and 4-Nmg) showed marked increases
I Kgecarboxylation Over Pmg, while an electron-donating
methoxy moiety (i.e., 4-Mmg) retarded the rate of decar-
boxylation. The strength of the electron-withdrawing
aromatic substituent directly translates into increases
N Kgecarboxylation; @ para-trifluoromethyl group (ie.,
4-Tmg) affords a nearly twofold increase in kgecarboxylations
while the stronger electron-withdrawing para nitro

Table 1. Rate of 2-aryl-2-alkylglycine decarboxylation by pyridoxal
5’-ethylthioether in water and 34.5% aqueous acetonitrile

Ox r. N HoN
HO oo HO R
A SEt —> AN SEt + Ar>o
| P pH 7.0, EDTA, | P
Me N 60 °C Me N
(=COy)

Amino &k (X 1073 min™")  Kretagve W/34.5% MeCN k  knecn/k

acid (x 1073 min~ )

Pmg 32+14 1.0 39.5+£0.7 12.3
4-Tmg 62%43 1.9 66.8* 1.4 10.8
4-Nmg 57.0%1.7 17.3 1233+ 1.0 22
4-Mmg 1.2+4.1 0.4 245%£0.8 20.4
Pxg 4.6%3.5 1.4 474113 10.3
1-Aic 26+1.3 0.8 465+ 1.8 17.9

Reaction conditions: 1.0x10™*M pyridoxal 5'-ethylthioether,
1.0x 107> M amino acid, 2.0 x 107* M EDTA, 2.5x 107> M Hepes,
2.5% 1072 M KCl, T =60 °C, pH 7.0.

group (i.e., 4-Nmg) exhibits over a 17-fold effect. Inter-
estingly, replacing the 2-methyl substituent with an elec-
tron-withdrawing trifluoromethyl group!® resulted in
almost no observed decarboxylation, presumably due
to the significant decrease in amine nucleophilicity and
thus slower imine formation between the amino acid
and pyridoxal reagents (data not shown). In the absence
of the modified PEI polymer, increasing the hydropho-
bicity of the amino acid was not expected to greatly
influence the rate of decarboxylation. Indeed, the more
hydrophobic 2-phenyl-2-hexylglycine (Pxg) decarboxyl-
ated at a rate nearly identical to Pmg. Joining the
2-phenyl and 2-alkyl groups into a constrained five-
membered ring (i.e., 1-Aic) also displayed little effect
on the appafent kdecarboxylation~

Given previous studies indicating that reducing the polar-
ity of the reaction medium can greatly enhance decarbox-
ylation reactivity,®?* we also determined kgecarboxylation Of
the 2-aryl-2-alkylglycines in 34.5% aqueous acetonitrile.
This relatively modest reduction in solvent polarity
afforded an average 12-fold increase in Kgecarboxylation-
By far, 2-(4-nitropheny)-2-methylglycine (4-Nmg) decar-
boxylated fastest of all the amino acids studied. In fact,
the kgecarboxylation for 4-Nmg in 34.5% acetonitrile
[(123.3 £ 1.0)x 10> min'] is nearly identical to the
fastest rate of pyruvate transamination observed for our
1/PEI-C5 (8.7%) system [(3.9 + 0.2) x 10~ min~'].8

The above decarboxylation studies strongly support the
proposal that incorporation of electron-withdrawing
groups on the aromatic substituent of the 2-aryl-2-alkyl-
glycine sacrificial amine source should increase the turn-
over frequency of the DGD mimic catalytic cycle. To
test this hypothesis, the conversion of pyruvate
(5.0x107*M) to alanine in the presence of PEI-Ci,
(8.7%) (2.5 x 107> M), EDTA (2.0 x 107 M), a catalytic
amount of 1 (2.5 x 107> M), and either Pmg, 4-Nmg, or
4-Mmg (1.0 x 1072 M) at pH 7-8 and 60 °C was moni-
tored by previously reported HPLC techniques (Table
2).8 The initial turnover frequency (TOF), the number
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Table 2. Catalytic turnover frequency and number with pyridoxamine
1 and 2-aryl-2-alkylglycines

H
Ar_ NH2 Me_ _COxH 1, PEI-Cyp (8.7%), Me g COH o
I T PR e, .
COH e} EDTA, pH 7-8, NH; A7 TR
60 °C, (- COy)

Amino acid TOF (h')* TOF euive TON TON eative
Pmg 0.83 1.0 412475 1.0
4-Nmg >1.3 >16 72419 02
4-Mmg 0.78 0.9 403+03 1.0

#Initial turnover frequency (TOF) = number of turnovers in 2 h/2 h.
Reaction conditions: 2.5x 107> M 1, 2.5x 10~ M PEI-C,, (8.7%),
5.0x 107> M pyruvic acid, 1.0x 107> M amino acid, 2.0x 107> M
EDTA, T=60°C, pH 7.5.

of turnovers after 2 h of reaction divided by 2 h, employ-
ing 4-Nmg as a sacrificial amine source, was markedly
faster than that observed with Pmg or 4-Mmg, but the
overall number of turnovers (TON) was significantly
less than that obtained from Pmg (7.2%1.9 vs
41.2 £ 7.5). Furthermore, a large amount of unidentified
peaks rapidly accumulated on the HPLC trace, compli-
cating the ability to determine accurately the TOF value.
As expected, similar results were observed when enan-
tiopure (S)-4-Nmg?! was employed. The multiple side
products and relatively low TON observed with
4-Nmg, despite the very rapid initial turnover of the pyr-
idoxamine catalyst, indicates that, in the presence of the
polymer, the highly active 4-nitro-acetophenone pro-
duced from the oxidative decarboxylation of 4-Nmg is
reacting with the pyridoxal catalytic intermediate, thus
killing the catalytic cycle. The opposite phenomenon
was observed employing 4-Mmg as the sacrificial amine
source; the TOF was slightly less in comparison to Pmg
(0.78 vs 0.83 h™'), but the TON was nearly identical and
very consistent. Importantly, for all three amino acids
tested, the corresponding phenethylamines were not
observed throughout the entirety of the reaction, sug-
gesting that oxidative decarboxylation (i.e., C-4’ proton-
ation), and thus regeneration of catalyst 1, is preferred
exclusively over non-oxidative decarboxylation (i.e.,
Ca protonation) for this system.

It should be noted that the observed TOF and TON val-
ues are highly dependent on the particular batch of syn-
thetic PEI-Cy, (8.7%) utilized, presumably due to the
inherent difficulties of producing identical batches of
modified polymers from the highly polydisperse unfunc-
tionalized commercial PEL.??> All of the results reported
in this paper were determined using the same batch of
PEI-Cy; (8.7%).

2.3. Synthesis and evaluation of quaternized, hydro-
phobically modified pyridoxamine and pyridoxal cofactors
8 and 15

In enzymatic systems, the pyridine nitrogen of the PLP
cofactor is in close proximity to an appropriately placed
acidic amino acid side chain in the cofactor binding
pocket, suggesting that the cofactor may exist in or con-

vert to a protonated, that is pyridinium, form. Common
arguments dictate that this pyridinium formation may
serve as an ‘electron-sink’ to accelerate decarboxylation.
However, such a directed protonation is not feasible
under the polymer-buffered reaction conditions of the
DGD mimic described above. A similar stable pyridi-
nium species can be generated, though, by alkylation
of the pyridine nitrogen. To this end, Murakami and
coworkers reported catalytic turnover for a transam-
inase mimic composed of a quaternized pyridoxamine
in a lipid micelle at room temperature, though in the
presence of copper salts.>®> Furthermore, 10-fold in-
creases in enzymatic activity have been reported by
Gong and coworkers when employing N-methyl-PLP
as a catalyst for decarboxylases.’* On the other hand,
Bach and coworkers, following high-level enzyme
active-site computational modeling, found no computa-
tional evidence for an increase in kdewboxylmon due to
pyridinium formation by protonation or methylation.?’
To further explore empirically the effect of pyridinium
formation in our DGD-mimetic system, we synthesized
the pyridinium salts 8 and 15, representing quaternized
versions of 1 and the corresponding pyridoxal cofactor,
respectively.

Pyridoxamine 8 was synthesized starting from nucleo-
philic substitution of mesylate 3 by the thiolate gener-
ated from disulfide 4 and NaBH,; (Scheme 4).
Deprotection of the resulting phenol sulfate ester 5
afforded free phenol 6, which was then selectively
N-methylated with Mel. While phenolic O-methylation
may have occurred, we have observed that substituents
on the pyridoxamine/pyridoxal phenolic oxygen are
highly susceptible toward hydrolysis under standard
work-up conditions in the pyridinium species. Similarly,
phenolic O-alkylation of the pyridinium salts has proven
extremely difficult. Accordingly, Boc-protected pyridi-
nium salt 7 was obtained in good purity by simple evap-
oration of the solvent and excess iodomethane. Removal
of the Boc group with TFA followed by preparative
reverse-phase HPLC provided the fully elaborated
hydrophobic quaternized pyridoxamine 8.

BocHN

MsO S/\/CON(C10H21 )2

NaBH,, EtOH
é/\/CON(CmHm)z

(75%)
3 4

BocHN BocHN

EtONa/EtOH CH3I
(85%) (65%

5 R =(CHy) 2C OIN(C1oHa1)2 6, R =(CHy) 2C O)N(CoHz1)2

BocHN HoN
HO HO. _CioH
| X SR TFA/CH,Cl, | /\)k 10H21
’i‘(/a © (72%) C10H21
R = (CH2)2C(O)N(CyoH21)2 8

Scheme 4. Synthesis of pyridoxamine 8.
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>° >°
4, BugP, THF

HCI/CH30H
(@) fe) 3!
N OH > X SR
| (67%) | (98%)
~ ~
N N
9
10, R = (CH2)2C(O)N(C1oHz1)2
HO O
MnO, HC(OCHa)s
HO HO
N SR N K ———
| (75%) | TsOH
N N (72%)

11, R = (CH2)2C(O)N(C1oHz1)2 12, R = (CH2):C(O)N(C1oHz1)2

HsCO.__OCHg HsCOL_-OCHs
Ho A . CHal HO X gr  HCICHLCN
| (49%) ‘ _ (85%)
P2 NG |©

N \

13, R = (CH2)2C(O)N(C1oH21)2 14, R = (CH2)2C(O)N(C1Hz21)2

(0]
S/\)J\N/CWOHm

|
C1oHa1

Scheme 5. Synthesis of pyridoxal 15.

Synthesis of the quaternized pyridoxal 15 proved to be
more complicated (Scheme 5). Thioether 10 was ob-
tained from benzyl alcohol 9 and dithiane 4 employing
PBu; in THF. The acetal protecting group was then
hydrolyzed under acidic conditions to afford benzyl
alcohol 11. After we screened a variety of oxidative con-
ditions, MnO, proved to be the best selective reagent to
convert alcohol 11 to pyridoxal 12. Attempts to oxidize
the benzylic alcohol after pyridinium formation led to
an intractable mixture of compounds. Likewise, reacting
pyridoxal 12 with Mel to directly form the pyridinium
salt 15 afforded only complex mixtures. Therefore, a
protection—alkylation—deprotection strategy was
employed. Specifically, the aldehyde moiety of 12 was
masked as the corresponding dimethylacetal 13, which

Table 3. Rate of 2-aryl-2-alkylglycine decarboxylation

Ar NH»

pH 7.0, EDTA

was then N-methylated with Mel. Unlike the pyridox-
amine derivative 6, a significant amount of S-methyla-
tion accompanied formation of pyridinium 14,
necessitating purification of the protected aldehyde by
reverse-phase preparative HPLC. Conversion of the
dimethylacetal to the aldehyde with HCI in acetonitrile,
followed by another round of HPLC purification pro-
vided quaternized hydrophobic pyridoxal 15. The iden-
tity of the counteranions for both 8 and 15 was not
rigorously determined. Like their non-ionic counter-
parts, pyridinium salts 8 and 15 exhibit poor water-sol-
ubility. They were therefore dissolved in acetonitrile to
afford ca. 5.0 x 10~* M solutions.

Pyridinium 8 converted pyruvic acid to alanine at a rate
(Ktransamination) only slightly faster than the non-quatern-
ized pyridoxamine 1 [(5.2  1.4) x 1072 min~' at 20 °C
vs (3.5%0.2) x 107> min~']. Furthermore, competition
reactions run with 30:30:1 (pyruvic acid—phenylpyruvic
acid-8) ratios at 20 °C, pH 7.5, and in the presence of
PEI-C,, (8.7%) in water revealed alanine:phenylalanine
products ratios similar to those observed with 1
[1:(11 £ 2) vs 1:(14 £ 2)].

While the effect of pyridine quaternization on
Kiransamination Was slight, pyridoxal 15 exhibited marked
increases in Kgecarboxylation OVEr a non-quaternized ver-
sion, permitting the decarboxylation reactions to pro-
ceed smoothly at 30 °C. This apparently contrasts with
the computational predictions of Bach and coworkers,?’
and represents the first time we have observed substan-
tial cofactor-mediated amino acid decarboxylation at a
biologically relevant temperature. To insure that reagent
15 was fully solubilized, initial decarboxylation studies
were performed in 58% aqueous acetonitrile (Conditions
A, Table 3). Heterogeneous reaction mixtures were still
observed, however, when Pxg and 4-Tmg were utilized
as sacrificial amine sources, possibly accounting for
the lower than expected Kgecarboxylation Values observed
for these two amino acids. Regardless, kgccarboxylation

R COH Conditions, 30 °C

Amino acid Conditions k(x107% min~") Krelative Relative rate to S-Et-pyridoxal; at 60 °C
Pmg A 29.1%x1.2 1.2 9.1
Pmg B 244+23 1.0 7.6
4-Tmg A 319+33 1.3 5.1

[ 4-Tmg B 833%54 34 134 |
4-Mmg A 241+ 1.1 1.0 20.1
4-Mmg B 19.7+£23 0.8 16.4
Pxg A 24.0+0.7 1.0 5.2

| Pxg B 67.6£5.0 2.8 14.7 |
1-Aic A 421112 1.7 16.2
1-Aic B 30.5+£2.7 1.3 11.7

Reaction conditions A: 1.0x 107* M 15, 1.0 x 107> M amino acid, 2.0 x 107> M EDTA, 1.3 x 1072 M Hepes, 1.3 x 102 M KCI in 58% aqueous
MeCN, 7= 30 °C, pH 7.0. Reaction conditions B: 1.0 x 107* M 15, 1.0 x 107> M amino acid, 1.25 x 107> M PEI-C;, (8.7%), 2.0 x 107> M EDTA,

2.5% 1072 M Hepes, 2.5x 102 M KCI, T = 30 °C, pH 7.0.
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values for the 2-aryl-2-alkylglycines with 15 at 30 °C
were an average ninefold faster than those observed with
pyridoxal 5’-ethyl thioether at 60 °C. Pyridinium 15 rap-
idly forms the corresponding hydrate of the aldehyde in
aqueous conditions, and thus does not exhibit the char-
acteristic absorption peak at 400 nm in the UV-vis spec-
trum. Therefore, decarboxylation reactions with 15 were
monitored by HPLC following the generation of the ke-
tone corresponding to amino acid oxidative decarboxyl-
ation. As Dbefore, none of the -corresponding
phenethylamines were detected throughout the entirety
of the reactions.

Even more remarkable results were obtained when the
decarboxylation reactions were carried out in the pres-
ence of PEI-C;, (8.7%) in water (Conditions B, Table
3). Unlike the results in 58% aqueous acetonitrile, all
of the reaction mixtures were apparently homogeneous
in the presence of the polymer. Furthermore, the ob-
served Kgecarboxylation Values at 30 °C were an average
11-fold greater than those observed with pyridoxal
5’-ethyl thioether at 60 °C. 4-Tmg, which possesses an
electron-withdrawing trifluoromethyl group on the aro-
matic substituent, decarboxylated fastest under these
reaction conditions [(83.3 +5.4)x 107> min~']. How-
ever, in the presence of the hydrophobically modified
polymer, the hydrophobic amino acid Pxg also decar-
boxzflated at a remarkably fast rate [(67.6 % 5.0)x
10~ min~'], supporting the previous hypothesis that
hydrophobic interactions between the polymer catalyst,
the sacrificial amine source, and the pyridoxal interme-
diate would increase the local concentration of the re-
agents and thus increase the reaction rate.

It is important to note that the kgecarboxylation Values ob-
served for 4-Tmg and Pxg are close to, if not greater
than the ki ansamination Value observed for pyruvic acid
with quaternized pyridoxamine 8, implying that decar-
boxylation may no longer be a rate limiting step, and
that faster catalytic turnover should be observed. In-
deed, the average initial turnover frequencies observed
with pyridinium 8 at 30 °C is faster than with non-quat-
ernized cofactor 1 at 60 °C (Table 4). Quaternization of
the pyridoxamine cofactor also appears to accelerate
catalyst decomposition, as evidenced by the lower
TON values observed for 8 versus 1. The highest TOF
and TON values were observed utilizing the hydropho-
bic sacrificial amine source Pxg. As with 4-Nmg and cat-
alyst 1, 4-Tmg displayed the lowest TON value with

catalyst 8, along with the marked production of catalyst
decomposition products. These turnover studies demon-
strate the particular advantage that hydrophobic effects
can have over electronic factors.

3. Conclusions

An excellent mimic of the enzyme dialkylglycine decar-
boxylase has been created using a pyridoxal derivative
and a modified polyethylenimine. While standard trans-
aminations are used in both directions by transaminase
enzymes, our work and that of others indicates that sim-
ple transaminations in one direction—converting a pyr-
idoxal and an amino acid to a pyridoxamine and a keto
acid—are not efficient in model systems. The decarbox-
ylation process with disubstituted glycines substitutes
nicely for this inefficient process, and its conversion of
a pyridoxal to a pyridoxamine then couples with our
previous studies of highly efficient reactions of a
pyridoxamine derivative with an a-keto acid to form
the a-amino acid and the pyridoxal derivative.

In our present study, the other product of the decarboxyl-
ation process, besides the pyridoxamine, is a ketone. This
is the same ketone that is used to synthesize the disubsti-
tuted glycine by reaction with NaCN and ammonium
carbonate, followed by hydrolysis of the resulting
hydantoin. Thus, the ketone can be considered a catalyst
that is regenerated, and the overall reductive amination
of the pyridoxal is formally accomplished with the con-
sumption of ammonium cyanide and aqueous base; in-
deed the ammonia is even regenerated in the
hydrolysis. The overall result is the catalytic conversion
of a keto acid to an amino acid with the consumption of
these simple inorganic materials. The pyridoxamine
derivative and the polymer are simply catalysts, but
for a very effective process. In addition, both parts of
the overall cycle mimic well-established biochemical
reactions.

We recently reported that covalent linkage of a pyridox-
amine to peptide-derived homochiral oligoamines affords
an effective reagent for the conversion of various a-keto
acids to the corresponding a-amino acids in moderate to
good enantiomeric excesses even though the reactions
were performed under aqueous conditions.?® However,
chiral oligoamine-cofactor studies have not yet been re-
ported. Since peptide-derived chiral polyamines can be

Table 4. Catalytic turnover frequency and number with pyridoxamine 8 and 2-aryl-2-alkylglycines

Ar_ NH2 Me. COxH 8 PEICy,(8.7%), Me_-COH 0o
SO Gl .
COoH o EDTA, pH 7-8, NHp R Ar
30 °C, (-COyp)

Amino acid TOF (hil)a TOFrelative TON TONrelalive
Pxg 1.14 1.00 146+£79 1.0
4-Tmg 0.97 0.85 9.4+£0.1 0.6
4-Mmg 0.81 0.71 123£0.2 0.8

# Initial turnover frequency (TOF) = number of turnovers in 2 h/2 h. Reaction conditions: 2.5 X 107°M 8,2.5%x 107> M PEI-C,, (8.7%), 5.0 x 1073 M
pyruvic acid, 2.0 x 103 M EDTA, 1.0 x 1072 M amino acid, T = 60 °C, pH 7.5.
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synthesized in a defined and homochiral fashion,?® they
could serve as replacements for PEI-C;, (8.7%) in our
DGD mimetic system, potentially alleviating the current
polymer batch-dependence issues and allowing for the
catalytic, biomimetic, and enantioselective synthesis of
o-amino acids from o-keto acids, 2-aryl-2-alkylglycine
sacrificial amines, and a hydrophobically modified pyri-
doxamine cofactor. These studies are currently underway,
and the results will be reported in due course.

4. Experimental
4.1. Synthesis

All reagents were purchased from commercial sources
and utilized as received unless otherwise noted. DMF,
THF, CH,Cl,, and CH3CN were dried through individ-
ual alumina-based solvent purification columns. 2-Ami-
no-2-phenylpropionic acid (Pmg), purchased from
Aldrich Co., was purified by preparative RP-HPLC with
a Vydac Protein & Peptide C18 column. All reactions
were carried out under atmospheric conditions, unless
otherwise noted. Flash chromatography was performed
on 230-400 mesh silica (Silica Gel 60) from EM Science.
NMR spectra were obtained on a Bruker DPX
300 MHz spectrometer. CI MS spectra were taken on
a Nermag R-10-10 instrument. FAB MS spectra were
taken on a JEOL JMS-DX-303 HF instrument using
either glycerol or p-nitrobenzyl alcohol as matrices.

4.1.1. Representative procedure for 5-aryl-5-alkylhydan-
toin synthesis;'> 5-(4-nitrophenyl)-5-methylhydantoin.?’
A 100 mL flask was charged with 4-nitroacetophenone
(0.8 g, 5.0 mmol), (NH4),COs3 (3.6 g, 37.9 mmol), EtOH
(7.5mL), H,O (7.5mL), and a 32.6% (w/v) aqueous
solution of NaCN (0.8 mL, 6.5 mmol). The resulting
mixture was ultrasonicated in a 45 °C water bath for
5h, then cooled in an ice-bath and brought to neutral
pH with 1 N HCIL. The resulting white precipitate was
obtained by filtration and washed with copious amounts
of 1:1 EtOH/H,O to afford the desired hydantoin as a
white powdery solid (1.1 g, 4.6 mmol, 92%) in spectro-
scopically pure form: 'H NMR (d-DMSO, 300 MHz)
0: 10.92 (br s, 1H), 8.77 (s, 1H), 8.25 (d, J=9.0 Hz,
2H), 7.76 (d, J =9.0 Hz, 2H), 1.70 (s, 3H).

4.1.2. 5-(4-Trifluoromethylphenyl)-5-methylhydatoin.
White solid; mp 165.0-169.0 °C; HRMS (FAB+) m/z
259.0681 [(M+H)+, caled for C11H1002N2F3+Z
259.0694]; '"H NMR (de-DMSO, 300 MHz) 6: 10.89 (s,
1H), 8.74 (s, 1H), 7.76 (d, J=8.5Hz, 2H), 7.69 (d,
J=8.4Hz 2H), 1.68 (s, 3H); ’"F NMR (ds-DMSO,
282.4 MHz) §: —60.15 (s, 3F); 3*C NMR (ds-DMSO,
100 MHz) &: 176.37, 156.19, 144.48, 128.52 (q,
Je_c_r =31.9 Hz), 126.39, 124.16 (q, Jo_r = 272.9 Hz),
125.46, 63.90, 25.14.

4.1.3. 5-(4-Methoxyphenyl)-5-methylhydantoin.'S. White
solid; MS (CI+) m/z 221.15 (M+H)*; '"H NMR (de-
DMSO, 300 MHz) §: 10.64 (br s, 1H), 8.52 (s, 1H),
7.35 (d, J=8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 3.74
(s, 3H), 1.62 (s, 3H)

4.1.4. 5-Phenyl-5-hexylhydantoin.?® White solid; MS
(CI+) mlz 261.03 (M+H)"; '"H NMR (ds-DMSO,
300 MHz) &: 10.76 (s, 1H), 8.66 (s, 1H), 7.50-7.29 (m.
SH), 2.05-1.84 (m, 2H). 1.22 (br s, 6H), 0.84 (t.
J = 6.5 Hz, 3H).

4.1.5. Spiro[imidazolidine-4,1’-indan]-2,5-dione.?® White
solid; MS (CI+) m/z 203.14 (M+H)"; '"H NMR (d,-
DMSO, 300 MHz) &: 9.39 (br s, 1H), 8.41 (s, 1H),
7.30-7.02 (m, 4H), 3.06-2.96 (m, 2H)., 2.56-2.46 (m.
1H), 2.13 (dt, J=13.2 and 8.3 Hz, 1H).

4.1.6. 2-(4-Nitrophenyl)-2-methylglycine (4-Nmg).23 5-
(4-Nitrophenyl)-5-methylhydantoin (517 mg, 2.2 mmol)
and 6 N HCI (22 mL) were combined in a sealed high-
pressure tube and the resulting slurry was stirred at
130 °C for 67 h. After cooling to ambient temperature,
the mixture was filter through glass wool, concentrated,
and dried azeotropically from PhCHj3. The resulting yel-
low solid was purified by reverse-phase HPLC (80 mg,
0.3 mmol, 15%): 'H NMR (ds-MeOH, 300 MHz) o:
8.32 (d, /=89 Hz), 7.75 (d, /=89 Hz), 1.97 (s, 3H).

4.1.7. 2-(4-Trifluoromethylphenyl)-2-methylglycine (4-
Tmg). 5-(4-Trifluoromethylphenyl)-5-methylhydantoin
(536 mg, 2.1 mmol) and 2 N NaOH (8.2 mL) were com-
bined in a sealed high-pressure tube, and the resulting
solution was stirred at 115 °C overnight. After cooling
to 0 °C, the resulting solution was acidified with concen-
trated HCI, and the resulting white precipitate was re-
moved by filtration. The resulting filtrate was passed
through a column containing Dowex 50x-8 ion exchange
resin, (eluted with 1.7 M aqueous NH4,OH) to afford,
after llyophilization, a white solid (46 mg, 0.2 mmol,
9%): 'H NMR (de-DMSO, 300 MHz) o: 7.74 (d,
J=6.7Hz, 2H), 7.56 (d, J = 6.9 Hz, 2H), 1.50 (s, 3H);
F NMR (d-DMSO, 282.4 MHz) d: —59.63 (s, 3F).

4.1.8. 2-(4-Methoxyphenyl)-2-methylglycine (4-Mmg).3°
5-(4-Methoxyphenyl)-5-methylhydantoin (495 mg,
2.3 mmol) was dissolved in 2 N NaOH (6 mL) and stir-
red at reflux (125 °C) for 24 h. After cooling to ambient
temperature and filtration through glass wool, the
resulting solution was cooled to 0 °C and brought to
neutral pH with 6 N HCl. The resulting precipitate
was removed by filtration, and the filtrate was concen-
trated in vacuo to a white solid. This solid was extracted
with MeOH, and the resulting extract was concentrated
to a white solid which was recrystallized from EtOH/
H,O (144 mg, 0.7 mmol, 33%): 'H NMR (de-DMSO,
300 MHz) ¢§: 7.84 (br s, 3H), 7.44 (d, J= 6.7 Hz, 2H),
6.87 (d, J = 6.7 Hz, 2H), 3.73 (s, 3H), 1.62 (s, 3H).

4.1.9. 2-Phenyl-2-hexylglycine (Pxg). 5-Phenyl-5-hexyl-
hydantoin (260 mg, 1.0 mmol) was dissolved in 2 N
NaOH (4.0 mL) and stirred at reflux (120 °C) for 24 h,
then cooled to 0 °C, and acidified with 6 N HCI. The
resulting precipitate was removed by filtration and the
filtrate was passed through a column containing Dowex
50x-8 ion exchange resin (eluted with 1.7 M aqueous
NH4OH) to afford, after lyophilization, a white solid
(191 mg, 0.8mmol, 81%): 'H NMR (d--DMSO,
300 MHz) o: 7.47 (d, J=17.6 Hz, 2H), 7.30-7.17 (m,
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3H), 5.56 (br s, 3H), 2.06-1.93 (m, 2H), 1.21 (br s, 6H),
0.84 (t, J = 6.6 Hz, 3H).

4.1.10. 1-Aminoindane-1-carboxylic acid (1-Aic).3!
Spiro[imidazolidine-4,1’-indan]-2,5-dione (407 mg,
2.0 mmol), Ba(OH)»-8H,O (1.0 g, 3.2 mmol), and H,O
(8.0 mL) were combined in a sealed high-pressure tube,
and the solution was stirred at 150 °C overnight, then
cooled to ambient temperature and filtered. To the
resulting filtrate was added (NH4),CO3; (514 mg,
2.9 mmol), and the resulting precipitate was removed
by centrifugation following by decanting the superna-
tant, which was evaporated to a white solid. This solid
was dissolved in 0.3 N HCI and passed through a col-
umn containing Dowex 50x-8 ion exchange resin (eluted
with 1.7 M aqueous NH4,OH), to afford, after lyophili-
zation, a white solid (296 mg, 1.7 mmol, 84%): 'H
NMR (de-DMSO, 300 MHz) ¢: 7.92 (br s, 3H), 7.36
(d, J=7.3Hz, 1H), 7.23-7.13 (m, 3H), 3.07-2.89 (m,
2H), 2.68-2.59 (m, 1H), 2.04-1.95 (m, 1H).

4.1.11. 3-[2-(Bisdecylcarbamoyl)ethyldisulfanyl]-/V, V-
bisdecylpropionamide (4). To a solution of 3-(2-car-
boxy-ethyldisulfanyl)propionic acid (2.1 g, 10.0 mmol)
in benzene (20 mL) was added SOCI, (10.0 mL,
137.1 mmol). The reaction was stirred at reflux for 2 h,
after which the solution became clear. The solvent then
was removed by distillation and the resulting acid chlo-
ride was dissolved in CH,Cl, (20 mL). This CH-Cl,
solution was added dropwise to a flask containing
NH(C,oH»;)> (6.0 g, 20.1 mmol), and Et;N (3.0 mL,
21.5 mmol) in CH,Cl, (20 mL), at 0 °C, and the result-
ing reaction mixture was stirred overnight. The reaction
mixture was washed sequentially with 1 N HCl and 1 N
NaOH, then concentrated in vacuo to afford the title
compound. The resulting product was carried on with-
out further purification: MS (CI+) m/z 770 (M+H)";
'"H NMR (CDCl;, 300 MHz) 6: 3.34 (m, 8H) 3.05 (t,
J=7.1Hz, 4H), 2.81 (t, 4H), 1.65 (m, 8H), 1.40 (m,
56H) 0.98 (t, 12H).

4.1.12. Methanesulfonic acid 5-[2-(bisdecyl-carbam-
oyl)ethylsulfanylmethyl]-4-(zert-butoxycarbonyl-aminom-
ethyl)-2-methylpyridin-3-yl ester (5). To a solution of
3-hydroxy-5-hydroxymethyl-2-methylpyridin-4-ylmethyl)
carbamic acid tert-butyl ester® (1.5g, 3.5mmol) in
CH,Cl, (20mL) at 0°C, was added Et;N (1.6mL,
11.5 mmol) followed by MsCl (0.87 mL, 11.2 mmol).
The reaction mixture was stirred for 15 min at 0 °C,
and then washed with saturated aqueous NH,4Cl. Evap-
oration of the resulting organic layer afforded a solid
product. This product (i.e., 3) was then dissolved in
EtOH (10 mL). Meanwhile, in a separate flask contain-
ing 4 (2.1 g, 2.7 mmol) in EtOH (20 mL), NaBH, (1.0 g,
26.4 mmol) was added. After the mixture was stirred for
20 min, the previous ethanolic solution of 3 was added,
and the mixture was stirred for 2 h. The solvent was
removed by rotary evaporation and the resulting
product was purified by flash chromatography to afford
a waxy solid (1.6g 2.6mmol, 75%): R¢ (20:1
CH,Cl,:MeOH) = 0.31; MS (CI+) m/z 712.8 (M+H)";
'"H NMR (CDCls, 300 MHz) §: 8.49 (s, 1H), 5.72 (br
s, 1H), 4.71 (d, J=6.2 Hz, 2H), 4.03 (s, 2H), 3.60 (s,

3H), 3.30 (m, 4H), 2.95-2.76 (m, 7H), 1.85-1.32 (m,
41H), 1.00 (t, J = 6.5 Hz, 6H).

4.1.13. {5-[2-(Bisdecylcarbamoyl)ethylsulfanylmethyl]-3-
hydroxy-2-methylpyridin-4-ylmethyl} carbamicacid tert-
butyl ester (6). To a solution of 5 (1.0 g, 1.7 mmol) in
EtOH (10 mL) was added a 21% solution of EtONa in
EtOH (10.0 mL), and the reaction mixture was stirred
for 12 h at ambient temperature. The solvent was then
removed by rotary evaporation, and the mixture was
neutralized with saturated aqueous NH4Cl. The product
was extracted from the resulting aqueous solution with
CHCl; (150 mL), and the resulting organic extract was
concentrated in vacuo to afford a waxy solid which
was purified by flash chromatography (740 mg,
1.4 mmol, 85%): R¢ (20:1 CH,Cl,:MeOH) = 0.30; MS
(CI+) m/z 6348 (M+H)"; '™H NMR (CDCls,
300 MHz) o: 1149 (s, 1H), 8.25 (s, 1H), 4.69 (d,
J=6.3Hz, 2H), 4.09 (s, 2H), 3.34 (m, 4H), 2.95 (m,
7H), 1.89-1.39 (m, 41H), 1.02 (t, J = 6.4 Hz, 6H).

4.1.14. 5-[2-(Bisdecylcarbamoyl)ethylsulfanylmethyl]-4-
(tert-butoxycarbonylaminomethyl)-3-hydroxy-1,2-di-methyl-
pyridinium iodide (7). To a solution of 6 (0.3 g, 0.6 mmol)
in CH;CN (10 mL) CH;I (2.0 mL, 32.1 mmol) was
added. The reaction was heated to reflux (80 °C) and stir-
red for 30 min. The solvent was removed by rotary evap-
oration affording an yellow waxy solid (247 mg,
0.4 mmol, 65%). The resulting product was obtained
with sufficient purity for further reaction: MS (CI+)
mlz 650.5 (M—=I)*; '"H NMR (CD;OD, 300 MHz) §:
8.53 (s, 1H), 4.61 (s, 2H), 4.37 (s, 3H), 4.11 (s, 2H),
3.00-2.80 (m, 7H), 1.90-141 (m, 41H), 1.03 (t,
J=6.5Hz, 6H).

4.1.15. 4-Aminomethyl-5-[2-(bisdecylcarbamoyl)ethyl-
sulfanylmethyl]-3-hydroxy-1,2-dimethylpyridinium  ha-
lide (8). To a solution of 7 (0.2 g, 0.4 mmol) in CH,Cl,
(10 mL), TFA (5 mL) was added, and the resulting mix-
ture was stirred at ambient temperature overnight. The
solvent was removed by rotary evaporation and the
resulting product was purified using preparative re-
verse-phase HPLC [50% to 100% aqueous MeOH
(0.1% TFA buffer) over 50 min, rt = 26-45 min] to af-
ford a yellow waxy solid (164 mg): MS (CI+) mi/z
550.6 (M—X)*; 'TH NMR (CD;0D, 400 MHz) 6: 8.45
(s, 1H), 4.43 (s, 2H), 4.31 (s, 3H), 4.02 (s, 2H), 2.72
(m, 7H), 1.65 (m, 4H), 1.39 (br s, 28H), 0.98 (t,
J =6.6 Hz, 6H).

4.1.16.  N,N-Bisdecyl-3-(2,2,8-trimethyl-4 H-[1,3]-diox-
ino[4,5-c]pyridin-5-ylmethylsulfanyl)propionamide  (10).
To a solution of (2,2,8-Trimethyl-4H-[1,3]dioxino-[4,
5-c]pyridin-5-yl)methanol® (9, 1.1 g, 5.3 mmol) and 4
(19g, 25mmol) in THF (0mL), Pbu; (2.5¢g,
10.0 mmol) was added, and the mixture was stirred under
argon at ambient temperature for 10 h. After evapora-
tion of the solvent, the resulting product was purified
using flash chromatography to afford a waxy solid
(2.0 g, 3.4 mmol, 67%): MS (CI+) m/z 579 (M+H)*; 'H
NMR (CDCl;, 300 MHz) §: 7.96 (s, 1H), 5.03 (s, 2H),
3.71 (s, 2H), 3.35 (m, 4H), 2.89-2.51 (m, 7H), 1.79 (s,
6H), 1.75-1.23 (m, 32H), 1.01 (t, J = 6.6 Hz, 6H).
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4.1.17. N,N-Bisdecyl-3-(5-hydroxy-4-hydroxymethyl-6-
methylpyridin-3-ylmethylsulfanyl)propionamide (11). To
a solution of 10 (1.5 g, 2.6 mmol) in MeOH (20 mL)
was added concentrated aqueous HCIl (20 mL), and
the resulting mixture was stirred overnight. The solvent
was evaporated, and the resulting residue was dissolved
in CH,Cl, and washed with saturated aqueous NaH-
CO;. The organic layer was dried (Na,SQy), filtered,
and concentrated to afford a spectroscopically pure
waxy solid (1.4 g, 2.5 mmol, 98%): MS (CI+) m/z 538
(M+H)*; 'TH NMR (CDCl;, 300 MHz) d: 7.99 (s, 1H),
5.16 (s, 2H), 3.87 (s, 2H), 3.40 (m, 4H), 2.90-2.59 (m,
7H), 1.95-1.01 (m, 38H).

4.1.18.  N,N-Bisdecyl-3-(4-formyl-5-hydroxy-6-methyl-
pyridin-3-ylmethylsulfanyl) propionamide (12). To a solu-
tion of 10 (1.5 g, 2.5 mmol) in CH,Cl, (50 mL), MnO,
(5.0 g, 57.5 mmol) was added, and the reaction was stir-
red at ambient temperature for 3 h. The solution was
then filtered through Celite and concentrated to a spec-
troscopically pure yellow waxy solid. (1.0 g, 1.8 mmol,
70%). MS (CI+) m/z 536 (M+H)*; '"H NMR (CD;CN,
300 MHz) 6: 10.56 (s, 1H), 8.09 (s, 1H), 4.13 (s, 2H),
3.30 (m, 4H), 2.82 (t, J = 6.9 Hz, 2H), 2.61 (t, 2H), 2.56
(s, 3H), 1.70-1.25 (m, 32H), 1.01 (t, /= 6.9 Hz, 6H).

4.1.19. N,N-Bisdecyl-3-(4-dimethoxymethyl-5-hydroxy-6-
methylpyridin-3-ylmethylsulfanyl)propionamide (13). To
a solution of 12 (2.0g, 3.7mmol) in HC(OCH3);
(20.0mL) and CH;OH (10mL), TsOH (1.0g,
5.8 mmol) was added, and the reaction was heated to
110 °C and stirred at that temperature for 3 h. After
evaporation of the solvent, the product was purified
using flash chromatography to obtain a waxy solid
(1.6 g, 2.7 mmol, 72%): R; (20:1 CH,Cl,:MeOH) = 0.09;
MS (CI+) m/z 580.3 (M+H)"; "H NMR (CDCl;,
300 MHz) o: 8.92 (s, 1H), 7.95 (s, 1H), 6.18 (s, 1H),
3.88 (s, 2H), 3.56 (s, 6H), 3.41-3.26 (m, 4H), 2.95 (t,
J=172Hz 2H), 2.62 (t, J=7.2 Hz, 2H), 2.53 (s, 3H),
1.73 (br s, 4H), 1.40 (br s, 28H), 0.99 (t, J = 6.1 Hz, 6H).

4.1.20. 5-[2-(Bisdecylcarbamoyl)ethylsulfanylmethyl]-
4-dimethoxymethyl-3-hydroxy-1,2-dimethylpyridinium
iodide (14). To a solution of 13 (0.5 g, 0.9 mmol) in
CH;CN (20 mL), CH3I (2.0 mL, 32.1 mmol) was added,
and the reaction was stirred at ambient temperature for
5h, monitoring by TLC [MeOH, Ry (starting mate-
rial) = 0.85, Ry (product) = 0.75]. After evaporation of
the solvent, the resulting product was purified using pre-
parative reverse-phase HPLC [50% to 100% aqueous
MeOH (0.1% TFA buffer) over 40 min, then 100%
MeOH (0.1% TFA buffer) for 20 min, rt = 41-49 min]
to afford a yellow waxy solid: MS (CI+) m/z 594.4
(M-I)*; 'TH NMR (CD;0D, 300 MHz) J: 7.82 (s, 1H),
6.08 (s, 1H), 4.19 (s, 3H), 4.11 (s, 2H), 3.40 (m, 4H),
2.80 (m, 4H), 2.67 (s, 3H), 1.70-1.35 (m, 32H), 1.01 (t,
J=6.8 Hz, 6H).

4.1.21. 5-[2-(Bisdecylcarbamoyl)ethylsulfanylmethyl]-4-
formyl-3- hydroxy-1,2-dimethylpyridinium halide (15).
To a solution of 14 (0.2 g, 0.3 mmol) in CH3;CN
(10 mL) was added 1 N aqueous HCI (10 mL), and the
reaction was stirred at ambient temperature for 12 h.

After evaporation of the solvent, the resulting product
was purified using preparative reverse-phase HPLC [50
to 100% aqueous CH;3;CN (0.1% TFA buffer) over
45 min, rt = 24-32 min] to afford a deep red waxy solid
(145 mg): Ry (CH50H) =0.76; MS (CI+) m/z 548.0
(M-X)"; 'TH NMR (CD;CN, 400 MHz) d: 10.58 (s,
1H), 8.39 (s, 1H), 4.22 (s, 3H), 4.18 (s, 2H), 3.30 (m,
4H), 2.75-2.62 (m, 7H), 1.50 (m, 4H), 1.43 (br s, 28H),
0.96 (t, J = 6.8 Hz, 6H).

4.2. Decarboxylation and Catalyst Turnover Studies

The concentrations of PEI-Cy, (8.7%), pyridoxal 5'-eth-
ylthioether, 8, and 15 solutions were determined by 'H
NMR analysis using terephthalic acid disodium salt as
an internal standard. UV-vis spectra and kinetics were
taken on a Varian Cary IE UV-vis spectrometer with
accompanying kinetics-calculating software. Analytical
HPLC was run on an HP1090 liquid chromatography
(series II) equipped with a DRS pumping system, a tem-
perature-controlled autosampler, and a diode-array
UV-vis detector. Vydac Protein & Peptide C18 reverse
phase analytical columns (4.6 x 150 mm) were used
exclusively. Derivatization Reagent: A solution of
N-Boc-L-cysteine (219 mg, 1.0 mmol) and o-phthalyldi-
aldehyde (140 mg, 1.0 mol) in MeOH (5 mL). Derivati-
zation Buffer: 1.0 M KH,PO,, pH 8.0, buffer solution.

4.2.1. General procedure for determining kgecarboxylation Of
2-aryl-2-alkylglycines with pyridoxal 5’-ethylthioether.
Three UV cuvettes charged with pyridoxal 5’'-ethylthioe-
ther (1.0 x 10~* M), amino acid (1.0 x 107> M), EDTA
(2.0x107* M), pH 7.0, Hepes buffer (2.5x 107> M),
and KCI (2.5x 1072 M) in either pure deionized H,O
or 34.5% aqueous acetonitrile were heated to 60 °C
and monitored by UV-vis spectroscopy at 400 nm every
5s for 4-24 h, depending on the reaction rate. The
resulting exponential curves were converted into pseu-
do-first-order rate constants using the spectrometer soft-
ware and the average value * standard deviation was
reported as kgecarboxylation i Table 1.

4.2.2. General procedure for determining kgccarboxylation Of
2-aryl-2-alkylglycines with 15.

4.2.2.1. Conditions A. A capped HPLC autosampler
vial was charged with 15 (1.0 x 10~* M), amino acid
(1.0x107* M), EDTA (2.0 x 10~ M), pH 7.0, Hepes
buffer (2.5x 1072 M), and KCI (2.5x 1072 M) in 58%
aqueous acetonitrile. The reaction mixture was heated
to 30 °C and resulting ketone production (see below)
was monitored by analytical HPLC/UV-vis (250 nm).
Pseudo-first-order rate constants were calculated from
the resulting exponential area/time curves. A minimum
of three runs were performed and the average value * stan-
dard deviation are reported as kqecarboxylation i Table 3.

4.2.2.2. Conditions B. A capped HPLC autosampler
vial was charged with 15 (1.0 x 10~* M), amino acid
(1.0x 1073 M), EDTA (2.0 x 107> M), PEI-C,, (8.7%)
(1.25%107°), pH 7.0, Hepes buffer (2.5 x 107> M), and
KCI (2.5% 1072 M). The reaction mixture was heated
to 30 °C. Analysis and kgecarboxylation determination were
performed as per Conditions A.
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4.2.2.3. Sample intervals, ketone elution gradient
conditions, and retention times. Acetophenone (from
Pmg): 10 min intervals, 45 to 55% aqueous MeOH
(0.1% TFA buffer) over 8min at 1.0 mL/min,
rt = 5.92 min; 4-trifluoro-methylacetophenone (from
4-Tmg): 15 min intervals, 50 to 65% aqueous MeOH
(0.1% TFA buffer) over 12min at 1.0 mL/min,
rt = 9.38 min; 4-methoxyacetophenone (from 4-Mmg):
10 min intervals, 50% to 58.8% aqueous MeOH (0.1%
TFA buffer) over 7min at 1.0 mL/min, rt = 5.57 min;
heptanophenone (from Pxg): 10 min intervals, 75.8 to
84.5% aqueous MeOH (0.1% TFA buffer) over 7 min
at 1.0 mL/min, rt = 6.44 min; l-indanone (from 1-Aic):
10 min intervals, 45% to 55% aqueous MeOH (0.1%
TFA buffer) over 8 min at 1.0 mL/min, rt = 5.88 min.

4.2.3. General procedure for determining TOF and TON
for 2-aryl-2-alkylglycines with PEI-C,, (8.7%) and 1 or 8.
A tightly capped vial was charged with 1 or 8
(2.5% 107 M), sodium pyruvate (5.0 x 107> M), amino
acid (1.0x 10> M), EDTA (2.0x 107> M), and PEI-
Ci» (8.7%) (2.5x 107> M). The reaction mixture was
brought to pH 7.5 with 1 N HCI or 1 N NaOH and
heated to 60 °C for 1 or 30 °C for 8. Two separate con-
trols reactions, one in which the pyridoxamine catalyst 1
or 8 was excluded (no turnover, control #1) and another
in which the amino acid was excluded (one turnover,
control #2) were run simultaneously. At regular inter-
vals, 10 pL aliquots from the reaction mixture and the
two controls were removed and individually combined
with 80 uL Derivatization Reagent and 10 pL Derivati-
zation Buffer. The resulting three solutions of 1-thioiso-
indoles were analyzed by HPLC with UV-vis detection
at 344.5 nm. Retention time: pL-alanine = 17-18 min.
Turnover was calculated by dividing the area under
the pL-alanine peak for the reaction mixture by that of
control #2. A minimum of three runs were performed
and the average TOF and TON values * standard devi-
ation are reported in Tables 2 and 4.
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Abstract—Ciyclic five- and six-membered tertiary allylamines constitute a unique class of monoamine oxidase substrates that under-
go a net two-electron a-~carbon oxidation to form the cyclic, conjugated eniminium metabolites. The corresponding saturated pyr-
rolidinyl and piperidinyl systems are not substrates for this flavoenzyme system. In an attempt to evaluate possible contributions
that m-orbital stabilization of the putative a-carbon radical intermediates may play in the catalytic pathway, we have examined
the substrate properties of 3-methyl-6-phenyl-3-aza-bicyclo[4.1.0]heptane, the 3,4-cyclopropyl analog of the selective monoamine
oxidase B substrate 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The results, which document the first reported example
of a saturated, cyclic tertiary amine with monoamine oxidase substrate properties, are consistent with a-carbon radical stabilization

as a contributing factor in the catalytic pathway.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The outer mitochondrial membrane flavoenzymes
monoamine oxidase A and B (MAO-A and MAO-B)
catalyze the two-electron a-carbon oxidation of a varie-
ty of primary and secondary amines including the bio-
genic amine neurotransmitters.! Acyclic tertiary amine
substrates are rare’ and, with the exception of the class
of compounds under consideration in this study, no cyc-
lic tertiary amine has been unambiguously described as
an MAO substrate.® This exceptional class of com-
pounds is a group of cyclic tertiary allylamines that
undergo MAO-catalyzed oxidation to give the corre-
sponding cyclic, conjugated eniminium metabolites.*
This pathway is illustrated in Scheme 1 by the MAO-
B-catalyzed oxidation of the parkinsonian inducing neu-
rotoxin  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
[MPTP (1)] that yields the corresponding dihydropyrid-
inium metabolite 3H".> The MAO catalytic pathway is
thought to proceed via a-carbon radical intermediates,
such as 27, that may be generated either directly via a
hydrogen atom transfer (HAT)® step or via an initial
single electron transfer (SET)’ step and subsequent

Keywords: Monoamine oxidase B selective substrate; Cyclopropyl-

tetrahydropyridine; Regioselectivity; Cyclic iminium metabolite.
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a-carbon deprotonation of the resulting aminyl radical
cation 1'*. A second l-electron transfer then generates
the metabolite and the reduced flavin FADH,. In the
case of 1, conversion to the homoallylic radical 4° does
not take place to any significant extent since the isomeric
dihydropyridinium species SH" is not observed as a pri-
mary rpgtabolite although it is formed by rearrangement
of 3H".

The unique MAO substrate properties of this class of
compounds are dependent on the presence of the 4,5
n-bond of the heterocyclic moiety. Contrary to an earli-
er report,’ the corresponding piperidinyl analog 6 of
MPTP is not an MAO-B substrate.!® Similarly, 3-pyrr-
olinyl derivatives,'"*!? such as 7, are good MAO-B sub-
strates; the corresponding pyrrolidinyl analog 8,
however, is stable in the presence of the enzyme.'? Also
noteworthy is the C(6)-regioselectivity of the a-carbon
oxidation of MPTP mentioned in Scheme 1.8 These
observations suggest that stabilization of the putative
a-carbon radical intermediates, such as 2°, may contrib-
ute to the unique substrate properties of this class of
compounds and have prompted efforts to examine the
effects on substrate properties of molecules bearing
other a-carbon radical stabilizing groups.

The cyclopropyl group shares some of the electron-
donating properties of the m-bond.!? For example, the
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Amax Of the cyclopropyltropylium system is shifted to CeHs CHe 7
longer wavelengths [247 nm (¢ 29,800) and 327 nm (¢ N (CyHe),Zn/CH, 1 3
12,300)] compared to the isopropyl analog [Amax Of ] ranTe R 3
225 nm (¢ 32,000) and 274 nm (¢ 14,400)].'# The calculat- NN CH,Cl N
ed carbon-heteroatom bond rotational energy barriers CH, o
for vinylborane versus cyclopropylborane versus isopro- 3
pylborane are 7.1 versus 7.2 versus 0.7 kcal/mol, respec- 1 9
tively; the corresponding values for vinylamine versus Scheme 2.

cyclopropylamine versus isopropylamine are 4.9 versus
4.9 versus 3.1 kcal/mol.!> Additionally, the optimized
length for the vinyl-cyclopropyl C-C bond, 1.475 A6
is considerably shorter than that of the V1ny1—methyl
C-C bond, 1.503 A.'7 In view of these n-bond character-
istics of the cyclopropyl group, studies have been initiat-
ed to examine the MAO enzyme substrate properties of
3-methyl-6-phenyl-3-aza-bicyclo[4.1.0]heptane (9), a
structurally rigid, chiral aminomethylcyclopropyl ana-
log of the aminomethylvinyl derivative MPTP. A litera-
ture search identified a report describing the MAO-B
substrate properties of trans, trans-1-(aminomethyl)-2-
methoxy-3-phenylcyclopropane (10), a primary amine
and somewhat distant structural analog of 9. Beef liver
MAO-B catalyzed the conversion of this compound
(K, = 10.8 mM) to a pyrrolyl metabolite via a complex
reaction sequence.'®

2. Results and discussion

The synthesis of 9 via a direct Simmons—Smith cyclopro-
pylation reaction (Et,Zn, CH,l,) of MPTP (1) in
CH,Cl," proceeded in 57% yield (Scheme 2). Strictly
anhydrous conditions and at least 6 equiv. of both dieth-
ylzinc and diiodomethane were necessary for the reac-
tion to proceed effectively.?’ The proton 'H NMR
spectrum documented the replacement of the signal for
the C(5)-olefinic proton (6 5.86 ppm) of the starting
material (IH" - C17) with three signals [0 1.60 (m, 1H),
1.24 (m, 1H), and 1.14 (m, 1H)] corresponding to the
methide proton at C(3) and the methylene protons at
C(7) of the newly introduced cyclopropyl group.

CeHs CeHs CeHs

0 )

N N

N |

! CH, CH,

CH;j
6 7

The ESI/MS product ion spectrum of 9H™ (MH™ 188)
displayed a single fragment ion at m/z 44 that was
assigned structure i". The formation of i* is likely to
proceed via a reverse [2pi+ 2pi + 2pi] cycloaddition
pathway with 2-phenyl-1,4-pentadiene (A) as the neutral
loss species (Scheme 3).

The substrate properties of 9 were examined with
baboon liver mitochondrial MAO-B and human placen-
tal mitochondrial MAO-A.?! Spectrophotometric analy-
sis of the incubation mixtures showed the time-
dependent formation of a new chromophore (A
253 nm) with the baboon liver preparations but not with
the human placental preparations demonstrating that 9,
like MPTP,?? is an MAO-B selective substrate. (R)-de-
prenyl, a potent and selective mechanism-based inacti-
vator of MAO-B,>* completely inhibited the reaction.

CeHs
=
C¢H
615 A
+_ H
2 %N-
+ |
N CH;
/\
H;C H it
9H*
Scheme 3.
C¢Hjs C¢Hs
OCH
H.
iy N
CH,4 H
9 10
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A plot of the absorbance at 253 nm versus time was
linear for the first 15 min (0.048 OD units/min).

The LC-ESI/MS total ion current tracing of the post-in-
cubation mixture showed two major peaks, one contain-
ing the starting material 9 and the second containing a
compound with MH™ 186 Da, consistent with a metab-
olite structure at an oxidation state two-electrons higher
than that of the substrate (MH™ 188). The two possible
o-carbon radical intermediates anticipated in this bio-
transformation, 15" and 16, will lead to the correspond-
ing iminium metabolites 17H" and 18H" following the
second one-electron oxidation (Scheme 4). According
to the proposed a-carbon radical stabilization by the
cyclopropyl group, the cyclopropylcarbinyl radical 15°
would be the preferred structure. Carbocyclic radicals
analogous to 15" are reported to undergo spontaneous
rearrangements to ring-opened products, a reaction that
is promoted by release of ring strain. For example, the
bicyclo[4.1.0]heptyl radical 19" is reported to rearrange
to the cyclohexylmethyl radical 20 at a rate of 2 x 10°/
s?4 and the trans-2-phenylcyclopropylmethyl radical 21°
to the open-chain benzylic radical 22° at a rate of
1.9x 10'"/5.25 Consequently, 15" also could undergo a
rearrangement reaction that most likely would lead to
the benzylic radical 23". Subsequent oxidation of this
intermediate would lead to a dihydroazepinium system
with the 2,3-dihydro-1H-azepinium species 24H" as
the thermodynamically preferred product.?®

By analogy with the shift observed with the cyclopropyl-
tropylium system,!# the UV spectrum of ‘pseudoallylic’
structure 17H" would be expected to display a batho-
chromic shift relative to the starting amine due to the

conjugation between the iminium and cyclopropyl
groups. Therefore, the observed A,.x 253 nm of the
metabolite argues against the ‘pseudohomoallylic’ struc-
ture 18H" since this compound should have a chromo-
phore similar to that of the starting material (A
211 nm, ¢ 5945). This chromophore of the metabolite,
however, does not rule out the dihydroazepinium struc-
ture 24H™.

This polar metabolite proved to be quite stable and
could be isolated in small quantities by preparative
TLC. GC-EI/MS analysis of the purified metabolite dis-
played two isomeric peaks with qualitatively similar
fragmentation patterns: Peak 1 (zg 10.0 min, major
product) 185 (M™*, 100%), 184 (20%), 157 (20%), 142
(80%), 141 (60%), 128 (15%), 115 (25%), and 82 (90%);
Peak 2 (tg 9.2 min, minor product) 185 (M"*" 40%),
184 (100%) 157 (10%), 142 (10%), 141 (15%), 128
(10%), 115 (15%), and 82 (5%). These compounds could
be a pair of isomeric amines derived following thermal
deprotonation of a cationic (iminium) metabolite. The
complex fragmentation patterns did not help to differen-
tiate amongst the proposed structures. The LC-ESI/MS
total ion current tracing of this isolate showed a single
peak at fg 11 min. The product ion spectrum of the
MH" ion also was complicated: [m/z 186 (100%), 171
(20%), 157 (40%), 155 (50%), 143 (50%), 129 (50%),
128 (50%), 105 (50%), 94 (80%), 91 (100%)] and again
did not help to distinguish amongst the proposed
structures.

The partially purified metabolite was treated with NaC-

NBDj; and the crude product was analyzed by mass
spectrometry. The GC-EI/MS of the product (M

H+

CeHls FADH FADH, Cef’s
;L, \
/ + -
Y Y
CH;, CH,
23° 24H*
CeHs FAD FADH  CeHs CeHs
and/or
N N N
CH; CH, CH, A —
9 15 16° . .
. 19 20
FADH + H*
( FADH, CGHS\ﬂ CeHs
CeHs C¢Hs o ) /;
21 22
and/or
+- NS
Y )
|
CH; CH;
17H* 18H*

Scheme 4.
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188) had the same retention time (9.0 min) and fragmen-
tation pattern [188 (M, 40%), 159 (60%), 144 (65%),
130 (70%), 129 (70%), 115 (20%), 103 (30%), and 58
(100%)] as the starting amine 9 [187 (M™", 40%), 159
(60%), 143 (65%), 130 (70%), 129 (100%), 115 (20%),
103 (30%), and 57 (100%)] except for mass shifts due
to the presence of a deuterium atom. The LC-ESI/MS
(MH™ 189) also displayed a single species with the same
retention time (12 min) as the starting amine. These data
eliminate the dihydroazepinium 24H" as a possible
structure but do not distinguish between the two possi-
ble iminium species 17H" and 18H". The product ion
spectrum of MH" (189 Da), however, led to a more
definitive outcome. The spectrum showed a single frag-
ment ion at m/z 44. A consideration of the reverse cyclo-
addition pathway proposed to account for the
fragmentation observed with the starting amine 9H"
provides convincing evidence that the MAO-B-catalyzed
oxidation of 9 proceeds exclusively to give the 3-methyl-
6-phenyl-3-azabicyclo[4.1.0]hept-2-enyl species 17H".
Reduction of 17H" with NaCNBD; gives 9-2-d;that,
following collision-induced dissociation, will yield frag-
ment ion i*-dy with a mass of 44 Da. The corresponding
reduction of the isomeric 3-methyl-6-phenyl-3-azabicy-
clo[4.1.0]hept-3-enyl species 18H" will yield 9-6-d;. The
reverse cycloaddition fragment ion (i'-d;) that would
be obtained in the product ion spectrum of 9-6-d; would
have a mass of 45 Da rather than the observed mass of
44 Da (Scheme 5). Based on these data, a tentative
assignment of 17H* was made for the structure of the
MAO-B generated metabolite of 9.

The synthesis of 17H" (Scheme 6) was achieved via a
reaction sequence used in the past to prepare 2,3-dihyd-
ropyridinium derivatives such as 3H".?” The diastereo-
meric mixture of N-oxides 25/26 obtained by treatment
of 9 with m-chloroperoxybenzoic acid (m-CPBA), when

CeHs CeHs CeHs
fﬂ m-CPBA fﬂ (F;CCO)0 (ﬂ
N oy ¥
CH; _O CH; CH;3
9 25/26 17H*
Scheme 6.

subjected to Polonovskii reaction conditions (trifluoro-
acetic anhydride in CHCl;), generated a product that
was obtained in pure form as a stable perchlorate salt.
The "H NMR spectrum of this product in DMSO-dj dis-
played a complex signal centered at 6 8.96 ppm that was
assigned to the C(2) proton of 17H". The other signals
also were consistent with this structure (see Section 3).
The product ion spectrum of m/z 186 (MH™) was iden-
tical to that observed with the metabolite generated in
the MAO-B-catalyzed oxidation of 9. Finally, reduction
of this synthetic product with NaCNBDj led to the same
monodeuterated reduction product, 9-2-d;, that was
obtained with the metabolite.

The results of these studies provide the first example of a
saturated, cyclic tertiary amine with MAO substrate
properties. Furthermore, the substrate properties of this
bicyclic compound parallel those of the corresponding
cyclic allylamine analog MPTP in terms of the MAO-
B selectivity and regiospecificity. We speculate that the
regiospecificity observed with these two compounds
may reflect stabilization of the corresponding a-carbon
radicals that are thought to be intermediates in the cat-
alytic pathways. Kinetic studies are underway to evalu-
ate this proposal and also to characterize the potential
enantioselectivity and the C(2)-diastereoselectivity of
this biotransformation.

3. Experimental

Note: Some 1, 4-disubstituted-1,2,3,6-tetrahydropyri-
dines are known nigrostriatal neurotoxins and should
be handled using disposable gloves in a properly venti-
lated hood following good Ilaboratory practices.
Detailed procedures for the safe handling of MPTP have
been reported.?®

3.1. Chemistry

3.1.1. General methods. Unless otherwise noted, reagents
and starting materials were obtained from commercial
suppliers and were used without purification. Diethyl
ether was distilled over sodium and benzophenone.
CH,Cl, and CHCI; were dried over Linde type 3 A
molecular sieves. All reactions were carried out using
flame-dried glassware under an atmosphere of argon.
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Proton and carbon NMR spectra were recorded on a
JEOL 500 MHz spectrometer. Chemical shifts are
reported in ppm downfield from internal tetramethylsi-
lane. Spin multiplicities are given as s (singlet), bs (broad
singlet), or m (multiplet). All UV-vis spectra were
recorded on a Beckman DU 7400 spectrophotometer.
The high-resolution FAB mass spectra were obtained
on a JEOL HX-110 instrument.

3.1.2. Hydrochloride salt of 3-methyl-6-phenyl-3-azabicy-
clo[4.1.0]heptane (9H™ - C17). Diiodomethane (9.3 g,
35 mmol) was added dropwise to a solution of diethyl-
zinc (15% solution in toluene, 29 mL, 35 mmol) in
CH,Cl, (10 mL) at 0 °C under argon. After stirring for
0.5 h, a solution of amine 1 (1.0 g, 5.8 mmol) in CH,Cl,
(5.0 mL) was added dropwise at 0 °C. The reaction mix-
ture was then stirred at room temperature for 18 h.
Aqueous saturated ammonium chloride (50 mL) was
added at 0°C. The inorganic salts were filtered and
washed with CH,Cl5(20 mL). The organic layer was
washed with water (3 x30mL), dried over Na,SQOy,
and the solvent was removed under reduced pressure.
The crude product was purified by alumina chromatog-
raphy (Hexanes/EtOAc, 50:50) to give the free base 9
(0.62 g, 57%) as a colorless oil. To a solution of the free
base 9 (0.5g, 2.7 mmol) in diethyl ether (15 mL), an
etheral solution of HCI (excess) was added at 0 °C.
The precipitate was filtered to give an analytical pure
sample of 9H™ - C1™ as a white solid (0.54 g, 92%): mp
286 °C (dec); '"H NMR (500 MHz, CD;OD): ¢ 1.14
(m, 1H), 1.24 (m, 1H), 1.60 (m, 1H), 2.43 (m, 2H),
2.81 (s, 3H), 2.90 (m, 1H), 3.11 (m, 1H), 3.35 (m, 1H),
4,00 (m, 1H), 7.21 (m, 1H), 7.31 (m, 2H), 7.40 (m,
2H); '*C NMR (125.8 MHz, CD;0D): § 15.0, 17.5,
22.9, 28.5, 42.0, 49.2, 53.9, 126.6, 127.6, 128.4, 145.0;
ESI/MS (MH") 188 Da; UV (MeOH) /.x 211 nm (e
5945); FAB-HRMS: Calcd. for C;3H;gN™: 188.1439.
Found: 188.1441. Anal. Calcd for C;3H;gNCIl-0.24
H,O (228.08): C, 68.46; H, 8.10; N, 6.14. Found: C,
68.46; H, 8.08; N, 6.17.

3.1.3. 3-Methyl-6-phenyl-3-azabicyclo[4.1.0]hept-2-enyl
perchlorate (17H* - HCIO4 ). A solution of m-CPBA
(1.0 g, 70%, 4.1 mmol) in CH,Cl, (10 mL) was added
dropwise to a solution of 9 (0.55g, 2.9 mmol) in
CH,Cl,(10 mL) at 0 °C. After 4 h at room temperature,
the solvent was removed under reduced pressure to give
the crude diastereomeric N-oxides 25/26. The N-oxides
were used for the next step without purification. A solu-
tion of TFAA (4.2 mL) in CHCI; (7.0 mL) was added
dropwise to a solution of 25/26 (0.70 g, 3.4 mmol) in
CHCIl3(5.0 mL) at room temperature. After 1 h, the sol-
vent was removed under reduced pressure. The residue
was purified by alumina chromatography (CHCls/
MeOH, 95:5). The oil was warmed in 3 mL of 10%
methanolic HCIOy4, cooled to 0°C and diethyl ether
was added. The precipitate was filtered and recrystal-
lized from CHCls/diethyl ether to give 17H" - HCIO,~
as white crystals (0.31 g, 32%): mp 142 °C; UV (MeOH)
Jmax 253 nm (¢ 4,700), 205 (4,080); '"H NMR (500 MHz,
DMSO-dy): 6 2.00 (bs, 1H), 2.15 (m, 1H), 2.47 (bs, 3H),
3.56 (s, 3H), 3.74 (m, 2H), 7.29-7.42 (m, 5H), 8.96 (m,
1H); >C NMR (125.8 MHz, DMSO-d,): § 23.1, 23.3,

25.5, 35.0, 49.1, 127.9, 128.0, 129.0, 140.9, 178.4; FAB-
HRMS: Calcd for C;3H;cN*: 186.1283. Found:
186.1286. Anal. Calcd for C;3H;(NCIO,4-0.14 H,O
(288.45): C, 54.13; H, 5.64; N, 4.86. Found: C, 54.13;
H, 5.25; N, 4.80.

3.2. Enzymology

3.2.1. General methods. Collections of human placenta
were approved by the Internal Review Boards of Mont-
gomery County Hospital and Virginia Tech and the col-
lections of baboon liver were approved by the Animal
Care Committee of Virginia Tech. Human placenta
and baboon liver mitochondrial homogenates were pre-
pared using the methodology reported earlier by Salach
and were stored at —70 °C prior to use.?’ The MAO-A
and MAO-B substrate properties of 9H" - ClI~ were
examined on a Molecular Devices Spectra Max Plus
384 microplate spectrophotometer with the Softmax
Pro 4.7.1 software.

3.2.2. MAO-B and MAQO-A substrate properties of
9H* - CI". Mixtures of 9H" - CI” (2 mM) and 0.06 mg
baboon liver mitochondrial protein (MAO-B) or human
placental mitochondrial protein (MAO-A) in phosphate
buffer (100 mM, pH 7.4) in a final volume of 200 pL
were incubated at 37 °C in the microplate spectropho-
tometer. Scans of these mixtures (200-600 nm) estab-
lished the formation of a new chromophore (A
253 nm) in the baboon liver preparation only. A plot
of absorbance versus time established that the increase
in absorbance at 253 nm was linear for 15 min.

3.2.3. Studies on the regioselectivity of the MAO-B-
catalyzed oxidation of 9H" - CI". A total of 9.6 mg of
9H" - CI- [eight flasks each containing substrate
(1.2 mg) and baboon liver mitochondria (0.3 mg pro-
tein) in phosphate buffer (10 mL, pH 7.4)] were incubat-
ed for 60 min at 37 °C with gentle agitation in a water
bath. The pH of the combined incubation mixtures
was adjusted to 10 with saturated aqueous K,COj; and
the resulting mixture was extracted with EtOAc
(3x50mL). The organic layer was dried over anhy-
drous Na,SOjand the solvent removed under reduced
pressure. Preparative TLC on silica [EtOAc/
CHCIl3(60:40) containing a few drops of NH4OH] sepa-
rated the starting material 9H" (R; 0.8) from the imini-
um metabolite 17H" (R; 0.2). The metabolite, which was
recovered from the silica gel with MeOH, was shown by
LC-ESI/MS to be free of starting material. A solution of
this isolate in MeOH (1 mL) was treated with excess of
NaCNBDj at room temperature for 15 min. An equal
volume of water was added and the resulting mixture
was extracted with CH,Cl, (3 x 1 mL), the combined
extracts dried over Na,SO, and the solvent removed
under reduced pressure. GC-EI/MS, ESI/MS, and
ESI/MS/MS established the product to be the 9H"-2-d,.
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Abstract—A cyclic molecule 1 constituted by a hepta-peptide nucleic acid sequence complementary to the apical loop of domain IV
of hepatitis C virus (HCV) internal ribosome entry site (IRES) RNA has been prepared via a ‘mixed’ liquid-phase strategy, which
relies on easily available protected PNA and poly(2-aminoethylglycinamide) building blocks. This compound 1 has been elaborated
to mimic ‘loop-loop’ interactions. For comparison, its linear analog has also been investigated. Although preliminary biological
assays have revealed the ability of 1 to inhibit in vitro the HCV IRES-dependent translation in a dose-dependent manner, the linear

analog has shown a slightly higher activity.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The internal ribosome entry site (IRES) located in the
5’-untranslated region (UTR) of the hepatitis C virus
(HCV) genomic RNA mediates the cap-independent
initiation of viral translation and seems to be involved
in RNA replication. HCV IRES is a phylogenetically
highly conserved RNA sequence! which adopts an
ion-dependent tertiary fold including four major con-
served secondary structure subdomains.? These overall
secondary and tertiary structures were shown to be
crucial for specific recognition and binding of several
cellular components such as the eukaryotic initiation
factor elF3 and the ribosomal subunit 40S, to form

Abbreviations: Alloc, allyloxycarbonyl; Boc, tert-butyloxycarbonyl;
DIPEA, diisopropylethylamine; DMF, dimethylformamide; HATU,
0-(7-aza-1-benzotriazolyl)-N,N,N’,N'-tetramethyluronium hexa-fluo-
rophosphate; HOAt, 1-hydroxy-7-azabenzotriazole; Mmt, monometh-
oxytrityl; PyBop, (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate; TFA, trifluoroacetic acid; TEFMSA, trifluoro-
methane sulfonic acid; THF, tetrahydrofuran.

Keywords: Cyclic PNA; HCV IRES; Domain IV; Loop-Loop
interaction.

* Corresponding author. Tel.: +33 04 92 07 61 46; fax: +33 04 92 07 61

51; e-mail: patino@unice.fr

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.06.008

the ribosomal initiation complex that, consequently ini-
tiates translation.>* Thus, the subdomain sequences in-
volved in such interactions represent targets of interest
for inhibiting viral replication. In this context, the
stem—loop of domain IV (Fig. 1) is particularly attrac-
tive as it contains in the apical loop the start codon
AUG which pairs with the initiator tRNA during the
translation initiation process.>°

Among various approaches used to inhibit IRES func-
tion, the antisense strategy using synthetic DNA or
RNA analogs complementary to different IRES
sequences has been widely studied and seems to be an
attractive tool both to understand IRES mechanisms
and to develop anti-HCV drugs.

11

Thus, natural oligonucleotides,”!! as well as modified

analogs such as phosphorothioates,”-%!>"18 alpha-ano-
c C
5 @ A Cg Ug chm ¢
A
, cC U C A C
3 G G

G
Figure 1. Structure of domain IV of HCV IRES RNA.
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mer’ and 2'-methoxyethoxy phosphodiesters,'*!® meth-

ylphosphonates,” benzylphosphonates,”!® morpholi-
nos,”’ (phenylalkyl)phosphonates,?! 2’-O-methyl,>?> and
recently peptide nucleic acids (PNAs),2>* have been
developed to target different IRES regions. These studies
showed that linear natural and modified oligonucleo-
tides (containing, in general, 15-25 residues) could bind
to domain IV very strongly, thus inhibiting in vitro the
initiation of IRES-dependent translation.

Another interesting approach to inhibit stem—loop (hair-
pin) structures is to mimic intermolecular loop-loop
interactions that are widely present in RNA-RNA asso-
ciations and serve a diverse range of biological func-
tions. Due to the increased accessibility of the bases in
hairpin loops, intermolecular loop—loop interactions
are particularly well adapted to trigger molecular recog-
nition and to induce RNA-RNA annealing. Several
loop-loop complexes are well described in the litera-
ture,”> % and one can cite as an example the interaction
between two self-complementary dimerization initiation
signal (DIS) loops responsible for the dimerization of
the genomic HIV RNA 3033

We previously reported the liquid-phase synthesis as
well as the biological activity of two cyclic PNA
molecules®*3° and one of them was shown in vitro to
interfere with the dimerization process of the HIV-1 gen-
ome. These ‘loop-like’ compounds, constituted by short
PNA fragments (i.e., six residues), should afford several
advantages over linear analogs, such as a greater selec-
tivity, or over classical antisense oligomers, such as a
lower molecular weight.

In this context, we designed compound 1, which con-
tains an antisense heptameric PNA moiety complemen-
tary to the seven residues of the domain IV loop and a
spacer tethering the C- and N-terminal extremities of
the PNA (Fig. 2). A molecular modeling study allowed
us (i) to assess the length of the spacer in order to opti-
mize the loop—loop interaction and (ii) to introduce a
phenylalanine (F) residue at the PNA C-terminal
extremity to increase stability of the complex via a 7-
stacking interaction between the phenyl moiety and
the adjacent uracil nucleobase (Figs. 2 and 3).

In this paper, we report the molecular design and the
liquid—phase synthesis of cyclic PNA [UCAUGGU]F,

C A U G G U

u
| L (Phe)—NH
} (CHg);——NH-CO —— (CHy)s

1

A 1

Y = base acetic acid unit or
protecting group or H

Figure 2. Structure of cyclic PNA [UCAUGGU]Fc (1).

Figure 3. Molecular model of interaction between compound 1 and
domain IV of HCV IRES RNA. Compound 1 is in green with its U7
residue in blue and its Phe residue in purple. A339 of domain IV is in
red.

1, as well as the ability of 1 and of its linear PNA analog
5’-UCAUGGU-3" (synthesis not shown) to inhibit
in vitro IRES-dependent translation.

2. Results and discussion
2.1. Molecular modeling studies

In the molecular model of interaction between com-
pound 1 and domain IV of HCV IRES RNA, the
RNA stem and the annealed section constituted by the
RNA loop and the PNA fragment, form two stable dou-
ble helices (Fig. 3). The axes of these helices are collinear
as previously reported for the interaction between a cyc-
lic PNA and the DIS RNA of HIV-1.%> The residue
A339 is not strictly aligned with the other RNA resi-
dues, but this break ensures the continuity of the
RNA sequence without making a kink in the double
helix structure. The seven nucleobases of the RNA loop
form Watson—Crick interactions with the complementa-
ry nucleobases of the PNA fragment. The presence of a
phenylalanine (F) residue on compound 1 allows to
stabilize the last Watson—Crick base pair interaction
(A339-U7).

In the first step, a complex resulting from the interaction
between the linear heptameric PNA bound with the
phenylalanine residue and the domain IV RNA loop
was built using Insight I molecular modeling package
and the complex was energetically minimized with the
CFF forcefield. In a second step, a linker of optimal
length was added to close the structure. After an ener-
getic minimization, the model was put under rectangular
water box filled w1th TIP3P water molecules. The global
charge was neutralized with Mg?* counter ions. A 6 ns
molecular dynamics simulation was computed at con-
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stant pressure (1 bar) and at constant temperature
(300 K). The simulation was performed on a SGI Origin
3800 supercomputer located at the ‘Centre Informatique
National de I’Enseignement Supérieur’ (CINES) with
the Amber 6 molecular modeling package. The shake
algorithm was selected with 2 fs as integration time.
During the first 800 ps, the temperature was linearly in-
creased starting from 100 to 300 K. A conformation was
sampled every 20 ps, and a close analysis of the trajecto-
ry revealed that all Watson—Crick interactions re-
mained, and that the length of the linker was optimal.
The phenylalanine residue protects the interaction be-
tween A339 and U7, since the angle between these two
bases is comparable to the other base-pairs, angles in
the RNA/PNA helix.

2.2. Chemistry

To synthesize compound 1, we applied a ‘mixed’ strategy
recently elaborated in our laboratory.>* It relies on the
protected PNA fragments and protected poly(2-amino-
ethylglycinamide) building blocks. This strategy has
been shown to be a good alternative to the fully protect-
ed backbone (FPB) strategy’>3® when the PNAs to
prepare contain four different nucleobases, because it al-
lows to circumvent the difficulty to work with a combi-
nation of at least eight orthogonal protecting groups.

The retrosynthetic pathway to compound 1 is illustrated
in Scheme 1. This compound results from the cyclic pre-
cursor 2, a ‘mixed’ heptameric structure that contains
two PNA units (C% and A%) and a protected penta(2-
aminoethylglycinamide) unit. At the C- and N-terminal
extremities, a spacer constituted by a 8-aminooctanoic
acid, a 6-aminocaproic acid, and a phenylalanine (F)
allows to close the molecule. The secondary amino
functions of the penta(2-aminoethylglycinamide) moiety

A A
[— [— | — (Phe)—NH
o; (CHg); ——NH-CO ——— (CHa)s '

Boc CZ AZ Boc Alloc Alloc Boc
MR E—— | (Phe)—NH
(CH2)7 NH-CO _——(CHQ)5

U

FmocPheNH(CH,)sCONH(CH,);COOH 3

Boc CZ¢ AZ Boc Alloc Alloc Boc
Mmt | | | | | ome 4

AZ Boc Alloc
HCIH—--OMe 5 Mmt-——!—0oH

Boc Alloc ,?Iloc Boc
TFAH | OMe 7

Scheme 1. Retrosynthetic route to compound 1.

are protected by allyl and Boc protecting groups which
are subsequently replaced, respectively with guanine
and uracil acetic acid units in the last steps of the synthe-
sis. Compound 2 is synthesized from spacer 3 and hep-
tameric ‘mixed’ compound 4, which is prepared from
three key synthons previously described:*” PNA frag-
ment 5 and the protected di- and tetra-(2-aminoethylgly-
cinamide) units (respectively, 6 and 7).

The synthesis of linker 3 is detailed in Scheme 2. It was
prepared in four steps (70% overall yield) from commer-
cially available N-Boc-aminocaproic acid 8, methyl
8-aminooctanoate 9, and N-a-Fmoc-L-phenylalanine.

The preparation of heptameric ‘mixed’ compound 4 (cf.
Scheme 1) required the synthesis of ‘mixed’ compound
16 in four steps from compounds 5 and 6 (Scheme 3).
In a first step, condensation of N-Z-adenine PNA mono-
mer 5 with 6 by means of Bop reagent led to trimer 13
(80%). Then, a selective cleavage of the Alloc protecting
group with Pd[PPh;s],/Et,NH afforded 14, onto which
was condensed a N-Z-cytosine acetic acid unit via
HATU/HOALt activation, to give 15 in 68% overall yield.
Finally, acid 16 was obtained by saponification using
1 M LiOH.

The condensation of 16 with protected tetramer 7 affor-
ded ‘mixed’ heptameric compound 4 (Scheme 4). After
cleavage of the Mmt protecting group by means of a
solution of 2% TFA in CH,Cl,, the resulting compound
17 was coupled with spacer 3 to give compound 18. The
two condensation steps described above were performed
via a PyBop activation, respectively, in 79% and 91%
yields. The next steps were consisted removal of Fmoc
from 18 with a Et,NH/CH,Cl, solution, to get 19

BocNH(CH5)sCOH 8  + HCI.HaN(CH2),COoMe 9

l (a)

R =Boc 10

RNH(CHy)sCONH(CHy);COMe b
R=HTFA 11 (b)

i ©

FmocPheNH(CH,)sCONH(CH,),COoMe R =CHs 12

R=HTFA 3 @

Scheme 2. Synthesis of compound 3. Reagents: (a) PyBrop, NMM,
DMF (89%); (b) TFA, CH,Cl, (90%); (c) Fmoc-Phe-OH, Bop,
DIPEA, DMF (86%); (d) Dioxane, HCl (12 N), (5:1, v/v), reflux
(100%).

Boc Alloc AZ @)
Mmt———0OH 6 + HCIH——OMe 5 —n

Boc CZ Alxz ) Boc R AZ
Mmt—"— 1 ome 13 Mmt———— 1 ome

Boc CZ AZ
Mmt—t—L L o4 4 @ R AZ 15 —|(°

Scheme 3. Synthesis of compound 16. Reagents: (a) Bop, DIPEA,
DMEF (80%); (b) Pd[PPhs],, Et,NH, CH,Cl, (91%); (c) C“CH,CO,H,
HATU, HOAt, DIPEA, DMF (75%); (d) 1 N LiOH, THF (99%).
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Mmt—/ 4 4 7z / / / OMe 4
Boc ‘ cZ | AZ  (b) Boc ' Alloc | Alloc | Boc
TFA.H—|————F z = z Z—OMe 17
Boc | c? | AZ  (g) Boc | Alloc | Alloc | Boc
FmocPheNH(CHz)sCONH(CH,);CO — |~ v £ £ i/ 2 _OMe 18
H-PheNH _|Bee LCZ LAZ (d,e) 'Boc | Alloc | Alloc | Boc
-PheNH(CH5)sCONH(CH,);CO OH 20
f Z Boc z OB!
® . A §oC Alloc LA IIBOCG n 2 U g A U &
c{ _Alloc N e GOBn cZ | G c I G
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oc —— U U —u U
Phe Phe Ph
2 22 24 e 1 Phe

Scheme 4. Synthesis of compound 1. Reagents: (a) PyBop, DIPEA, DMF (79%); (b) TFA, CH,Cl, (0.02:1, v/v) (88%); (c) Fmoc-
PheNH(CH,)sCONH(CH,),CO,H 3, PyBop, DIPEA, DMF (91%); (d) Et,NH, CH,Cl, (97%); (¢) 1 M LiOH, THF (93%); (f) HATU, HOALt,
DIPEA, DMF (65%); (2) Pd[PPhs]4, Et,NH, CH,Cl, (95%); (h) G°B"CH,CO-H, HATU, HOAt, DIPEA, DMF (95%); (i) TFA, CH>CL, TIS (93%);
(j) UCH,CO,H, HATU, HOAt, DIPEA, DMF (88%); (k) TFMSA, TFA, thioanisole (100%).

(97%), which was saponified using a 1 M LiOH aqueous
solution (93%) to afford 20. At last, a head-to-tail cycli-
zation of 20 via a HATU/HOALt activation and semi-
high dilution conditions (10 mM) yielded cyclic ‘mixed’
precursor 2 in 65% yield.

The last stage for the synthesis of 1 consists in the intro-
duction of the uracil and guanine acetic acid units to
generate the heptameric PNA moiety (Scheme 4). To
avoid unpredictable side reactions that uracil nucleo-
bases are suspected to induce,?! we introduced first
the guanine acetic acid units. Thus, a selective cleavage
of the two Alloc protecting groups by means of
Pd(PPh;)4/Et,NH, afforded the coupling of two OBn-
guanine acetic acid units onto the two free amino func-
tions of 21, via a HATU/HOA activation, to give deriv-
ative 22 in 90% overall yield. Then, treatment of 22 with
TFA/CH,CI,/TIS led to the removal of the three Boc
protecting groups as well as to the cleavage of the benzyl
guanine exocyclic protecting groups. HATU-mediated
condensation of three uracil acetic acid units onto 23
was then successfully achieved (88% yield) despite the
presence of the free exocyclic amine functions onto the
guanine residues. Finally, simultaneous Z removal of
cytosine and adenine nucleobases of 24 by means of a
TFMSA/TFA/thioanisole solution allowed to obtain
compound 1 which was isolated after semi-preparative
HPLC (16% yield). Its purity was determined by HPLC
analyses and its structure was confirmed by MALDI-
TOF experiments.

2.3. Inhibitory effect on HCV in vitro translation

To investigate the inhibitory action of compound 1 and
of its linear counterpart (data not shown) on HCV IRES
dependent translation, coupled transcription and trans-
lation experiments were performed (Fig. 4). Different
concentrations of 1 were mixed with linearized plasmid
pFI-HCV IRES-hRI leading, after transcription by T7
polymerase, to the expression of a single bicistronic
transcript and, after translation, to the expression of
luciferase proteins. The expression of firefly luciferase

Firefly 5'UTR VHC hRenilla
v T luciferase (IRES) luciferase age:mgen
Plasmid
v
ARNm l i l @
Proteines

Figure 4. Model used for transcription and translation experiments.

is driven by a cap-dependent mechanism and should
not be affected by the addition of 1. In contrast, the
expression of hRenilla luciferase is under the control
of HCV IRES; its activity should be inhibited upon
binding of 1 to IRES sequence(s), if the interaction is
adequate to disrupt the association of proteins.

A dose-dependent inhibition of viral translation was ob-
served (Fig. 5). Maximal effect was obtained with 30 uM

120

-
(o]
o

80

60

40

20

Relative luciferace activity (%)

o

15 20
1 (umol/L)

10 25 30 35

Figure 5. Inhibition assay of HCV-IRES dependent in vitro transla-
tion by 1. Varying concentrations of 1 (umol L™") were mixed with a
rabbit reticulocyte lysate (Quick Master Mix) and 0.5 pug of linearized
plasmid pFI-HCV IRES-hRI. Effect of 1 on the inhibition of IRES
dependent translation of hRenilla luciferase was observed. hRenilla
activity was normalized relative to firefly luciferase activity. Percent-
ages are calculated relative to luciferase activity in the absence of 1. All
experiments were performed at least in triplicate. The percentage mean
values = SD are given on the curve.
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of 1, which corresponds to 45 + 5% of IRES-mediated
translation inhibition. Higher concentrations (up to
60 uM) showed increasing inhibition of hRenilla lucifer-
ase and also a non-specific inhibition of firefly luciferase.
Similar results were obtained when compound 1 was as-
sayed directly with RNA transcripts on rabbit reticulo-
cyte lysate (decoupling translation—transcription). The
same experiments on the linear analog also revealed a
dose-dependent inhibition of translation, of about
5 uM (data not shown).

The lower activity of cyclic PNA [UCAUGGU]Fc 1
compared with its linear analog could be explained in
the light of the work reported by Toulmé and co-work-
ers.2?-3840 Actually, they identified by in vitro selection
the RNA aptamers directed against several RNA hair-
pins through loop—loop interactions. In all the cases,
the loops of the aptamers showing the highest affinities
are not strictly complementary to the targeted apical
loops. Thus, the aptamers targeting domain IV of the
HCYV IRES contain in their loops a consensus sequence
5’-AUCAUGG-3' in which six residues (in bold) interact
with six of the seven residues of the apical loop of
domain IV.?° This result seems to indicate that the struc-
ture of cyclic PNA 1 is not well adapted for a high-affin-
ity interaction. The molecular modeling as well as the
synthesis of a cyclic PNA containing the consensus se-
quence is currently under progress.

3. Conclusions

A cyclic PNA-based compound (1), containing the com-
plementary heptameric sequence of the apical loop of
domain IV of HCV IRES, has been designed in order
to mimic highly stable loop—loop complexes. For com-
parison, its linear counterpart has also been investigat-
ed. The cyclic structure, of lower molecular weight
than classical antisense oligomers, should be more selec-
tive than the linear analog.

Compound 1 has been successfully prepared via a
‘mixed’ liquid-phase strategy which relies on easily avail-
able protected PNA and poly(2-aminoethylglycinamide)
building blocks. This procedure offers the advantage
over the FPB strategy of requiring fewer orthogonal
protecting groups, and enables the preparation of
PNA containing the four nucleobases A, C, G, and U.
Moreover, to avoid side-reactions due to the uracil
moiety, this nucleobase must be introduced at the last
stages of the synthesis.

Preliminary biological assays have revealed the ability of
compound 1 and of its linear counterpart to interfere in
vitro with the HCV IRES-dependent translation in a
dose—dependent manner. This result suggests for the
first time that a cyclic PNA targeting the HCV
5’-UTR is able to specifically downregulate HCV
IRES-directed translation. The lower activity of the
cyclic compound compared with its linear analog could
be explained by the results obtained by Toulmé and
co-workers. Further experiments are under progress to
confirm the binding site as well as the mode of action

of these compounds, to evaluate their selectivity and
to optimize the cyclic PNA structure.

4. Experimental (chemistry)
4.1. General

Analytical thin-layer chromatography was conducted on
Merck precoated silica gel 60F,s4 plates and the com-
pounds were visualized with ninhydrin test and/or by
visualization under ultraviolet light (254 nm). Chroma-
tography was performed on Merck Silica gel 60 (230—
400 mesh ASTM) using the solvent systems (volume ra-
tios) indicated below. Analytical HPLC chromatograms
were obtained using a Waters HPLC system (600E sys-
tem controller, 996 photodiode array detector or 2487
dual wavelength absorbance detector) and a Merck
Lichrospher 100 (250 x 4 mm?) RP-18 (5 um) column.
The HPLC flow rate was 1 mL/min, and the elution sol-
vents were water (0.1% TFA) as solvent A, and acetoni-
trile (0.1% TFA) as solvent B (pH 6). 'H and '*C NMR
spectroscopies were performed using a Bruker AC 200
or AC 500 Fourier Transform spectrometer. Chemical
shifts (0) are reported in parts per million (ppm) (in
"H NMR descriptions s = singlet, d = doublet, t = trip-
let, q = quartet, m = multiplet, and bs = broad peak).
ESI mass spectra were recorded with an INCOS 500F
FINNIGAN MAT or a TSQ 7000 FINNIGAN MAT.
MALDI-TOF-MS spectra were recorded with a MAL-
DI-TOF ‘DE PRO’ Applied biosystem.

4.2. Synthesis

4.2.1. (UCAUGGU)F 4TFA (1). Compound 24 (55 mg,
21.7 pmol) was dissolved in 1.5 mL of TFMSA/thioani-
sole/TFA (1:0.4:0.3, v/v/v) at 0 °C. The mixture was stir-
red at room temperature for 1 and the deprotected
product was precipitated out by Et,O (5 mL). The crude
product (79 mg) is obtained after washing with MeOH/
Et,0 (1:1, v/v) and drying, and it was further purified
on a reverse phase preparative HPLC column (Prep
Nova-Pack, HR-C18, 100 x 40 mm?) and eluted with
20% acetonitrile in water (0.1% TFA) at a flow rate of
5 mL/min to give 1 (10 mg, 16%) as a white solid after
lyophilization. HPLC (A/B 80:20 to 0:100 over 30 min)
tr =9.7min (Apax = 258.4nm). MS (ESI+) caled for
C96H123N41026 [(M+2H)/2]+ 11340, found: 1134.0
[(M+2H)/2]+ MALDI-TOF-MS Calcd for C96H123N41
056 [M+H]": 2267.9; found: 2267.7 [M+H]".

4.2.2. (BocCZAZBocAllocAllo cBoc)F. (2). To a cold solu-
tion (0 °C) of 20 (67 mg, 30.2 umol) and DIPEA (34 pL,
196.2 umol, 6.5 equiv) in DMF (3 mL), were added
HATU (17 mg, 45.9 pumol, 1.5 equiv) and HOAt (8 mg,
60.4 umol, 2 equiv). The mixture was stirred for 2 h at
room temperature. The solvent was evaporated under re-
duced pressure. The residue was taken up in CHCl; and
washed successively with a 1 M aqueous KHSO, solution,
a saturated aqueous NaHCOj solution, brine, and finally
dried over Na,SQj,. The solvent was then removed in vac-
uo and the residue was purified by column chromatogra-
phy (CHCI3/MeOH 9:1 to 8:2) to afford 2 (43 mg, 65%) as
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a white amorphous powder. TLC (CHCIl3/MeOH 9:1)
R;=0.50. HPLC (A/B 80:20 to 0:100 over 30 min)
fr =21.1 min (Apax = 241.8 and 275.0 nm). '"H NMR
(500 MHz, CD3;OD) ¢ 8.80-6.60 (m, 26H, (19CH,
7NH)); 6.30-5.65 (m, 4H, (2CH, 2NH)); 5.30-4.40 (m,
16H, (8CH,)); 4.40-2.80 (m, 49H, (1CH, 24CH,)); 2.20—
1.10 (m, 47H, (10CH,, 9CH3)). MS (ESI+) caled for
C103H145N25027 [(M+N3+H)/2]+: 10940, found: 1093.9
[(M+Na+H)/2]".

4.2.3. FmocPheNH(CH,)sCONH(CH,);CO,H (3).
Compound 12 (829 mg) was dissolved in 16 mL of a
dioxane/HCI (12 N) (5:1, v/v) solution. The mixture
was stirred at reflux for 8 h. The solvent was evaporated
under reduced pressure and the residue was precipitated
and triturated in water. Compound 3 (808.0 mg, 100%)
was obtained as a white solid after washing, filtering,
and drying in vacuo. TLC (EtOAc/MeOH 8§:2)
R;=0.40. HPLC (A/B 80:20 to 0:100 over 30 min)
R =22.4min (Apax = 269.8 and 303.8 nm). 'H NMR
(200 MHz, CDCl3) ¢ 7.80-7.75 (d, 2H, (2CH)); 7.55-
7.51 (d, 2H, (2CH)); 7.50-7.10 (m, 9H, (9CH)); 4.40—
4.00 (m, 4H, (2CH, CHy)); 3.25-2.75 (m, 6H, (3CH,));
2.40-2.05 (m, 4H, (2CHy)); 1.70-1.10 (m, 16H,
(8CH2)) MS (ESI+) calcd for C38H47N30(, for
[M+Na]": 664.3; found: 664.4 [M+Na]".

4.2.4. Mmt(BocCZA“BocAllocAllocBoc)OMe (4). To a
cold solution (0 °C) of 16 (555 mg, 0.43 mmol), DIPEA
(226 pL, 1.30 mmol, 3 equiv) and 7 (446 mg, 0.49 mmol,
1.13 equiv) in DMF (5 mL), was added PyBop (271 mg,
0.52 mmol, 1.2 equiv). The mixture was stirred for
10 min at this temperature then allowed to warm to
room temperature (ca. 1 h). The solvent was then evap-
orated under reduced pressure. The residue was taken
up in CHCIl; and washed successively with a saturated
aqueous NaHCOj solution, brine, and finally dried over
Na,SO,. The solvent was then removed in vacuo and the
residue was purified by column chromatography
(CHCI15/MeOH 9:1) to afford 4 (709 mg, 79%) as a white
amorphous powder. TLC (CHCI;/MeOH 9:1) R, 0.46.
HPLC (A/B 80:20 to 0:100 over 30 min) fg = 28.2 min
(Jmax = 246.5 and 275.7nm). 'H NMR (500 MHz,
CDCl3) 6 8.80-6.50 (m, 36H, (28CH, 8NH)); 6.00-5.70
(m, 2H, (2CH)); 5.40-4.30 (m, 16H, (8CH;)); 4.30-2.00
(m, 49H, (21CH,, 2CH3;, NH)); 1.60-1.00 (m, 27H,
(9CH3)). '*C NMR (125 MHz, CDCl3) & 173.0-163.0
(10C); 158.0-150.0 (11C); 149.3 (2C); 146.3 146.2 (3C);
138.1 (1C); 135.7 135.3 (20); 132.8 (2C); 129.9 (2C);
128.6 128.4 128.0 (18C); 126.4 (2C); 121.7 (1C); 117.9
117.4 (2C); 113.3 (2C); 95.7 (1C); 81.1 80.8 80.6 (3C);
70.5 (1C); 67.6 (2C); 66.6 66.5 (2C); 55.3 (1C); 52.5
(1C); 52.0-36.0 (23C); 28.4 28.3 (9C). MS (ESI+) calcd
for C101H130N22026 [(M+2H)/2]+ 10345, found:
1034.5 [(M+2H)/2]*.

4.2.5. BocNH(CH;)sCONH(CH,),CO,Me (10). To a
cold solution (0°C) of BocNH(CH,)sCO,H 8
(181.8 mg, 0.79 mmol), NMM (548 uL, 3.15 mmol,
4 equiv) and HCI. H,N(CH,);CO,Me 9 (200 mg,
0.96 mmol, 1.1 equiv) in DMF (2 mL), was added PyB-
rop (440.2 mg, 0.94 mmol, 1.2 equiv). The mixture was
stirred for 3 h at room temperature. The solvent was

evaporated under reduced pressure. The residue was
taken up in CH,Cl, and washed successively with a
I M aqueous KHSO, solution, a saturated aqueous
NaHCOj; solution, brine and finally dried over Na,SOy,.
The solvent was then removed in vacuo and the residue
was purified by column chromatography (EtOAc 100%)
to afford 10 (270.6 mg, 89%) as a colorless resin. TLC
(EtOAc 100%) R 0.51. HPLC (A/B 80:20 to 0:100 over
30 min) fg = 17.9 min. "H NMR (200 MHz, CDCl5)
5.57 (br s, 1H, (NH)); 4.58 (br s, 1H, (NH)); 3.65 (s,
3H, (CHjy)); 3.30-3.00 (m, 4H, (2CH,)); 2.29 (t, 2H,
(CH,), °J,3=74Hz); 215 (&, 2H, (CHy),
3]]1,12:7.4 HZ), 1.75-1.20 (m, 25H, (8CH2, 3CH3))
13C NMR (50.3 MHz, CDCly) § 174.5 (1C); 172.8
(10); 156.0 (1C); 79.5 (1C); 51.5 (1C); 39.5 (2C); 36.6
34.0 (2C); 29.8 29.6 29.0 28.8 (4C); 28.5 (30); 26.7
26.4 25.4 24.8 (4C).

4.2.6. TFA-NH,(CH,)sCO NH(CH,),CO,Me (11). Com-
pound 10 (706.0 mg, 1.83 mmol) was dissolved in
4 mL of TFA/CH,Cl, (1:1, v/v). The mixture was stirred
at room temperature for 1 h. The solvent was concen-
trated in vacuo and on addition of Et,O, 11 (656 mg,
89%) was obtained as a white solid after filtration and
drying. '"H NMR (200 MHz, CDCl3) § 6.52 (t, 1H,
(NH)); 3.65 (s, 3H, (CHjy)); 3.15 (m, 2H, (CH,)); 2.93
(t, 2H, (CH»)); 2.30 (t, 2H, (CH,), *J, 3= 7.4 Hz);
2.14 (t, 2H, (CH,), *J;1_1»=74Hz); 1.65-1.25 (m,
18H, (9CH,)). '3*C NMR (50.3 MHz, CDCl;) 6 174.5
(10); 173.5 (1C); 51.5 (1C); 39.6 (1C); 35.8 (1C); 34.0
(2C); 30.0-24.0 (9C).

4.2.7. FmocPheNH(CH,)sCONH(CH,),CO,Me (12).
To a cold solution (0 °C) of FmocPheOH (570.0 mg,
1.47 mmol), DIPEA (768 pL, 4.41 mmol, 3 equiv) and
11 (587.8 mg, 1.47 mmol, 1.1 equiv) in DMF (4 mL),
was added Bop (780.5 mg, 1.76 mmol, 1.2 equiv). The
mixture was stirred for 2 h at room temperature. The
solvent was evaporated under reduced pressure. The res-
idue was taken up in CHCIl; and washed successively
with a 1 M aqueous KHSO, solution, a saturated aque-
ous NaHCOj; solution, brine and finally dried over
Na,SO,4. The solvent was then removed in vacuo and
the residue was purified by column chromatography
(CHCI3/MeOH 95:0.5) to afford 12 (829 mg, 86%) as a
white amorphous powder. TLC (EtOAc 100%) Rg
0.27. HPLC (A/B 80:20 to 0:100 over 30 min)
fr =252 min (Anax = 265.0 and 299.4 nm). '"H NMR
(200 MHz, CDCl;) 6 7.77-7.73 (d, 2H, (2CH)); 7.55-
7.51 (d, 2H, (2CH)); 7.48-7.10 (m, 9H, (9CH)); 6.22
(br s, 1H, (NH)); 5.70 (m, 1H, (NH)); 4.50-4.00 (m,
4H, (2CH, CH,)); 3.65 (s, 3H, (CHj)); 3.30-2.90 (m,
6H, (3CH,)); 2.28 (t, 2H, (CH,),’J> 3 = 7.4 Hz); 2.10
(t, 2H, (CH,), *Ji; 1, = 7.2 Hz); 1.80-1.00 (m, 16H,
(8CH,)). '*C NMR (50.3 MHz, CDCl;) 6 174.3 (1C);
172.8 (1C); 170.8 (1C); 1559 (1C); 143.8 (2C); 141.3
(20); 136.7 (1C); 129.3 (20); 128.7 (2C); 127.8 (2C);
127.1 127.0 (3C); 125.0 (2C); 120.0 (2C); 67.0 (1C);
56.5 (1C); 51.5 (1C); 47.2 (2C); 39.5 39.1 (2C); 36.3
(1C); 34.0 (1C); 29.7 29.6 (20C); 29.0 26.9 (2C); 26.7
(1C); 26.2 (1C); 24.9 24.8 (2C). MS (ESI+) caled for
C30H4N30¢ for [M+Na]™: 678.4; found: 678.4
[M+Na]*.
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4.2.8. Mmt(BocAllocA%)OMe (13). To a cold solution
(minus 15°C) of 6 (1.13 g, 1.68 mmol) and 5 (0.82 g,
1.72 mmol, 1.1 equiv) in DMF (20 mL) was added DI-
PEA (1.1 mL, 6.27 mmol, 3.7 equiv) and Bop (0.89 g,
2.01 mmol, 1.2 equiv). The mixture was stirred for 1h
at this temperature then allowed to warm to room tem-
perature (ca. 1 h). The solvent was evaporated under re-
duced pressure. The residue was taken up in EtOAc and
washed successively with a saturated aqueous NaHCO;
solution, water and finally dried over Na,SO,4. The sol-
vent was then removed in vacuo and the residue was
purified by column chromatography (EtOAc/MeOH
9:1) to afford 13 as a white amorphous powder (1.47 g,
80%). TLC (CH,CL,/MeOH 95:05) R; 0.31. 'H NMR
(200 MHz, CDCl3) 6 9.20-7.05 (m, 22H, (19CH,
3NH)); 6.90-6.70 (m, 2H, (2CH)); 6.00-5.60 (m, 1H,
(CH)); 5.40-4.90 (m, 6H, (3CH,)); 4.60-4.30 (m, 2H,
(CH»)); 4.15-3.20 (m, 22H, (2CHj;, 8CH,)); 2.60-2.30
(m, 2H, (CH,)); 1.60-1.35 (m, 9H, (3CH3)). '>*C NMR
(50.3 MHz, CDCl3) 6 171.2 170.1 169.6 (3C); 167.1
(1C); 158.2 (1C); 156.4 1559 (2C); 152.1 (1C); 151.8
(1C); 151.1 (1C); 149.2 (1C); 146.0-145.0 (3C); 137.2
(1C); 135.6 (1C); 132.2 (1C); 129.8 (2C); 129.0-127.7
(130); 126.6 (2C); 121.5 (1C); 11.7 (1C); 113.3 (2C);
80.7 (1C); 70.7 (1C); 67.6 (1C); 66.9 (1C); 55.2 (1C);
54.0-48.0 (7C); 44.3 42.6 (2C); 38.3 36.8 (2C); 28.4
(3C). MS (ESI+) caled for Cs;Hg/N;;Op» [M+H]":
1098.5 and for [M+Na]*: 1120.5; found: 1098.0
[M+H]" and 1120.3 [M+Na]".

4.2.9. Mmt(BocHA%)OMe (14). Compound 13 (210 mg,
0.19 mmol) and Et,NH (297 pL, 2.87 mmol, 15 equiv)
were dissolved in CH,Cl, (2mL) and Pd[P(Ph);]4
(22 mg, 19.1 umol, 0.1 equiv) was added. The mixture
was stirred for 1 h at room temperature. The solvent
was concentrated under reduced pressure and the crude
residue was purified by column chromatography
(CHCI3/MeOH 9.5:0.5 to 9:1) to afford 14 (190 mg,
98%) as a yellowish amorphous powder. TLC (CHCI5/
MeOH 95:05) R 0.28. HPLC (A/B 80:20 to 0:100 over
30min) g =214 min (lpax = 273.30m). 'H NMR
(200 MHz, CDCl;) 6 9.00-7.00 (m, 22H, (19CH,
3NH)); 6.90-6.70 (m, 2H, (2CH)); 5.30-4.95 (m, 4H,
(2CH)); 4.32 (mi.) and 4.10 (ma.) (s, 2H, (CH,));
3.90-2.90 (m, 18H, (2CHj3, 6CH,)); 2.70-1.85 (m, 3H,
(CH,, NH)); 1.60-1.20 (m, 9H, (3CH3)). *C NMR
(50.3 MHz, CDCl3) ¢ 173.1 (1C); 169.7 169.6 (2C);
166.6 (1C); 158.3 (1C); 156.3 (1C); 152.7 (1C); 151.7
(1C); 151.0 (1C); 149.4 (10); 145.9 (2C); 144.3 (1C);
137.6 (1C); 135.6 (1C); 129.9 (2C); 128.7 128.6 128.1
(130); 126.8 126.7 (2C); 121.5 (1C); 113.3 (2C); 81.2
(1C); 70.6 (1C); 67.8 (1C); 55.3 (1C); 53.5 53.1 52.8
52.6 49.6 48.3 47.9 (7C); 44.0 (1C); 42.6 (10C); 39.1
(1C); 37.3 (1C); 284 (3C). MS (ESI+) caled for
C53H63N11010 [M+H]+: 10145, found: 1014.0 [M+H]+

4.2.10. Mmt(BocC“A%)OMe (15). A solution of 14
(631 mg, 0.62 mmol), C~CH,CO,H (221 mg,
0.73 mmol, 1.17 equiv), DIPEA (326 pL, 1.87 mmol,
3equiv) in DMF (3 mL) was stirred at 0 °C. HATU
(284 mg, 0.75 mmol, 1.2 equiv) was then added. The
mixture was stirred for 15 min at 0 °C then allowed to
warm to room temperature and stirred for 1 h. The sol-

vent was evaporated under reduced pressure and the
crude residue was taken up in EtOAc and washed suc-
cessively with a saturated aqueous NaHCOj; solution,
and with water and then dried over Na,SO,. The solvent
was then removed in vacuo and the residue was purified
by column chromatography (CHCI;/MeOH 9.5:0.5) to
afford 15 as a white amorphous powder (605 mg,
75%). TLC (EtOAc/MeOH 8:2) Ry 0.26. HPLC (A/B
80:20 to 0:100 over 30 min) fgr = 25.9 min (Ayax = 246.5
and 274.5nm). '"H NMR (200 MHz, CDCls) § 10.40—
6.60 (m, 31H, (28CH, 3NH)); 5.50-4.40 (m, 8H,
(4CH,)); 4.40-2.60 (m, 22H, (8CH,, 2CH3)); 2.33 (br
s, 2H, (CH2)); 1.60-1.00 (m, 9H, (3CH3)). '*C NMR
(50.3 MHz, CDCl3) ¢ 170.8 170.3 169.5 168.1 167.7
(5C); 163.5 (1C); 158.0 (1C); 156.0 (1C); 152.6 152.4
151.6 (5C); 150.3 149.4 (2C); 146.1 (2C); 145.2 (1C);
137.9 (1C); 135.8 135.2 (2C); 129.8 (2C); 128.5 128.4
128.3 128.0 (18C); 126.5 (2C); 121.4 (1C); 113.3 (2C);
95.5 (1C); 80.7 (1C); 70.4 (1C); 67.6 (2C); 55.3 (1C);
53.5 (1C); 52.6 52.0 50.8 50.2 48.3 47.6 (5C); 44.6
(1C); 42.5 (1C); 37.4 36.7 (2C); 28.4 (3C). MS (ESI+)
caled for Cg;HuN14014 [M+H]™: 1299.5 and for
[M+Na]™: 1321.5; found: 1299.0 [M+H]" and 1321.2
[M+Na]".

4.2.11. Mmt(BocCZA%)OH (16). Compound 15
(147 mg, 0.11 mmol) was dissolved in THF (3.5 mL).
To the solution, were added three times, at 5 min inter-
vals, 1 M aqueous LiOH (230 pL, 0.23 mmol, 2 equiv).
The mixture was stirred for 15 min at room temperature,
then the pH was adjusted to 7 with a 0.5 M HCl solution
and the aqueous layer was extracted with CHCIl;. The
organic extract was dried over Na,SO, and concentrated
in vacuo to dryness to afford 16 (140.0 mg, 99%) as a
white amorphous powder. TLC (EtOAc/MeOH 7:3) Ry
0.28. HPLC (A/B 80:20 to 0:100 over 30 min)
R =244 min (A = 246.5 and 275.7nm). '"H NMR
(200 MHz, CDCl;) o6 8.80-6.50 (m, 31H, (28CH,
3NH)); 5.40-4.30 (m, 8H, (4CH>)); 4.30-2.70 (m, 21H,
(8CH,, CH3)); 1.60-1.00 (m, 9H, (3CH3)). MS (ESI)
caled for CgH7N14O14 [M—H]7: 1283.5; found:
1283.2 [M—H]".

4.2.12. TFA-H(BocC”A”BocAllocAllocBoc)OMe (17).
Compound 4 (509 mg, 0.25 mmol) was dissolved in
3mL of a 2% TFA/CH,Cl, (v/v) solution. The mixture
was stirred at room temperature for 2 h. The solvent
was concentrated in vacuo and on addition of Et,O,
17 (422 mg, 88%) was obtained as a yellowish solid after
filtration and drying. HPLC (A/B 80:20 to 0:100 over
30 min) g = 20.6 min (Amax = 247.6 and 274.5 nm). 'H
NMR (500 MHz, CD;OD) ¢ 8.90-6.50 (m, 24H,
(24CH)); 6.00-5.65 (m, 2H, (2CH)); 5.40-4.30 (m,
16H, (8CHj)); 4.30-2.00 (m, 45H, (21CH,, CHs3));
1.60-1.10 (m, 27H, (9CH;)). *C NMR (125 MHz,
CDCl3) 6 174.0-163.0 (10C); 162.2 161.5 (1C (COO™
(TFA))); 158.0-150.0 (10C); 149.2 (2C); 145.2 (1C);
135.7 135.3 (20); 132.7 (2C); 128.6 (10C); 121.1 (1C);
119.8 117.4 114.0 (1C (CF3 (TFA))); 117.9 117.2 (2C);
95.7 (1C); 81.3 81.1 80.7 (3C); 67.8 (2C); 66.6
66.5 (2C); 54.0-35.0 (24C); 28.2 (9C). MS (ESI+) caled
for CgH;1uN»Oss [M+H]": 1795.8; found: 1795.5
[M+H]".
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4.2.13. FmocPheNH(CH,)sCONH(CH,);CONH(BocC%-
AZBocAllocAllocBoc)OMe (18). To a cold solution (0 °C)
of 3 (58mg, 84.7umol, 1.1equiv), DIPEA (43 puL,
0.25 mmol, 3 equiv) and 17 (158 mg, 82.4 umol, 1 equiv)
in DMF (0.8 mL), was added PyBop (52 mg, 99.2 umol,
1.2 equiv). The mixture was stirred for 10 min at this tem-
perature then allowed to warm to room temperature (ca.
1 h). The solvent was evaporated under reduced pressure.
The residue was taken up in CHCI; and washed successive-
ly with a I M aqueous KHSOy solution, a saturated aque-
ous NaHCO; solution, brine and finally dried over
Na,S0O,. The solvent was then removed in vacuo and the
residue was purified by column chromatography (CHCls/
MeOH 9:1 to 8.5:1.5) to afford 18 (183 mg, 91%) as a white
amorphous powder. TLC (EtOAc/MeOH 6:4) R 0.41.
HPLC (A/B 80:20 to 0:100 over 30 min) fg = 26.2 min
(Amax = 265.5nm). 'H NMR (500 MHz, CDCl;) 6 8.62
(ma.) 8.60 (mi.) (s, 1H, (CH)); 8.11 (m, 1H, (CH)); 7.70
7.69 (d, 2H, (2CH)); 7.60-7.05 (m, 23H, (23CH)); 6.80—
5.70 (m, 4H, (2CH, 2NH)); 5.30-4.43 (m, 16H, (8CH»));
4.43-2.40 (m, 55H, (2CH, 25CH,, CH3)); 2.15-1.80 (m,
4H, (2CH,)); 1.60-1.10 (m, 43H, (8CH,, 9CHj)). °C
NMR (125 MHz, CDCl;3) ¢ 174.5-166.0 (12C); 163.3
(1C); 156.8-154.5 (6C); 152.8-150.0 (5C); 149.4 (2C);
144.8 (1C); 143.8 (2C); 141.3 (2C); 136.8 (1C); 135.7
135.3 (2C); 132.6 (2C); 129.3 (2C); 128.8-128.0 (12C);
127.7 (2C); 127.1 126.9); 125.1 125.0 (2C); 121.2 (1C);
120.0 (20C); 117.9 (2C); 95.6 (1C); 81.1 80.8 80.6 (3C);
67.7 67.4 (2C); 67.0 (1C); 66.6 66.4 66.3 (2C); 56.2 (1C);
53.8-36.6 (26C); 47.2 (2C); 36.5 (1C); 36.2 (1C); 29.7 29.3
(2C); 29.0 28.6 (2C); 28.4-27.7 (9C); 26.6 (1C); 26.2 (1C);
25.5 24.1 (2C) MS (ESI+) caled for C119H159N25030
[M+Na]": 2441.1; found: 2441.4 [M+Na]".

4.2.14. HPheNH(CH,)sCONH(CH,);CONH(BocCZA%-
BocAllocAllocBoc)OMe (19). Compound 18 (352 mg,
0.15 mmol) was dissolved in CH,Cl, (2 mL) and Et,NH
(2mL, 19.33 mmol, 130 equiv) was added at 0 °C. The
mixture was allowed to warm to room temperature and
stirred for 1 h. The solvent was concentrated under re-
duced pressure. The residue was taken up in CH,Cl,
(1 mL) and precipitated with Et,O at 0 °C. Compound
19 (320 mg, 97%) was obtained as a white amorphous
powder after triturating in Et,O and drying. TLC
(CHCI3/MeOH 8.5:1.5) R, 0.55. HPLC (A/B 80:20 to
0:100 over 30 min) fg =20.8 min (Ayax = 241.8 and
273.8 nm). '"H NMR (500 MHz, CDCls) 6 8.80—6.50 (m,
19H, (19CH)); 6.50-5.70 (m, 4H, (2CH, 2NH)); 5.40—
4.30 (m, 16H, (8CH,)); 4.30-2.50 (m, 52H, (CH, 24CH,,
CH3)); 2.30-2.00 (m, 4H, (2CH,)); 1.60-1.00 (m, 43H,
(8CH,, 9CH3)). '*C NMR (125 MHz, CDCl;) 6 175.1
174.5 174.0 171.2 170.0 169.5 168.7 168.3 168.0 167.7
164.5 164.3 (12C); 163.6 (1C); 156.8 (5C); 153.5-149.0
(70); 146.0 (1C); 137.4 (1C); 135.7 135.2 (2C); 132.7
(20); 129.3 (2C); 129.0-126.0 (13C); 121.6 (1C); 118.2—
116.0 (2C); 95.7 (1C); 81.5-80.2 (3C); 67.6 67.5 (2C);
66.6 66.4 66.3 (2C); 56.2 (1C); 54.0-37.5 (27C); 36.6
(10); 36.4 (1C); 30.3-27.5 (13C); 26.8-26.0 (2C); 25.7—
24.9 (2C) MS (ESI+) caled for C104H149N25028
[M+Na]*: 2219.1; found: 2219.5 [M+Na]".

4.2.15. HPheNH(CH,)sCONH(CH,);,CONH(BocCZA%-
BocAllocAllocBoc) OH.HC1 (20). Compound 20 was

obtained from 19 (72 mg, 32.8 umol), following the proce-
dure described above for the preparation of 16. After acid-
ification, the mixture was concentrated in vacuo and the
residue purified on a Sephadex LH-20 gel column in meth-
anol to give compound 20 (68 mg, 93%) as a white amor-
phous powder. TLC (CHCI;/MeOH 8.5:1.5) R, 0.19.
HPLC (A/B 80:20 to 0:100 over 30 min) fg = 19.3 min
(Jmax = 241.8 and 271.4nm). 'H NMR (500 MHz,
CD;0D) ¢ 8.65-6.65 (m, 19H, (19CH)); 6.00-5.80 (m,
2H, (2CH)); 5.40-4.30 (m, 16H, (8CH,)); 4.30-2.70 (m,
49H, (CH, 24CH,)); 2.20-2.05 (m, 4H, (2CH,)); 1.60—
1.10 (m, 43H, (8CH,, 9CHs3)). MS (ESI+) calcd for
C103H147N25028 [M+H]+: 21831, found: 2183.1 [M‘l'H]+

4.2.16. (BocC“AZBocHHBoc)F. (21). Compound 2
(135 mg, 62.5 pmol) and Et,NH (291 pL, 2.81 mmol,
45 equiv) were dissolved in DMF (180 pL), and
Pd[P(Ph)3]4 (14 mg, 12.5 pmol, 0.2 equiv) was added.
The mixture was stirred for 2 h at room temperature.
The solvent was concentrated under reduced pressure.
The residue was taken up in methanol (0.1 mL) and pre-
cipitated with Et,O at 0°C. Compound 21 (100 mg,
95%) was obtained as a yellowish amorphous powder
after triturating in Et,O and drying. TLC (CHCIy/
MeOH 8:2) Ry 0.48. HPLC (A/B 80:20 to 0:100 over
30 min) g = 19.9 min (Apax = 241.8 and 269.1 nm). MS
(ESI+) caled for CosH;37N»5053 [M+Na]™: 2019.0;
found: 2019.1 [M+Na]".

4.2.17. (BocCZAZBocGOB"GOB"Boc)F, (22). To a solu-
tion of 21 (100mg, 50.1 pmol), G9B"CH,CO,H
(45mg, 150.3 umol, 3equiv), and DIPEA (87 uL,
500.1 pmol, 10 equiv) in DMF (150 pL), were added at
0°C, HATU (57 mg, 150.3 pmol, 3 equiv) and HOAt
(14 mg, 100.2 umol, 2 equiv). After 2 h of stirring at
room temperature, the solvent was evaporated under re-
duced pressure and the crude residue was taken up in
CHCIl; and washed successively with a saturated aque-
ous NaHCOj; solution, water and dried over Na,SO,.
The solvent was then removed in vacuo and the residue
was purified by column chromatography (CHCI5/
MeOH 1:1) to afford 22 (122 mg, 95%) as a white amor-
phous powder. HPLC (A/B 80:20 to 0:100 over 30 min)
tr = 23.4min (Apax = 243.0 and 278.6 nm). MS (ESI+)
caled for Cj23H;5oN350,7 [M+Na]™: 2581.2 and for
[(M+2Na)/2]": 1302.1; found: 2581.2 [M+Na]® and
1302.0 [(M+2Na)/2]".

4.2.18. (HC*A“HGGH)F.5TFA (23). Compound 22
(147 mg, 57.3 pmol) was dissolved in 2 mL of a solution
of TFA/CH,CL,/TIS (1:1:0.25, v/v/v) at 0 °C. The mix-
ture was stirred at room temperature for 30 min and
the deprotected product was precipitated out by Et,O
(10 mL). Compound 23 (98 mg, 93%) was obtained as
a yellowish solid after washing with Et,O, filtration
and drying. HPLC (A/B 80:20 to 0:100 over 30 min)
tr = 13.5min (Apnax = 243.0 and 278.6 nm). MS (ESI+)
calcd for C94H128N35021 [(M+2H)/2]+ 10400, found:
1040.0[(M+2H)/2]".

4.2.19. (UC*A”UGGU)F, (24). To a solution of 23
(71 mg, 26.7 umol), UCH,CO,H (18 mg, 106.7 pmol,
4 equiv) and DIPEA (93 uL, 533.5 umol, 20 equiv) in
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DMF (130 pL), were added at 0°C, HATU (43 mg,
112.0 pmol, 4.2 equiv) and HOAt (14 mg, 106.7 pumol,
4 equiv). After stirring at room temperature for 3 h,
the product was precipitated out by a saturated aqueous
NaHCOj; solution (10 mL). The precipitate was washed
successively with water, methanol, and Et,O. After dry-
ing, compound 24 (60 mg, 88%) was obtained as a white
amorphous powder. HPLC (A/B 80:20 to 0:100 over
30 min) fgr = 13.8 min (Amax = 257.2 nm). MS (ESI+)
calced for C112H135N4]O30 [(M+2H)/2]+ 1268.0 and for
[(M+3H)/3]": 845.7; found: 1268.1 [(M+2H)/2]" and
845.6 [(M+3H)/3]".

5. Experimental (virology)
5.1. Plasmid construction

An original bicistronic expression vector, termed pFl-
HCYV IRES-hRI was used in this study. Details of the
cloning procedure will be described elsewhere. Briefly,
this construction contains the coding sequence of the
firefly luciferase (Promega) under the control of
cytomegalovirus and T7 promoter followed by HCV
5’-UTR genomic sequence (HCV nucleotides 19-355)
corresponding to the internal ribosome entry site (IRES)
and the coding sequence for the humanized Renilla
luciferase (Promega) in the pcDNA 3.1 + vector (Invit-
rogen). HCV fragment (HCV IRES) was amplified by
RT-PCR with RNA extracted from serum of a chroni-
cally HCV infected patient. No difference was observed
between the sequence obtained compared with a stan-
dard la genotype HCV genome.

5.2. In vitro coupled transcription—translation assays

In vitro coupled transcription—translation assays were
performed in 25 pL in a mixture containing 20 pL of
TnT Quick Master Mix (Promega), 1 pL of methionine
1 mM, 1 puL of pFI-HCV IRES-hRI at a concentration
of 0.5 pg/uL and 3 pL of PNA, diluted in water. Con-
centration from 0.5 to 60 pM were used. A 90 min incu-
bation at 30 °C was performed. All this experiments
were made in triplicates, at least twice.

5.3. Measurement of luciferase activity

The enzymatic activities of firefly and humanized Renil-
la were measured using dual luciferase reporter assay
system (Promega), as recommended by the manufactur-
er. Results are the ratio of humanized Renilla luciferase
activity compared to firefly luciferase activity, measured
by light emission integrated over a period of 1 seconde
in a Luminoskan Ascent.

Acknowledgments

We are grateful to Jean-Marie Guigonis for the mass
spectroscopy analyses. This work was supported by
the ‘Agence Nationale de Recherches sur le SIDA’
(ANRS), by the ‘Association de la Recherche contre le
Cancer’ (ARC) and by Fight Aids Monaco.

10.

11.

13.

14.

15.

16.

17.
18.

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

References and notes

Bukh, J.; Purcell, R. H.; Miller, R. H. Proc. Natl. Acad.
Sci. U.S.A. 1992, 89, 4942.

Kieft, J. S.; Zhou, K.; Jubin, R.; Murray, M. G.; Lau, J.
Y.; Doudna, J. A. J. Mol. Biol. 1999, 292, 513.

Kieft, J. S.; Zhou, K.; Grech, A.; Jubin, R.; Doudna, J. A.
Nat. Struct. Biol. 2002, 9, 370.

Sarnow, P. J. Virol 2003, 77, 2801.

Honda, M.; Brown, E. A.; Lemon, S. M. RNA 1996, 2,
955.

Kieft, J. S.; Zhou, K.; Jubin, R.; Doudna, J. A. RNA 2001,
7, 194.

Lehmann, T. J.; Eisenhardt, S.; Engels, J. W. Nucleosides
Nucleotides 1999, 18, 1689.

. Lima, W. F.; Brown-Driver, V.; Fox, M.; Hanecak, R.;

Bruice, T. W. J. Biol. Chem. 1997, 272.

Vidalin, O.; Major, M. E.; Rayner, B.; Imbach, J. L
Trepo, C.; Inchauspe, G. Antimicrob. Agents Chemother.
1996, 40, 2337.

Wakita, T.; Wands, J. R. J Biol Chem. 1994, 269,
14205.

Wakita, T.; Moradpour, D.; Tokushihge, K.; Wands, J. R.
J. Med. Virol. 1999, 57, 217.

. Alt, M.; Renz, R.; Hofschneider, P. H.; Paumgartner, G.;

Caselmann, W. H. Hepatology 1995, 22, 707.

Alt, M.; Renz, R.; Hofschneider, P. H.; Caselmann, W. H.
Arch. Virol. 1997, 142, 589.

Hanecak, R.; Brown-Driver, V.; Fox, M. C.; Azad, R. F.;
Furusako, S.; Nozaki, C.; Ford, C.; Sasmor, H.; Ander-
son, K. P. J. Virol. 1996, 70, 5203.

Liu, X. F.; Zhou, X. T.; Zou, S. Q. Hepatobiliary.
Pancreat. Dis. Int. 2004, 3, 115.

Mizutani, T.; Kato, N.; Hirota, M.; Sugiyama, K.
Murakami, A.; Shimotohno, K. Biochem. Biophys. Res.
Commun. 1995, 212, 906.

Wu, C. H.; Wu, G. Y. Gastroenterology 1998, 114, 1304.
Zhang, H.; Hanecak, R.; Brown-Driver, V.; Azad, R.;
Conklin, B.; Fox, M. C.; Anderson, K. P. Antimicrob.
Agents Chemother. 1999, 43, 347.

Alt, M.; Eisenhardt, S.; Serwe, M.; Renz, R.; Engels, J.
W.; Caselmann, W. H. Eur. J. Clin. Invest. 1999, 29,
868.

McCaffrey, A. P.; Meuse, L.; Karimi, M.; Contag, C. H.;
Kay, M. A. Hepatology 2003, 38, 503.

Amberg, S.; Tamke, A.; Caselmann, W. H.; Engels, J. W.
Nucleosides Nucleotides Nucleic Acids 2003, 22, 1631.
Tallet-Lopez, B.; Aldaz-Carroll, L.; Chabas, S.; Dausse,
E.; Staedel, C.; Toulmé, J. J. Nucleic Acids Res. 2003, 31,
734.

Nulf, C. J.; Corey, D. Nucleic Acids Res. 2004, 32, 3792.
Nielsen, P. E. Mol. Biotechnol. 2004, 26, 233, Review.
Eguchi, Y.; Tomizawa, J. Cell 1990, 60, 199.

Paillart, J. C.; Marquet, R.; Skripkin, E.; Ehresmann, C.;
Ehresmann, B. Biochimie 1996, 78, 639.

Wagner, C.; Palacios, I.; Jaeger, L.; St. Johnston, D.;
Ehresmann, B.; Ehresmann, C.; Brunel, C. J. Mol. Biol.
2001, 373, 511.

Toulmé, J. J. Curr. Opin. Mol. Ther. 2000, 2, 318.
Aldaz-Carroll, L.; Tallet, B.; Dausse, E.; Yurchenko, L.;
Toulmé, J. J. Biochemistry 2002, 41, 5883.

Ennifar, E.; Walter, P.; Ehresmann, B.; Ehresmann, C.;
Dumas, P. Nat. Struct. Biol. 2001, 8, 1064.

Brunel, C.; Marquet, R.; Romby, P.; Ehresmann, C.
Biochimie 2002, 84, 925.

Pattabiraman, N.; Martinez, H. M.; Shapiro, B. A.
J. Biomol. Struct. Dyn. 2002, 20, 397.

Windbichler, N.; Werner, M.; Schroeder, R. Nucleic Acids
Res. 2003, 31, 6419.





34.

35.

36.

S. A. Caldarelli et al. | Bioorg. Med. Chem. 13 (2005) 5700-5709

Depecker, G.; Patino, N.; Di Giorgio, C.; Terreux, R.;
Cabrol-Bass, D.; Bailly, C.; Aubertin, A. M.; Condom, R.
Org. Biomol. Chem. 2004, 2, 74.

Schwergold, C.; Depecker, G.; Di Giorgio, C.; Patino, N.;
Jossinet, F.; Ehresmann, B.; Terreux, R.; Cabrol-Bass, D.;
Condom, R. Tetrahedron 2002, 58, 5675.

Depecker, G.; Schwergold, C.; Di Giorgio, C.; Patino, N.;
Condom, R. Tetrahedron Lett. 2001, 42, 8303.

37.

38.
39.

40.

5709

Caldarelli, S.; Depecker, G.; Patino, N.; Di Giorgio, A.;
Barouillet, T.; Doglio, A.; Condom, R. Bioorg. Med.
Chem. Lett. 2004, 14, 4435.

Duconggé, F.; Toulmé, J. J. RNA 1999, 5, 1605.
Beaurain, F.; Di Primo, C.; Toulmé, J. J.; Laguerre, M.
Nucleic Acids Res. 2003, 31, 4275.

Da Rocha Gomes, S.; Dausse, E.; Toulmé, J. J. Biochem.
Biophys. Res. Commun. 2004, 322, 820.





		A cyclic PNA-based compound targeting domain IV of HCV IRES RNA inhibits in vitro IRES-dependent translation

		Introduction

		Results and discussion

		Molecular modeling studies

		Chemistry

		Inhibitory effect on HCV in vitro translation



		Conclusions

		Experimental (chemistry)

		General

		Synthesis

		(UCAUGGU)Fc middot 4TFA (1)

		(BocCZAZBocAllocAllo cBoc)Fc (2)

		FmocPheNH(CH2)5CONH(CH2)7CO2H (3)

		Mmt(BocCZAZBocAllocAllocBoc)OMe (4)

		BocNH(CH2)5CONH(CH2)7CO2Me (10)

		TFA middot NH2(CH2)5CO NH(CH2)7CO2Me (11)

		FmocPheNH(CH2)5CONH(CH2)7CO2Me (12)

		Mmt(BocAllocAZ)OMe (13)

		Mmt(BocHAZ)OMe (14)

		Mmt(BocCZAZ)OMe (15)

		Mmt(BocCZAZ)OH (16)

		TFA middot H(BocCZAZBocAllocAllocBoc)OMe (17)

		FmocPheNH(CH2)5CONH(CH2)7CONH(BocCZ- AZBocAllocAllocBoc)OMe (18)

		HPheNH(CH2)5CONH(CH2)7CONH(BocCZAZ-BocAllocAllocBoc)OMe (19)

		HPheNH(CH2)5CONH(CH2)7CONH(BocCZAZ- BocAllocAllocBoc)OH.HCl (20)

		(BocCZAZBocHHBoc)Fc (21)

		(BocCZAZBocGOBnGOBnBoc)Fc (22)

		(HCZAZHGGH)Fc middot 5TFA (23)

		(UCZAZUGGU)Fc (24)





		Experimental (virology)

		Plasmid construction

		In vitro coupled transcription ndash translation assays

		Measurement of luciferase activity



		Acknowledgments

		References and notes






Available online at www.sciencedirect.com

sc.ence@n.“ﬂ@

Bioorganic &
Medicinal
Chemistry

ELSEVIER Bioorganic & Medicinal Chemistry 13 (2005) 5766-5773

Synthesis and pharmacological activities of some
mononuclear Ru(Il) complexes

Upal K. Mazumder,™* Malaya Gupta,® Subhas S. Karki,” Shiladitya Bhattacharya,?
Suresh Rathinasamy® and Thangavel Sivakumar®

2Division of Pharmaceutical Chemistry, Department of Pharmaceutical Technology, Jadavpur University,
Jadavpur, Kolkata 700 032, India
®Department of Pharmaceutical Chemistry, KLES College of Pharmacy, P.O. Box 1062, 2nd Block,
Rajajinagar, Bangalore 560 010, India

Received 2 April 2005; revised 28 May 2005; accepted 28 May 2005
Available online 27 June 2005

Abstract—A series of mononuclear Ru(II) complexes of the type [Ru(M),(U)]*", where M=2,2'-bipyridine/1,10-phenanthroline and
U=tpl (Rul), 4-Cl-tpl (Ru2), 4-CH;-tpl (Ru3), 4-CH30-tpl (Ru4), and 4-NO,-tpl (Ru?), -pai (Ru6), where tpl = thiopicolinanilide
and pai = 2-phenyl-azo-imidazole, have been prepared and characterized by IR, UV-Vis, '"H NMR, >*C-NMR, FAB-Mass spectro-
photometer, and elemental analysis. The complexes display metal-ligand charge transfer (MLCT) transitions in the visible region.
The title complexes were subjected to in vivo anticancer activity tests against a transplantable murine tumor cell line, Ehrlich’s ascitic
carcinoma (EAC) and in vitro antibacterial activity against Gram positive and Gram negative microorganisms. Rul-Ru6 were
found to increase the life span of the tumor hosts by 19-52%, and decreased tumor volume and viable ascitic cell count. The results
of the present study clearly demonstrated the tumor inhibitory activity of the ruthenium chelates against transplantable murine
tumor cell line. The treatment with ruthenium complexes could be secondary to tumor regression or due to the action of the com-
pounds itself. The significant antibacterial activity was observed for Rul-Ru4 against microorganisms like Vibrio cholera 865,
Staphylococcus aureus 6571, and Shigella flexneri as compared to that of standard drug chloramphenical. Ru5 showed moderate
activity against S. aureus 8530. However, all the complexes fail to show significant antibacterial activity against V. cholera 14033

and Shigella sonnai.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Cisplatin is the most widely used antitumor drug, espe-
cially for the treatment of testicular and ovarian can-
cers.!> However, cisplatin has some major drawbacks:
severe toxic side effects, a limited applicability to a rela-
tively small range of tumors, and often occurring resis-
tance. This resistance is either developed or intrinsic.?
The second-generation platinum drug carboplatin also
has wide clinical applications. It has less toxic side effects
than cisplatin.? In search for other antitumor active met-
al complexes, several ruthenium complexes have been
reported to be promising as anticancer drugs.® There
are three main properties that make ruthenium complex-

Keywords: Ruthenium complexes; Thiopicolinanalide; Anti-cancer;
Anti-bacterial.

* Corresponding author. Tel: +91 33 24404123; fax: +91 80
23425373; e-mail: subhasskarki@hotmail.com

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.05.047

es well suited for medicinal applications: (i) rate of li-
gand exchange, (ii) the range of accessible oxidation
states, and (iii) the ability of ruthenium to mimic iron
in binding to certain biological molecules. There has
been considerable interest in ruthenium complexes, in
recent years, because of their redox stability, excited
state reactivities, and excited state lifetime.* Owing to
the octahedral structure of Ru(I) and Ru(III) complex-
es as opposed to the square—planar geometry of Pt(II),
ruthenium antitumor complexes probably function in a
manner differently than cisplatin, which appears to bind
DNA by cross-linking adjacent guanine, thereby causing
a class of DNA-binding proteins to adhere to the site.>”
Activation by reduction hypothesis, Ru(IIl) complexes
may serve as prodrugs that are activated by reduction
in vivo to coordinate more rapidly to biomolecules.?5-
Because tumors rapidly utilize oxygen and other nutri-
ents, and as the development of blood vessels often fails
to keep pace with tumor growth, there is usually a lower
oxygen content (hypoxia) in tumor cell.!0-14
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Since then, complexes such as cis-[Ru(dmso),Cl,]'>1¢
(dmso = dimethyl sulfoxide), trans-[(IndH)Ru(ind),Cl4]
(Ind = indazole), mer-[Ru(terpy)]Cl; (terpy = 2,2’-ter-
pyridine), and Ru(ChdH,)Cl, (Chd = 1,2-cyclohexane
diamine tetraacetate) have been reported to be highly
active.!”!° Arene complexes like [Ru(dmso),(arene)]Cl,
(where dmso = dimethyl sulfoxide and arene=CgHg)
were shown to inhibit topoisomerase 11 (DNA gyrase)
activity.2? Other arene complexes, such as X(n®-arene)
(en)Ru(Il)* (where arene = C¢Hg substituted CeHs,
en = ethylene diamine, and X = halide), were found to
inhibit the growth of the human ovarian cancer cell line
A 2780.%!

Ruthenium complexes bearing 2-hydroxy-1-naphthal-
dehyde thiosemicarbazone as a ligand have been studied
for their antimicrobial and antifungal activities.?? Sulu
et al.?® have evaluated the ruthenium complexes for in
vitro antifungal activity with a range of u values, be-
tween 16 and 250 pg/ml. Recently, Reedijk et al.>* have
reported water-soluble complexes of the type a-[Ru(az-
py)2(L)] (azpy = 2-phenyl azo pyridine and L = 1,1-cyc-
lobutane dicarboxylic acid, oxalic acid, and malonic
acid) as cytotoxic against A 2780 human ovarian carci-
noma and A 2780 cis-R, the corresponding cisplatin-re-
sistant cell line. A previous investigation by our group
has dealt with the antitumor and antibacterial activities
of the type [Ru(R)>(L)]** (R = 1,10-phenanthroline/2,2’-
bipyridine and L = 5,7-disubstituted-8-hydroxy-quino-
line, picolinic acid, 3-hydroxy coumarin, N-methyl-isat-
in-3-thiosemicarbazone, acetazolamide, 4-substituted
thiosemicarbazides, etc.).?>2¢ Taking into account the
pharmacological potential of these class of compounds,
we have synthesized a novel range of Ru(Il) complexes
of the type [Ru(M),(U)** (M = 1,10-phenanthroline/
2,2'-bipyridine and U =tpl, 4-Cl-tpl, 4-CH;O-tpl,
4-CHj;-tpl, 4-NO,-tpl, pai, where tpl = thiopicolinanilide
and pai = 2-phenyl azo-imidazole) in order to evaluate
their anticancer and antibacterial activities.

2. Results and discussion
2.1. Chemistry

Results are summarized in Tables 1 and 2, and Schemes 1
and 2 show the details of the synthetic strategy adopted

Table 2. Antibacterial activity of ruthenium complexes at 20 pg/0.1 ml
Complex V C865 V C 14033 SA 6571 SA8530 SF SS

Ru 1 24 NA 17 20 14 NA
Ru 2 24 NA 16 20 15 NA
Ru 3 25 NA 14 25 15 NA
Ru 4 20 16 18 18 16 NA
Ru5 NA NA NA 12 NA NA
STD 30 20 26 26 20 19

STD = chloramphenicol 10 pg/ml. Zone inhibitions in mm (including
bore size 6 mm). V C 865 = V. cholera 865; V C 14033 = V. cholera
14033; S A 6571 = S. aureus 6571; S A 8530 = S. aureus 8530; S F = S.
flexneri; S S = S. sonnai. Rul-Ru5 = ruthenium complexes.

™~
DMF, 3Hrs C'\ /N M
RuCl,.3H,0 c|//R\u —N
N2 atm, M N N
\w/

Where M=2,2"-bipyridine/ 1,10-phenanthroline

Scheme 1. Preparation of cis-Ru(phen),Cl, and cis-Ru(bpy),Cl,.

for the synthesis of these homoleptic complexes. Ruthe-
nium trichloride undergoes reduction in a number
of organic solvents. The starting material for the synthesis
of the complexes was cis-bis(1,10-phenanthroline)dichlo-
roruthenium(II)/cis-bis(2,2’-bipyridine)dichlororuthe-
nium(IT). Ruthenium trichloride was refluxed in DMF in
the presence of 1,10-phenanthroline/2,2’-bipyridine and
in excess of the stoichiometric amount, which afforded
the final product cis-bis(1,10-phenanthroline)dichlo-
roruthenium(II)/cis-bis(2,2'-bipyridine)dichlororutheni-
um(II)'® (Scheme 1). The third ligand was introduced
in the presence of alcohol (Scheme 2).

In order to obtain products of high purity, it was neces-
sary to use column chromatography. TLC was attempt-
ed in order to determine the efficient supports, eluent
compositions, and reaction endpoints. It was carried
out using a solvent mixture such as CHCl;—CH;OH/
CH,Cl,-isopropanol. The solvent mixture provided
sharp spots of the main complex and one or two second-
ary spots, which had convenient R; values. Column

Table 1. Antineoplastic activity of ruthenium complexes against EAC bearing mice

Parameters Total body weight (g) Mean survival time (days) ILS (%) Tumor volume (ml) Viable cells in ascitic fluid (%)
Group 1 222+%0.5 — — — —

Group 11 28.3%0.6 21 — 34103 952+35

Group 111 18.2+0.7 22 5 — —

Group IV 229+1.2 29 38 0.9 £0.05 42.1%1.1

Group V 228+ 1.0 32 52 0.7 £ 0.04 392+ 1.3

Group VI 23.1+£0.5 30 43 0.8 +0.07 40.5+£23

Group VII 232+0.8 28 33 1.1 £0.04 429+2.6

Group VIII 25.0%0.9 25 19 1.8 £0.05 69.1£29

Group IX 245%+09 26 24 1.5+ 0.06 63.2+1.8

Values are means + SEM. Group I: Vehicle (5 ml/kg); Group IT: EAC (2 x 10° cells/mouse); Group III: cisplatin (2 mg/kg) + EAC; Group IV-Group

VIII: ruthenium complexes (2 mg/kg) + EAC.
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2+
—~ —~
U, N /N M

C'\ /N\M Reflux in C,H;OH, N, atm ¢ )
cl— Ru—N NT RN (c100
N \N Ligand U,, NaCIO, N\ \N
\w v’
Ru1-Rubs
2+
Reflux in C,H;OH, N, atm KU/Z\’\{ /N\M cl,
N— Ru fN)
Ligand U, N/ \N
\w
Ru6

Where U,=tpl, 4-Cl-tpl, 4-MeO-tpl, 4-Me-tpl, 4-NO,-tpl,

U,=pai

Scheme 2. Preparation of tris chelates from cis-Ru(phen),Cl, and cis-Ru(bpy),Cl,.

chromatography was performed using silica gel (230—
400 mesh) or neutral alumina as the support and
CHCI3;-CH;0OH/CH,Cl,-isopropanol as the eluate.

The ligands 4-R-tpl?” (where R = H, Cl, CH;, OCH3,
and NO,) were prepared by heating a-picoline, sulfur,
and their respective aromatic amines at 160 °C for
12 h with slight modifications (Scheme 3A). 4-Cl-tpl
and 4-NO,-tpl are new ligands, and they were confirmed
for their purity by their mp, IR '"H NMR, EI-MS, and
elemental analyses. The other ligand pai®® (2-phenyl azo
imidazole) was prepared according to the literature with
little modification (Scheme 3B). All the ligands were
confirmed for their purity by their mp, FTIR,
'"H NMR, and elemental analyses. Structural models
of these ligands are shown in Figure 1. These models
are capable of exhibiting bidentate behavior.

There are bands at 3225-3186 cm™! for N-H, at 3100
2900 cm™! for C-H, and at 1375cm™' (C=S). In
4-Cl-tpl ligand, there are well-resolved resonance peaks
at low field at 12.05 (s, br, NH) 8.54-8.53 (d, 1H, py),
8.78-8.76 (d, 1H, py), 8.06-8.04 (d, 2H, Ar) 7.90-7.86

(ddd, 1H, py), and 7.49-7.46 (dddd, 1H, py), and
7.41-7.40 (d, 2H, Ar) 6 ppm.

We attempted to prepare 2-(4-carboxy)thiopicolinani-
lide by the same method; unfortunately; the product
was unsubstituted thiopicolinanilide, which was con-
firmed from its FTIR, NMR, and EI-MS spectra.

In the IR spectra of the ligand pai, the band observed at
3220 cm™! corresponds to N—H stretching. On complex-
ation, there was no change in the vibration frequency of
N-H. Therefore, the coordination involved was with
both the ring imine nitrogens. In the IR spectra of the
complexes, [Ru(phen)»(R-tpl)]**, there were changes in
the vibration mode for C=S to 1429. Therefore, the
coordination of ruthenium metal with the ligand was
via C=S and endocyclic pyridine ring nitrogen but
not with the exocyclic N—H, because there is no change
in vibration frequency of N-H.

The coordination of 4-Cl-thiopicolinanilide (4-Cl-tpl)
with Ru(phen),Cl, resulted in a compound, {Ru(phen),
(4-Cl-tpl)}(ClOy4),, that no longer showed a C, axis,

A R
SN 160°C, 12 Hrs RN H
\ +s + \ ¥
— —
N~ “CH, N
NH, S R

Where R=H, Cl, OCH,, CH,, NO,

NaHCO,, 0°C,

NH, ¥
AR,

NaNO,, dil HCI

Q.

v

Scheme 3. (A) Preparation of 2-(4-substituted)-thiopicolinanilides (4-R-tpl). (B) Preparation of 2-phenyl azo imidazole (pai).





U. K Mazumder et al. | Bioorg. Med. Chem. 13 (2005) 5766-5773 5769

X
\/ § ©\ N
N S©\R N%/

N
H

A\

4-R-tpl pai
where R=H, Cl, OCH,, CH,, NO,

Figure 1. Structure of 4-substituted thiopicolinanalide and 2-phenyl
azo imidazole.

resulting in nonequivalent ligands. Such loss of C, axis
resulting in nonequivalancy of ligands was observed
for [Ru(phen),(nmit)]Cl, and [Ru(bpy),(ihgs)]Cl,,>>2¢
where phen = 1,10-phenanthroline, nmit = N-methyl
isatin thiosemicarbazone, bpy = 2,2'-bipyridine, and
ihqgs = 7-iodo-8-hydroxy  quinoline-5-sulfonic  acid.
Therefore, such NMR spectra will become more compli-
cated. In the aromatic region, 22 well-resolved reso-
nance peaks were obsereved: (9.85-7.10, 24H,
aromatic) 6 ppm. The complexes bearing R-tpl ligand
did not show NH protons in their proton NMR spectra.
It might be merged with the baseline, which shows that,
there are six different aromatic ring protons of two 1,10-
phenanthroline and one 4-Cl-tpl.

In the case of '*C NMR, in aromatic region, 32 well-
resolved resonance peaks were observed: (177.304—
123.038) 6 ppm, which also showed that all the ligands
that coordinated with ruthenium were nonequivalent.

The coordination of ligand 2-phenyl azo imidazole (pai)
with Ru(bpy),Cl, resulted in a compound, [Ru(bpy),
(pai)]Cl,, that no longer showed a C, axis, resulting in
nonequivalent ligands. In the aromatic region, 14 well-
resolved resonance peaks were observed: (8.76-6.53,
24H, aromatic) 6 ppm.

These complexes showed broad and intense visible
bands between 350 and 450 nm due to metal to ligand
charge transfer transition.’ In the UV region, the bands
at 290 and 310 nm were assigned to the phenanthroline
ligand. The same transition was found in free phenan-
throline at 280 nm, so that coordination of the ligand re-
sults in a red shift in the transition energy. There were
also two shoulders at 390 and 500 nm, which are tenta-
tively attributed to a metal to ligand charge transfer
transitions involving phenanthroline ligand.

The FAB-MS of the prepared complexes showed frag-
mentation in the following manner. The first fragment
was due to [Ru(M),(U)]**(Cl104)~ ion pair. The complex
also showed a peak due to the complex cation
[RuM),(U)I** and others due to [Ru(M)(U)**
[Ru(M),]**. The FAB-MS thus confirms the authenticity
of the complex. This type of fragmentaion was reported
for [Ru(phen)>(nmit)]Cl, and [Ru(bpy),(ihgs)]Cl,, >
where phen = 1,10-phenanthroline, nmit = N-methyl
isatin thiosemicarbazone, bpy = 2,2'-bipyridine, and
ihgs = 7-iodo-8-hydroxy quinoline-5-sulfonic acid.

2+ 2+
—
um NN v MY

\ U, N / 2
\Nf/Ru fN) (CIO,), KN/RU *N)
N 7\
N N N
\M/ \M/
Ru1-Ru5 RU6

Ru1: [Ru(phen),(tp)](CIO,),

Ru2: [Ru(phen),(4-Cl-tpl)](CIO,),
Ru3: [Ru(phen),(4-CH-tpl)](CIO,),
Ru4: [Ru(phen),(4-OCH;-tpl)](CIO,),
Ru5: [Ru(phen),(4-NO,-tpl)](CIO,),
Ru6: [Ru(bpy),(pai)ICl,

Figure 2. Structure of various ruthenium complexes as chlorate salts.

Thus, based on the above observations, the proposed
structures for the complexes are shown in Figure 2.

2.2. Biological activity and discussion

The Results are summarized in Tables 1 and 2. The
pharmacological data were analyzed statistically by
analysis of variance followed by Dunnett’s test of signif-
icance. The statistical significance were considered only
when p < 0.05 and F > F_;ica- All the complexes were
tested for their anti-cancer activity against EAC bearing
mice. Rul-Ru6 were found to increase the life span of
the tumor hosts by 19-52%. The results of the present
study clearly demonstrated the tumor inhibitory activity
of the ruthenium chelates against transplantable murine
tumor cell lines (Table 1). The treatment with ruthenium
complexes could be secondary to tumor regression or
could be due to the action of the compounds itself. In
the EAC bearing mice, the cells were present in the per-
itoneal cavity and the compounds were administered
directly into the peritoneum. Thus, tumor inhibition
might be due to the direct effect of these compounds
on DNA synthesis or due to some unknown effect but
certain structurally related tris-chelates of ruthenium
were reported to have DNA-binding property in vitro.?’
Thus, the action of these synthesized complexes could
also be mediated via its effect, if any, on the DNA.

Myelosupression is a frequent and major complication
of cancer chemotherapy. Cisplatin was known to cause
bonemarrow depression and acute nephrotoxicity. Thus,
the severe depression of the bonemarrow coupled with
acute nephrotoxicity’®** probably caused a negative
nitrogen balance in the cisplatin-treated animals, which
resulted in a loss of body weight. The nephrotoxicity of
cisplatin was due to the capability of the compound to
generate free radicals and reactive oxygen species within
the liver and kidney.3**

The complexes were also evaluated for their antibacterial
activity by cup-plate method.** The significant antibac-
terial activity was observed for Rul-Ru4 against micro-
organisms such as Vibrio cholera 865, Staphylococcus
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aureus 6571, and Shigella flexneri as compared to that of
the standard drug chloramphenical. Ru5 showed moder-
ate activity against S. aureus 8530, but no activity was
found for the remaining microorganisms. However, all
the complexes failed to show significant antibacterial
activity against V. cholera 14033 and Shigella Sonnai.

3. Conclusions

In conclusion, five (Rul-Ru5) complexes, bearing 1,10-
phenanrhroline with 4-R-tpl (where R = H, Cl, CH;,
OCHj3;, and NO,), were synthesized; and one (Ru6) com-
plex, bearing 2,2’-bipyridine with pai (where pai = 2-
phenyl azo imidazole) was synthesized in alcohol in
nitrogen atmosphere. The coordination involved for
ruthenium complexes (Rul-Ru?) is via C = S and endo-
cyclic pyridine ring nitrogen.

The results of the present study clearly demonstrated the
tumor inhibitory activity of the ruthenium complexes
against transplantable murine tumor cell line, EAC.
The ruthenium complex bearing 4-Cl-tpl (Ru2) showed
increase in the life span of tumor host by 52% as com-
pared to cisplatin (5%).

The study of in vitro antibacterial activity reveals the
significant activity of Rul-Ru4 against microorganisms
such as V. cholera 865, S. aureus 6571, and S. flexneri as
compared to the standard drug chloramphenicol.

4. Experimental
4.1. General methods

The solvents (AR grades) were obtained from Sd Fine
chem., Mumbai and E. Merck, Mumbai. The reagents
(puriss grade) were obtained from Fluka and E. Merck.
Hydrated ruthenium trichloride was purchased from
Loba Chemie, Mumbai, and used as received. UV-Vis
spectra were run on a Beckmann DU 64 spectrophoto-
meter. FTIR spectra were recorded in KBr discs on a
Jasco V410/Schimadzu IR spectrometer. '"H NMR spec-
tra were measured in CDCl; and dg-DMSO on a Bruker
Ultraspec 500 MHz/AM X400 MHz/300 MHz spectro-
meter. The reported chemical shifts were against that
of TMS. FAB mass spectra were recorded on a JEOL
JMS600 spectrum with mNBA matrix.

4.2. General procedure for preparing 4-substituted
thiopicolinanilide?’

A suspension of 4.7 g (0.15 g of atom) of sulfur, 5.2 ml
(0.05 mol) of a-picoline, and amine (0.055 mol) were
heated in an oil bath, maintained at 160 °C for 12 h;
unreacted a-picoline and amine were then removed by
distillation in vacuo. The residue in the still pot was then
extracted by heating ethanol to remove sulfur complete-
ly. Distillation of the ethanol extract produced 2.5-3.8 g
of crude thiopicolinanilides. The crude product was then
separated by column chromatography on efficient sup-
ports then separately choosen for each ligand.

4.2.1. tpl. Silica gel as stationary phase, petroleum ether
and benzene as mobile phase. 60%, yellow, FTIR (KBr)
em ™'t 3220 (N-H), 3054 (C-H), 1535 (C=C), 1375
(C=S). 'H NMR (CDCL): ¢ 1206 (1H, s,
S-H), 882 (1H, d, J=8.03Hz), 8.57 (1H, d,
J=529Hz), 809 (2H, d, J=7.75Hz), 7.92-7.87
(1H, m), 7.50-7.40 (3H, m), and 7.32-7.26 (1H, m).
Mp 45°C (46.5°C). Anal. caled for C,HoN,S: C,
67.26; H, 4.70; N, 13.07. Found C, 67.02; H, 4.67; N,
12.55.

4.2.2. 4-CH3-tpl. Silica gel as stationary phase, petro-
leum ether and benzene as mobile phase. 45%, orange,
FTIR (KBr) cm ': 3225 (N-H), 3039 (C-H), 1540
(C=C), 1380 (C=S). Mp=96°C (98.5°C). Anal.
caled for C;3sH{,N,OS: C, 63.91; H, 4.95; N, 11.47.
Found C, 63.70; H, 5.01; N, 11.05.

4.2.3. 4-Cl-tpl. Silica gel as stationary phase, and petro-
leum ether as mobile phase. 58%, yellow, FTIR (KBr)
ecm™': 3186 (N-H), 3050 (C-H), 1531 (C=C), 1370
(C=S). '"H NMR (CDCls): § 12.06 (1H, s, S-H), 8.77
(1H, d, J=4.80 Hz), 8.55 (1H, d, J=2.50 Hz), 8.05
(2H, d, J =5.26 Hz), 7.90-7.87 (1H, m), 7.49-7.47 (1H,
m), and 7.41 (2H, d, J = 5.27 Hz). Mp = 73-75 °C. Anal.
caled for C1,HoCIN,S: C, 57.95; H, 3.65; N, 11.26. Found
C, 57.31; H, 3.41; N, 10.82.

4.2.4. 4-CH3O-tpl. Silica gel as stationary phase, and
benzene as mobile phase. 54%, orange, FTIR (KBr)
em™': 3200 (N-H), 3055 (C-H), 1529 (C=C), 1378
(C=S5). Mp=98.5°C (100.5°C). Anal. caled for
CpHoCl N»,S: C, 57.95; H, 3.65; N, 11.26. Found C,
57.32; H, 3.26; N, 10.24.

4.2.5. 4-NO,-tpl. Silica gel as stationary phase, petro-
leum ether and benzene as mobile phase. 32%, yellowish
orange, FTIR (KBr) cm~': 3180 (N-H), 3029 (C-H),
1520 (C=C), 1372 (C=S). Mp =178-184 °C. Anal.
caled for C,HoCIN,S: C, 57.95; H, 3.65; N, 11.26.
Found C, 57.99; H, 3.18; N, 10.34.

4.2.6. General procedure for preparing 2-phenyl azo
imidazole (pai).”® To an ice-cold solution of imidaz-
ole, sodium bicarbonate, and sodium nitrite dil.
HCl was added with stirring. The orange colored
azo product precipitated almost instantaneously. Stir-
ring was continued for 3 h after all the acid had been
added. The product was kept at 0°C overnight and
filtered off. It was recrystallized from hot aqueous
ethanol.

65%, red, FTIR (KBr) cm™': 3220 (N-H), 3005 (C-H),
1520 (C=C). Mp = 187 °C. Anal. calcd for CoHgNy: C,
62.78; H, 4.68; N, 32.54. Found C, 62.01; H, 4.11; N,
31.05.

4.3. General procedure for preparing cis-|[Ru(phen), (4-R-
tpDI(CIO.),

Where phen = 1,10-phenanthroline; R =H (Ru 1), Cl
(Ru 2), CH; (Ru 3), OCH; (Ru 4), and NO, (Ru 5);
and tpl = thiopicolinanilide.





U. K Mazumder et al. | Bioorg. Med. Chem. 13 (2005) 5766-5773 5771

To the black microcrystalline cis-bis(phen)dichlororu-
thenium(I) cis-Ru(phen),Cly/ (106 mg, 2 mmol), excess
of 4-substituted thiopicolinanilide (4-R-tpl) (2.5 mmol)
was added and refluxed in ethanol under nitrogen
atmosphere. The initial colored solution slowly chan-
ged to a brownish orange at the end of the reaction,
which was verified by TLC on silica plates. Then, the
excess of ethanol was distilled off, the saturated
aqueous solution of sodium perchlorate was added to
the mixture, and the resultant solution was cooled at
0°C overnight. A microcrystalline precipitate was
obtained. The crystals were filtered and the solid was
washed with very little amount of water and dried over
CaCl, in vacuum (yield 45-50%). Finally, they were
purified on column chromatography by using neutral
alumina as stationary phase and dichloromethane—
isopropanol as eluent.

4.3.1. Ru 1. 48%, black crystals, FTIR (KBr) cm™': 3215
(N-H), 3058 (C-H), 1533 (C=C), 1429 (C=YS). Zmax
nm (methanol): 245, 260, 355, and 490. Anal. calcd for
RUC36H26N6C1208SI C, 4943, H, 297, N, 9.61. Found
C, 49.12; H, 2.15; N, 9.99.

FAB-MS m/z: 775 [Ru(phen)z(tpl)]22+(CIO4)_; 675
[Ru(phen),(tpD)]**; 495 [Ru(phen)(tp)]**.

4.3.2. Ru 2. 45%, Black crystals, FTIR (KBr) cm™': 3190
(N-H), 3058 (C-H), 1523 (C=0C), 1426 (C=YS). Zmax
nm (methanol) : 240, 265, 340, and 485. Anal. calced
for RUC36H25N608C13S: C, 4752, H, 275, N, 9.24.
Found C, 47.45; H, 2.66; N, 9.41.

"H NMR (DMSO-dy): & 9.85 (1H, d, J = 4.34 Hz), 8.82
(2H, dd, J = 11.47, 8.54 Hz), 8.70 (1H, d, J = 8.14 Hz),
8.50 (1H, d, J = 8.09 Hz), 8.40-8.32 (5H, m), 8.25 (1H,
d, J=8.91 Hz), 8.21 (1H, dd, J=8.17, 5.31 Hz), 8.06
(1H, dd, J=8.17, 5.60 Hz), 8.00 (1H, d, J=5.11 Hz),
789 (1H, t, J=14.23 Hz), 7.76 (1H, d, J=4.49 Hz),
772 (IH, dd, J=8.12, 523Hz), 7.51 (I1H, t,
J=11.55Hz), 747 (1H, d, J=5.35Hz), 7.31 (2H, d,
J=8.62Hz), 7.22 (1H, t, J=11.67 Hz), and 7.13 (2H,
d, J = 8.61 Hz).

13C NMR (DMSO-dq): § 177.3 (s), 162.5 (s), 154.3 (s),
151.8 (s), 151.6 (s), 151.5 (s), 151.3 (s), 150.9 (s), 148.2
(s), 147.7 (s), 147.4 (s), 147.1 (s), 136.4 (s), 136.1 (s),
135.7 (s), 135.0 (s), 134.9 (s), 130.4 (s), 130.2 (s), 129.7
(s), 128.4 (s), 128.1 (s), 127.8 (d), 127.6 (s), 127.0 (s),
126.8 (s), 126.3 (s), 126.0 (s), 125.8 (s), 125.2 (s), 123.8
(s), and 123.0 (s).

FAB-MS m/z: 809 [Ru(phen),(Cl- tp)]**(ClO4)~; 709
[Ru(phen),(Cl-tp])]**; 529[Ru(phen)(Cl-tpl)]**.

4.3.3. Ru 3. 45%, black crystals, FTIR (KBr) cm™': 3215
(N-H), 3052 (C-H), 1539 (C=0C), 1435 (C=Y). Zmax
nm (methanol): 245, 270, 360, and 485. Anal. calcd for
RuCs,H,5NgOoCl,S: C, 50.00; H, 3.15; N, 9.46. Found
C, 49.05; H, 2.89; N, 9.35.

FAB-MS m/z: 789 [Ru(phen)>(Me-tp])]**(ClO,)"; 689
[Ru(phen),(Me-tp])]**; 509 [Ru(phen)(Me-tpl)]**.

4.3.4. Ru 4. 48%, black crystals, FTIR (KBr) cm™': 3210
(N-H), 3041 (C-H), 1532 (C=C), 1438 (C=1YS). Zmax
nm (methanol): 246, 268, 365, and 490. Anal. calcd for
RUC37H28N609CIZS: C, 4912, H, 310, N, 9.29. Found
C, 49.24; H, 2.89; N, 9.35.

FAB-MS m/z: 805 [Ru(phen),(MeO-tpl)]**(ClO,)~; 705
[Ru(phen),(MeO-tp])]**; 525 [Ru(phen)(MeO-tpl)]**.

4.3.5. Ru 5. 40%, black crystals, FTIR (KBr) cm™': 3195
(N-H), 3025 (C=H), 1525 (C=0C), 1425 (C=Y). Zmax
nm (methanol): 255, 275, 380, and 498. Anal. calcd for
RUC37H25N70]0C1251 C, 4700, H, 272, N, 10.66.
Found C, 46.29; H, 2.22; N, 11.01.

FAB-MS mi/z: 811 [Ru(phen),(NO,-tp])]**(ClO4)~; 711
[Ru(phen)»(NO»-tp])**; 531 [Ru(phen)(NO,-tpl)] >*.

4.3.6. General procedure for preparing cis-|[Ru(bpy),
(pa)]Cl; Ru 6. Where bpy=2,2-bipyridine,
pai = 2-phenyl azo imidazole.

The complex was prepared in a similar manner to Ru 1
with microcrystalline cis-bis(bpy)dichlororuthenium(II)
{cis-Ru(bpy),Cl,} and ligand (pai). Finally, they were
purified on column chromatography by using silica gel
as stationary phase and chloroform-methanol as eluent.

41%, black crystals, FTIR (KBr) cm™': 3205 (N-H), 1520
(C=C). Anal. calcd for RuC,oH,4NgCl,: C, 53.05; H,
3.66; N, 17.07. Found C, 52.29; H, 3.17; N, 17.29.

'H NMR (DMSO-ds) & ppm: 8.78-8.75 (2H, m), 8.57
(1H, d, J=8.07Hz), 8.50 (1H, d, J=28.03 Hz), 8.29
(1H, d, J=527Hz), 8.07-7.99 (3H, tt, J = 15.25 Hz,
15.38 Hz), 7.91-7.88 (1H, t, J=15.31 Hz), 7.72 (1H,
br, NH), 7.70 (IH, d, J=526Hz), 7.60 (1H, d,
J=526Hz), 7.44 (1H, d, J = 5.15 Hz), 7.41-7.34 (4H,
m), 7.12 (1H, m), 7.01-6.98 (3H, m), and 6.90 (2H, d,
J =17.61 Hz).

FAB-MS m/z: 669 [Ru(phen),(pai)?"Cl,; 633 [Ru
(phen)y(pai)]**; 453 [Ru(phen)(pai)]*".

5. Evaluation of therapeutic effect in vivo

Albino Swiss mice (18-20 g body weight) were main-
tained in identical laboratory conditions and given
standard food pellets (Hindustan Lever, Bombay, In-
dia) and water ad libitum. LDs, values of the synthe-
sized complexes were obtained from the literature.**
The animals were divided into nine groups each con-
taining 12 mice. Group I acted as a vehicle control
(5 ml/kg bodyweight, i.p.) and group II as Ehrlich asci-
tes Carcinoma control (EAC; 2 x 10° EAC cells/mouse,
1.p.). Group III was treated with the standard drug cis-
platin (2 mg/kg body weight). All the complexes were
administered (i.p.) at a dose of 2 mg/kg body weight
in groups IV-IX. All the complexes (Rul-Ru6) and
cisplatin were administered daily for nine days starting
24 h after tumor transplantation. Six animals from
each group were sacrificed 24 h after the last dose
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and 18 h after fasting. The ascitic fluid volume, and
ascitic cell counts were noted. Mean survival time
(MST) for the remaining six mice of each group was
noted.

5.1. Tumour volume and viable count

The volume of ascites was noted by taking it in a grad-
uated centrifuge tube and the packed cell volume was
determined by centrifuging at 1000g for 5 min, Viablity
of the ascitic cells were checked by trypan blue (0.4% in
normal saline) dye exclusion test and the count was
taken in Neubauer counting chamber. The effect of the
ruthenium compounds on tumor growth was monitored
by recording the mortality daily, and the percentage in-
crease in life span (%ILS) was calculated by the follow-
ing formula:

ILS(%) = [(Mean survival of treated group)
/(Mean survival of control group) — 1] x 100.

5.2. Evaluation of antibacterial activity*

A stock solution (2000 pg/ml) of ruthenium complexes
was made in sterile water containing 5% DMF under
aseptic conditions and further dilutions were made
with the same solvent in a similar manner. All the
dilutions and stock solutions were sterilized by mem-
brane filtration. Solid agar and liquid broth culture
media No. 1 were used for all the test organisms,
and the pH was adjusted to 7.2. Antimicrobial activity
of the ruthenium complexes against different strains of
bacteria was determined by cup—plate method, and the
activity was expressed in terms of diameters of zone of
inhibition. Innoculum was prepared by washing a
fresh 5 ml medium slant of test organisms with 5 ml
sterile water and further diluting the 1 ml washing to
10 ml. This suspension (0.15 ml) was added to 15 ml
of melted medium at 45-50 °C and plates were pre-
pared. A different drug concentration was applied in
the 6 mm diameter holes created in the agar plate with
a sterile borer. The plates were incubated at 35 °C for
24 h. The results were compared with that of standard
chloramphenicol.
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Abstract—The C5”-OH group in neomycin B was glycosylated with a variety of mono- and di-saccharides to probe the effect of
introduction of additional binding elements on antibacterial activity and interaction with the aminoglycosides modifying enzyme
APH(3')-IIIa. The designed structures show antibacterial activity superior to that of neomycin B against pathogenic and resistant
strains, while in parallel they demonstrate poor substrate activity with APH(3')-I11a.
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1. Introduction

The rapid spread of antibiotic resistance in pathogenic
bacteria has prompted a continuing search for new
agents capable of antibacterial activity. Indeed, microbi-
ologists today warn of a ‘medical disaster’ which could
lead back to the era before penicillin, when even seem-
ingly small infections were potentially lethal. Thus, re-
search into the design of new antibiotics is of high
priority.!> One way to delay the emergence of antibiotic
resistance is to develop new synthetic materials that can
selectively inhibit bacterial enzymes, via novel mecha-
nisms of action. Such synthetic antibiotics are advanta-
geous, since they have not been previously encountered
by the target organism and therefore the resistance
determinants are unlikely to be present in the popula-
tion. However, this approach might be both time-con-
suming and too expensive. On the other hand, it may
be less costly in time and money to employ strategies
to circumvent existing bacterial resistance mechanisms
and thereby to restore usefulness to antibacterials that
have become compromised by resistance.* The remark-
able advances in recent years in elucidating the mecha-
nisms of resistance to various clinical antibiotics on

Keywords:  Aminoglycosides; Antibiotics; Antibiotic resistance;

Pseudomonas aeruginosa.
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the molecular level provide complementary tools to this
approach via structure- and mechanism-based design.

One example of an important group of antibiotics which
could benefit from such a redesign is the aminoglyco-
sides class of antibiotics. Aminoglycosides are highly po-
tent, broad-spectrum antibiotics with many desirable
properties for the treatment of life-threatening infec-
tions.>® It is believed that aminoglycosides exert their
therapeutic effect by interfering with translational fideli-
ty during protein synthesis via interaction with the A-
site TRNA on the 16S domain of the ribosome.”-® Recent
achievements in ribosome structure determination have
provided fascinating new insights into the decoding site
of the ribosome at high resolution and how aminoglyco-
sides might induce misreading of the genetic code.”!!

Unfortunately, prolonged clinical and veterinary use of
currently available aminoglycosides has resulted in effec-
tive selection of resistance to this family of antibacterial
agents.'? Currently, resistance to these agents is wide-
spread among pathogens worldwide, which severely lim-
its their usefulness. The primary mechanism for
resistance to aminoglycosides is the bacterial acquisition
of enzymes, which modify this family of antibiotics by
acetyltransferase (AAC), adenyltransferase (ANT), and
phosphotransferase (APH) activities. Among these en-
zymes families, aminoglycoside 3’-phosphotransferases
[APH(3")s], of which seven isozymes are known, are
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widely represented. These enzymes catalyze transfer of
v-phosphoryl group of ATP to the 3’-hydroxyl of many
aminoglycosides, rendering them inactive because the
resulted phosphorylated antibiotics no longer bind to
the bacterial ribosome with high affinity. Due to the
unusually broad spectrum of aminoglycosides that can
be detoxified by APH(3’) enzymes, much effort has been
put into understanding the structural basis for their pro-
miscuity in substrate recognition and catalysis.'?

To tackle the problem of resistance, many structural
analogs of natural aminoglycosides have been synthe-
sized over the past decade. In the majority of these stud-
ies a minimal structural motif, the neamine moiety (rings
I and II of neomycin B, Fig. 1), which is common for a
series of structurally related aminoglycosides, has been
identified and used as a scaffold for the construction of
diverse analogs as potential new antibiotics.'* Some of
the designed structures showed considerable antibacteri-
al activities.

Unlike this strategy, we have recently hypothesized that
since aminoglycoside antibiotics exert their antibacterial
activity by selectively recognizing and binding to rRNA,
it is likely that by maintaining the backbone of selected
antibiotic but adding additional recognition/binding ele-
ments, improved binding to rRNA and probably better
antibacterial performance are expected to result. Using
this strategy, in combination with the reported structur-
al details on the interaction of neomycin B (NeoB) with
APH(3’) enzyme and with the A-site bacterial ribosome,
we have previously reported our preliminary results on
the synthesis and antibacterial activity of the first gener-
ation of pseudo-pentasaccharide derivatives of NeoB
(structures 4, 5, 7, and 8).!> Encouraged by the observed
antibacterial activity of these structures, which were
superior to that of NeoB against selected bacterial

OH
Neo B:R=OH 1:R= _OH 22R= _OH 3:R= _OH
0 0 HO 0
Hﬁ’o’gg/o HaN s o HzNﬁﬁzO
oH oH oH
4R= _OH 5:R= _NH, 6:R= _NH, T7:R= _OH
HO’éO HoN 0 HO O o)
HO o zHoéﬁfo Hoéﬂfo HoN o
NH, OH NH, NH,OH

8 R= 9 R= 10: R= 11: R= HO o
HO 0 HaN @ HOq oS o)
;—3 ;—; ;—4 OH NH,
HO OH HO OH HO OH

OH
Figure 1. Structures of neomycin B (NeoB) and the synthetic analogs
1-11.

strains, we designed seven more derivatives (structures
1-3, 6, 9-11, Fig. 1). Recently, these compounds were
shown to be potential anti-anthrax drugs, having a dual
effect by inhibiting the anthrax lethal factor toxin and at
the same time also displaying anti Bacillus anthracis
activity.!® In the current study, the antibacterial activi-
ties of all new structures against various pathogenic
and resistant bacterial strains, along with kinetic studies
of 1-11 with the aminoglycoside-modifying enzyme
APH(3’)-111a, are reported.

2. Results and discussion
2.1. Design strategy of branched aminoglycosides

The X-ray structures of the aminoglycoside kinase
APH(3")-11la ternary complex with NeoB and ADP,!?
and that of paromomycin I (contains C6’-OH instead
of C6'-NH, in NeoB) bound to A-site bacterial ribo-
some’ were employed for our design. Superposition of
these two structures revealed that all the functional
groups of aminoglycosides that are utilized for rRNA
binding are identical in both complexes, with the excep-
tion of two, which are not employed for binding in the
antibiotic-resistant enzyme.'> One of these groups is
the C5”-OH of NeoB which is phased toward the second
substrate, ATP, and may have crucial role for the for-
mation of the reactive ternary complex prior the phos-
phorylation step. Previous studies suggested that in the
presence of APH(3')-I1I1a, NeoB undergoes phosphory-
lation on two distinct positions: the C3’-OH and the
C5"-OH. Further more, it has been reported that 77%
of the initial phosphorylation takes place on the C5"-
OH position.!” Based on these data, we anticipated that
incorporation of gross changes, such as addition of an
extra rigid sugar ring at C5”-OH, in addition to dis-
abling the APH(3’)-1Ila from phosphorylating the ini-
tially preferred C5”-OH may also cause a dramatic
effect on the formation of a precise ternary complex re-
quired for the phosphorylation of the C3’-OH. In addi-
tion, if the added sugar contains potential functionalities
directed for the recognition/binding to RNA, superior
binding to rRNA is expected. Indeed, enhanced
RNA binding by using dimerized aminoglycosides and
various bifunctional aminoglycosides supported this
hypothesis.!$1?

Taken together with the relative ease of derivation of a
primary alcohol, we selected position C5” in NeoB as
a modification site and prepared a series of branched
derivatives 1-11. These structures keep the whole antibi-
otic constitution intact as a recognition element to the
rRNA, while the extended sugar ring(s) (ring V in struc-
tures 1-10, and rings V and VI in 11) of each structure
was designed in a manner that incorporates either cis-
1,2-diamine (7), flexible 1,3-diamine (5), «cis-1,3-
hydroxyamine (2, 4-6), or ribofuranose ring (8-10) as
potential functionalities directed for the recognition of
the phosphodiester bond of RNA.2>22 The design of
the new structures 1-3, 6, 9-11 was based on the results
obtained from the first generation structures 4, 5, 7, 8.1
Thus, since 8 was found to be as potent as NeoB against
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both Gram-negative and Gram-positive bacterial
strains, we further modified it and prepared structures
9 and 10, with the expectation that the addition of extra
positive charge in 9 may increase binding affinity to
RNA,?3 and the replacement of the glycosidic bond be-
tween rings III and V to the thioglycoside in 10 could in-
crease its acid stability and/or in vivo stability against
the action of various glycosidase enzymes. With the
structures 1-3 and 6, we aimed to get more insight about
the structure—activity relationship on the additional glu-
copyranose ring (ring V).

2.2. Antibacterial activity

Antibacterial activities of the new analogs were deter-
mined by measuring the minimal inhibitory concentra-
tions (MICs) against both Gram-negative and Gram-
positive bacteria, including pathogenic and resistant
strains, using the microdilution assay (Table 1). Resis-
tant strains included Escherichia coli XL1(pET9d),
Salmonella enterica serotype virchow (SV49), and Pseu-
domonas aeruginosa (ATCC 27853). E. coli XL1(pET9d)
is an antibiotic-sensitive laboratory strain that harbors
plasmid pET9d with the cloned aminoglycoside kinase
APH(3’)-Ia (Novagen Inc.). S. virchow (SV49) is a
multidrug-resistant strain obtained from poultry and
found to be resistant to streptomycin, tetracycline,
ampicillin, sulfa, kanamycin, and NeoB (S. Yaron,
unpublished data). The mechanism(s) of resistance of
this strain is still under investigation. P. aeruginosa
strains possess several different resistance mechanisms
to aminoglycosides, including the chromosomal encoded
APH(3')-1Ib enzyme,?* and the multidrug efflux system
MexXY. 2327

As described previously, compound 8, the derivative in
which plain ribose was added to the C5”-OH of NeoB,
displayed antibacterial activities similar to those of NeoB
and kanamycin A (KanA) against most of the bacterial
strains tested, and showed somewhat better activity
against the pathogenic multiresistant S. wvirchow.'

Surprisingly, when the glycosidic bond between the
new ribose (ring V) and ring III of NeoB was replaced
by thio-glycosidic bond in 10, the antibacterial activity
against most strains was significantly hampered. Similar-
ly, replacement of the primary hydroxyl of ring V with
amine in 9, also resulted in reduced antibacterial effect,
against most bacterial strains, with the exception of P.
aeruginosa, as described below.

P. aeruginosa is a pathogenic bacterium which is a major
cause of mortality among cystic fibrosis patients.?%?°
One of the efficient treatments offered in cases of
P. aeruginosa respiratory system infections is based
upon aerosol inhalation therapy of aminoglycosides.3%3!
Unfortunately, in recent years, increasing numbers of
P. aeruginosa clinical isolates were found to be resistant
to several antibiotics, preventing effective treatment. As
seen in Table 1, the growth of P. aeruginosa (ATCC
27853) was inhibited by several of the new derivatives.
Compounds 2, 4, 8, 9, and 11 showed similar MIC val-
ues to that of NeoB, while compounds 5 and 6 where
better than NeoB, as further demonstrated by the larger
inhibition radius caused by these derivatives (Fig. 2).
The observed better activity could be a result of better
influx, improved binding of these compounds to the bac-
terial rRNA, reduced susceptibility to aminoglycoside-
modifying enzymes, reduced extraction by the efflux
pumps, or a combination of several of these
mechanisms.

Careful inspection of the MIC values against P. aerugin-
osa presented in Table 1 reveals an interesting structure—
activity relationship. The antibacterial activity of the
glucopyranose based analogues (having a glucose substi-
tuent at ring V, compounds 1-6) increases gradually
with the increasing number of amino groups on the ring:
(2NH;)glucose (85, 6) > (INH,)glucose (2, 3, 4) > glucose
(1). In this series of compounds, no particular influence
on the position of the amino group(s) on the glucose
ring is observed. In the ribose-based derivatives 8 and
9, the addition of an amine has also improved the

Table 1. Minimal inhibitory concentration (MIC) values of KanA, NeoB and 1-11 against various bacterial strains

Compound MIC (pg/mL)*
E. coli E. coli E. coli XL1 Staphylococcus epidermidis  Bacillus subtilis  Salmonella Pseudomonas aeruginosa
(R47-100) (ATCC 25922) blue/pET9d (ATCC 12228) (ATCC 6633)  virchow (SV49) (ATCC 27853)

KanA NDP ND 256 ND ND 512 512

NeoB 8 10 64 0.5 1 256 64

1 128 128 >512 5 10 >512 >512

2 64 64 320 8 8 >1024 40

3 80 80 >640 2 2 1024 128

4 40 32 >256 2 2 >1024 40

5 64 64 >256 2 4 >1024 32

6 80 64 256 8 8 >1024 32

7 80 128 >256 8 10 >1024 128

8 8 10 64 0.5 1 128 64

9 64 64 320 8 8 >1024 40

10 128 160 >640 16 10 >512 512

11 256 160 512 5 10 >1028 64

#The MIC values represent the results obtained in parallel experiments with two different starting concentrations of the tested compound (640 and
1024 pg/mL).
®ND refers not determined. MIC values of the designed structures, which are similar or lower to that of NeoB are in bold.
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Figure 2. Kirby-Bauer disk assay illustrating P. aeruginosa (ATCC
27853) growth inhibition by NeoB and the derivatives 5, 6, and 9.
Paper disks containing known amounts of antibiotic (60 and 100 pg/
disk) are placed on plates inoculated with bacterial culture, and the
diameters of the zones of inhibition, apparent as clear regions around
the disks, are measured after overnight growth.

activity against P. aeruginosa. However, the presence of
a diamino sugar itself is not enough for good anti-
P. aeruginosa activity, as seen from the high MIC value
of the diamino-p-allose derivative 7. This analog differs
from the gluco-based derivatives in the configuration at
the C3 position, suggesting that the unusual cis-1,2-di-
amine substitution at ring V of this analog damages
the antibacterial activity.

The observation that the new derivatives affect different-
ly the various bacteria tested could be explained mainly
by the diverse resistance mechanisms displayed by these
strains, and/or by their different permeability to the
compounds. To determine whether the new modifica-
tions in compounds 1-11 indeed resulted in decreased
phosphorylation by an APH(3’) resistance enzyme, we
used two complementary approaches. We tested the
ability of compounds 1-11 to serve substrates of purified
APH(3’)-IIla (described below), and determined the
MIC values of selected compounds against two isogenic
E. coli strains (Table 2). E. coli BL21(DE3) is a non-re-
sistant strain, and its transformation with the pET-
SACGI1 plasmid (which contains the APH(3')-Illa
gene) makes it resistant to NeoB and KanA.?? Since
the aminoglycoside resistance of the latter is mediated
only by the presence of the cloned APH(3')-Illa, com-
parison of the MIC values against these two strains
eliminates other effects that could reduce the activity
of the different molecules, like solubility or penetration.
Consequently, low ratio between the MIC values of the
resistant and non-resistant strains should suggest that
the compound is a poorer substrate for the resistance
enzyme.

As seen from the data in Table 2, when the APH(3)-111a
enzyme is expressed in the cell, the MIC values for
KanA and NeoB are raised by 51- and 16-fold, respec-
tively. Interestingly, all of the new compounds tested
were less effective against the non-resistant strain com-

Table 2. MIC values of KanA, NeoB, and several of the new
derivatives against E. coli BL21(DE3) (background strain) and its
engineered variant BL21(DE3)/pETSACG] expressing APH(3')-111a

Compound MIC (pg/mL)*
BL21(DE3) BL21(DE3)/pETSACGI  Ratio®

KanA 10 512 51
NeoB 10 160 16

1 64 640 10

2 80 512 6.4

5 80 512 6.4

6 40 256 6.4

8 32 320 10

9 64 512 8

#The MIC values represent the results obtained in parallel experiments
with two different starting concentrations of the tested compound
(640 and 1024 pg/mL).

®The ratio was calculated by dividing the MIC value against
BL21(DE3)/pETSACGTI to that against BL21(DE3).

pared to KanA and NeoB, with MIC values in the range
of 30-80 pg/mL, suggesting reduced binding of these
derivatives to the bacterial ribosome, or alternatively,
their lower penetration through the bacterial membrane.
Against the resistance-carrying strain, however, most of
the compounds displayed similar or better antibacterial
activities to that of KanA, and lower activity than that
of NeoB. As such, the ratios between the MIC values
of the resistant and non-resistant strains for all new
derivatives tested, were lower than that of NeoB, indi-
cating that the new compounds are poorer substrates
of APH(3')-IIla than NeoB. To substantiate this obser-
vation, the detailed kinetic analysis of the purified
APH(3’)-II1a with new derivatives was carried out.

2.3. Kinetic analysis

The catalytic activity of APH(3’)-IIla with compounds
1-11 was studied using the pyruvate kinase-lactate
dehydrogenase coupled assay system (Table 3). The
kinetic constants measured for KanA and NeoB were
similar to previously reported values.? The observed
data indicate that all new derivatives are poorer sub-
strates of APH(3’)-I1la than NeoB. The K, values of
all of the designed compounds were 2- to 5-fold higher
than those of NeoB and KanA, with the exception of

Table 3. Kinetic parameters for the phosphorylation of KanA, NeoB,
and 1-11 by APH(3')-I11a

Compound  Kp (M) kea 67D (kead Kn)/10* M~ 1s71)
KanA 11.6+04 16+01 14
NeoB 88+0.5 25%01 28

1 31%23  26%0.1 8.3
2 45+33  24+0.1 5.1
3 35440 34%0.1 9.7
4 3129 40%01 12
5 39+44  1.0£0.1 2.5
6 50+3.0 34%0.1 6.7
7 24+19 29+01 12
8 29425  1.6%0.1 54
9 51460 1.5+0.1 3.0
10 1274209 16%01 13
11 46+42 31202 6.7
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compound 10 which had K, only slightly higher than
that of NeoB. For all of the tested compounds, the k.,
values varied between 1 and 4 s, similar to those of
NeoB and KanA. As a result, the specificity constant
values (kea/Ky,) of 1-11 were lower than that of NeoB.
Compounds 5 and 9 displayed the lowest specificity con-
stants, of about 10-fold lower than that of NeoB, imply-
ing that these derivatives are the least phosphorylated by
APH(3’)-ITIa. Interestingly, 5 and 9 displayed particu-
larly good activity against P. aeruginosa, which harbors
a chromosomal APH(3’)-1Ib-encoding gene (Table 1).
Thus, although to date no detailed kinetic and biochem-
ical studies of the APH(3')-IIb are available, these
observations suggest that the two resistant enzymes
APH(3’)-Illa and APH(3')-IIb may share similar sub-
strate preferences.

The combined kinetic (Table 3) and antibacterial activ-
ity (Table 2) data demonstrate that the new derivatives
are indeed poorer substrates than the parent NeoB for
the resistance determinant APH(3’) enzyme, while in
parallel they keep significant antibacterial activities.
However, according to the kinetic analysis of 1-11 de-
scribed above, these compounds are still being phos-
phorylated by APH(3')-IIla in spite of the blockage
introduced at the C5”-OH position. To estimate possible
positions in derivatives 1-11 that might be phosphory-
lated by APH(3’)-111a, molecular docking experiments
were performed, and representative results for com-
pounds 2 and 8 are discussed.

2.4. Molecular docking

Several three-dimensional crystal structures of APH(3')-
II1a were previously determined: of an apo-protein, of
complexes with ADP or 5’-adenylylimidodiphosphate
(AMP-PNP) which is a non-hydrolyzable ATP analog,
and of two ternary complexes with ADP and either
KanA, or NeoB.!'3333% For the docking experiments,
we used the protein scaffold from the APH(3')-
Illa - ADP - KanA complex, into which the structure

Neo@
Met26 S

/

N Glu24

Glu157
u\_g }

of ATP was modeled based on the structures of the
ADP and AMP-PNP (see Section 4 for details).

Flexible docking of 2 and 8 into the APH(3’)-11la - ATP
modeled structure was performed. For each of the mol-
ecules, 20 poses with the highest docking scores were
examined, and their likelihood to represent a possible
productive catalytic conformation was evaluated using
the distances of hydroxyl groups to the ATP y-phos-
phoryl and to the general base residue Asp190. In most
poses with the highest scores, rings I-11I were found in
similar positions to the corresponding rings in the crys-
tal structure of NeoB, such that the C3’-OH is closest to
the ATP y-phosphoryl and to Asp190 (two such exam-
ples are shown in Fig. 3). In both 2 and 8 models, ring
IV is located deeper in the active site pocket compared
to its location in the NeoB structure, facilitating the
binding of the new ring (ring V). Thus, these results
show that the introduction of the additional rings at
the C5” position have not perturbed the binding of the
neamine parts of these molecules into the APH(3')-111a
active site, and therefore the new derivatives can still
be phosphorylated at the C3’-OH position.

Almost no poses in which other hydroxyls, except C3'-
OH, of either 2 or 8 are located in an appropriate posi-
tion for phosphorylation were obtained. It should be
noted, however, that this result does not suggest that
such conformations are not possible. Indeed, when flex-
ible docking experiments of the NeoB molecule into the
APH(3')-111a - ATP modeled structure were performed
(data not shown), no poses in which the C5”"-OH was
in an appropriate position for phosphorylation were ob-
tained. It appears therefore that the specific active site
structure in which the APH(3’)-Illa is trapped in this
crystal structure prompts the binding of NeoB in the ori-
entation that allows the C3’-OH phosphorylation and
not the C5”-OH phosphorylation. It seems that for a
C5"-OH phosphorylation, both the enzyme and the
NeoB molecules would need to adopt different confor-
mations than those of the C3’-OH phosphorylation.
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Figure 3. Docking of compounds 2 and 8 into the active site of APH(3’)-11Ia. (A) The overall APH(3’)-Il1a structure in complex with ATP, two
Mg?* ions, and the NeoB molecule. The original structure contained an ADP molecule (PDB accession number 1L8U), was converted to ATP based
on the structure of the enzyme in complex with AMP-PNP (PDB accession number 1J7U), as described in Section 4. This structure (without the
NeoB molecule) was used as a template for the docking experiments. Oxygens are in red, nitrogens are in blue, phosphates are in pink, Mg>" ions are
in purple, carbon atoms of the protein residues are in brown, and carbon atoms of ATP and NeoB are in gray. (B) The docked conformation of 2 into
the active site with the carbon atoms in cyan. The original crystal structure position of NeoB is also shown (gray lines). Potential hydrogen bonds
between 2 and the protein are shown as dotted lines. (C) The docked conformation of 8 inside the active site with the carbon atoms in green. The
original crystal structure position of NeoB is also shown (gray lines). Potential hydrogen bonds between 8 and the protein are shown as dotted lines.
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Since the docking experiments of the new derivatives
was done on the crystal structure in which NeoB is
C3’-OH phosphorylated, it is not surprising that the
resulting poses are also those in which only the C3'-
OH of these compounds is phosphorylated.

Nevertheless, while the docking experiments predicted
the possibility of phosphorylation at C3’-OH, the ques-
tion of whether the C3’-OH is the only position at which
the new derivatives are phosphorylated or they have
multiple phosphorylation sites, remains an open ques-
tion. In attempts to answer this question and also to ver-
ify the molecular docking data, substrate activities of
new derivatives were subjected to >'P NMR assay.

2.5. Monitoring of APH(3')-IlIa activity by *'P NMR

Using HPLC, it was previously shown that in NeoB
there are two possible positions that are phosphorylated
by APH(3’)-111a, the C5”-OH and the C3’-OH. In 77%
of the molecules, the first phosphoryl-transfer occurs
on the C5”-OH position, and these C5”-O-phosphory-
lated molecules can be further phosphorylated on the
C3’-OH."7 To test the feasibility of the *'P NMR assay
for monitoring APH(3’)-111a-catalyzed reactions, initial-
ly the experlments were performed on the NeoB as a
standard. The "H-coupled (Fig. 4A) and 'H-decoupled
(Fig. 4B) *'"P NMR spectra of NeoB after 6 h incubation
with the APH(3’)-ITla show three distinct peaks in the
region of 1.5-2.4 ppm. The two doublets centered at
2.11 and 1.96 ppm were assigned as secondary 3’-phos-
phates of diphosphorylated and monophosphorylated
NeoB, respectively. The peak at 1.66 ppm with the mul-
tiplicity of triplet, and the same integrated area as the
peak at 2.11 ppm, corresponds to the 5”-phosphate of
the diphosphorylated NeoB. The time course of this
reaction (data not shown) clearly showed that as the
reaction starts two monophosphorylated derivatives of
NeoB, 3’-phosphate and 5”-phosphate are initially

A 3P (m)
3P @)
5"_P (d)

T — | — T T "
2.5 2.0 1.5 1.0 ppny

Figure 4. 1H-coupled (A) and 1H-decoupled (B) 3'P NMR spectra of
NeoB (44 mM) recorded after a 6 h incubation at 37 °C in the presence
of Tris—HCI buffer (50 mM), pD 7.1, KCIl (40 mM), MgCl, (10 mM),
ATP (132 mM) and APH(3’)-I11a (150 pL, 0.72 U/mL stock solution)
in a total volume of 0.65 mL D,O. 3’-P (d) and 5”-P (d) refer to the 3'-
phosphate and 5”-phosphate, respectively, in the 3’,5”-diphospho-
NeoB. 3’-P (m) refers to the 3’-phosphate of 3’-phospho-NeoB.

formed. As the reaction progresses, second phosphory-
lation of the 5”-phosphate is much faster than that of
the 3’-phosphate to generate the 3’,5”-diphosphate.
Thus, after 6 h two main derivatives of Neo B, 3’-phos-
phate and 3’,5”-diphosphate, were detected in accor-
dance with previous reports.!”

The same experiment with compound 2 clearly showed
that in this derivative, similarly to NeoB, there are at
least two distinct positions that undergo enzyme-cata-
lyzed phosphorylation (Fig. 5). As the phosphorylation
of 2 progresses, the peaks of ATP phosphates are grad-
ually decrease with the subsequent increase of ADP
phosphates. The two peaks centered at 1.91 and
1.74 ppm, corresponding to phosphates of the phos-
phorylated 2, appear 51multaneously and grow at the
same rate. 'H- coupled *'P NMR spectrum of this area
after 360 min incubation (Fig. 5, inset A) shows a dou-
blet (1.91 ppm) and triplet (1.74 ppm) indicative of
phosphates on secondary and primary hydroxyl, respec-
tively. Since the only primary hydroxyl in this molecule

A OH
HN O, NeoB
B
T T T T
2.5 2.0 1.5 1.0

Dg
P, T l[ J‘LT
1_ ' : JL

360 min

B

T T T T T
0 -5 -10 -15 -20 ppm

Figure 5. A time course of 'H-decoupled *'P NMR spectra showing
the phosphorylation of 2 (44 mM) at 37 °C in the presence of Tris—HCl
buffer (50 mM), pD 7.1, KCl (40 mM), MgCl, (10 mM), ATP
(132 mM), APH(3')-111a (150 puL, 0.72 U/mL stock solution) in a total
volume of 0.65mL D,O. T,, Tg, and T, refer to the o-, B-, and y-
phosphates of ATP, respectively. D,, and Dg refer to the a-, and B-
phosphates of ADP, respectively. P; refers to inorganic phosphate. The
inset shows enlarged regions of the '"H-coupled (A) and the 'H-
decoupled (B) *'P NMR spectra of the phosphorylated 2 after 360 min.
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is located on the ring V (C6-OH), it appears that the en-
zyme is capable of phosphorylating the newly intro-
duced sugar as well. The second phosphorylation, on a
secondary hydroxyl, is probably on the C3’-OH, similar-
ly to the NeoB.

Interestingly, when the same reaction was performed
with compound 8, in addition to the phosphorylation
of a secondary hydroxyl, a peak indicative of the phos-
phorylation of a primary hydroxyl, most probably the
primary hydroxyl of the additional ribose ring (ring
V), was also observed (data not shown). However, sim-
ilar experiments with other derivatives that lack primary
hydroxyl also showed multiple phosphorylations, imply-
ing that in this set of new derivatives the primary
hydroxyl of ring V is not the only site that undergoes
additional phosphorylation. This can be clearly seen
from the time-course experiment of compound 6, which
is shown in Figure 6 as the representative example. The
two peaks centered at 1.55 and 1.75 ppm appear and
grow at the same rate, while the third peak at
2.05 ppm evolves only after about 60 min of incubation

f \ Dy D
360 min I P; Ty I. l“Tm TBJ

SO I |
“,] L
%l nﬂ lll J\:T L

|

?.JLL

S W

T
0 - -10 -15 -20 ppm

Figure 6. A time-course of 'H-decoupled *'P NMR spectra showing
the phosphorylation of 6 (44 mM) by APH(3')-Illa. The reaction
conditions were exactly the same as outlined in the legend of Figure 5.
The inset shows enlarged region of the phosphorylated 6 and of the P;

after 360 min.

and after 360 min it reaches the same intensity as the
previous two.

Thus, although at this stage we did not attempt to give
the exact assignment of each single peak in *'P NMR
spectra, from the current data it is clear that the block-
age of C5”-OH in 1-11 has not prevented the binding of
new derivatives into the enzyme active site, nor does it
eliminate the ability of APH(3')-II1a to perform multiple
phosphorylations. This suggests that several different
conformations of the designed structures can bind pro-
ductively into the APH(3’)-IIla active site and lead to
the enzyme-catalyzed phosphoryl transfer process. Some
of these conformations might be unproductive for the
phosphoryl transfer, but they can facilitate side reac-
tions such as adverse ATPase activity of the enzyme. In-
deed, while the *'P NMR experiment with compound 2
(as well as the experiments with the NeoB and com-
pound 8) showed only marginal formation of inorganic
phosphate (P;, Fig. 5), the same experiment with com-
pound 6 resulted considerably high ATPase activity at
any time of the reaction progress and reached about
50% of the total enzyme activity at 60 min of incubation
(Fig. 6). Such an elevated ATPase activity of APH(3’)-
IIIa with compound 6 could also explain its somewhat
higher turnover number for 6 (k. = 3.4 s~!, Table 3)
to that for compound 2 (k¢ = 2.4 s7h.

3. Summary and conclusions

In this study, we have attempted to probe the effect of
introduction of additional binding elements in amino-
glycoside antibiotic on antibacterial activity and interac-
tion with the aminoglycosides modifying enzyme
APH(3’)-IIla. For this purpose we have generated a
new class of branched aminoglycosides (1-11) by linking
a variety of sugar substituents at the C5”-OH group of
the clinically important antibiotic NeoB, and the result-
ed structures were examined against various bacterial
strains including pathogenic and resistant strains. While
several of the designed structures exhibited activities
similar to or better than that of the parent NeoB against
selected strains, the observed excellent activities of the
majority of the derivatives against P. aeruginosa were
particularly important. In this case, a remarkable struc-
ture—activity relationship of the glucopyranose based
analogs (compounds 1-6) was observed, so that the anti-
bacterial activity increases gradually with the increasing
number of amino groups on the additional glucose ring
(ring V): (2NH,)glucose (5, 6) > (1NH,)glucose (2, 3,
4) > glucose (1). The detailed kinetic analysis with the
purified APH(3’)-Illa enzyme, along with the biological
activities tested against two isogenic E. coli strains, one
with harbored APH(3’)-111a and second the background
strain without the resistant enzyme, revealed that the
new derivatives are indeed inferior substrates for the
APH(3’)-11la compared to NeoB. Based on these data
it is suggested that the particularly good antibacterial
activities of the designed structures against P. aeruginosa
may involve their reduced substrate activities to the
APH(3')-1Ib resistance enzyme, the gene of which is
chromosomally encoded in Pseudomonas.
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4. Experimental
4.1. General techniques

'H NMR, ')C NMR, DEPT, COSY, 1D TOCSY,
HMQC, spectra were recorded on a Bruker Avance™
500 spectrometer. Chemical shifts reported (in parts
per million) are relative to internal MeySi (6 = 0.0) with
CDCl; as the solvent, and to HOD (6 = 4.63) with D,O
as the solvent. Mass spectral analysis were performed on
a Bruker Daltonix Apex 3 mass spectrometer under elec-
tron spray ionization (ESI), TSQ-70B mass spectrome-
ter (Finnigan Mat) or under MALDI-TOF on an o-
cyano-4-hydroxycinnamic acid matrix on a MALDI
Micromass spectrometer. Reactions were monitored by
TLC on Silica gel Gel 60 Fys4 (0.25 mm, Merck), and
spots were visualized by charring with a yellow solution
containing (NH4)sMo0-,0,44H,0 (120 g) and
(NHy4),Ce(NO3)g (5 g) in 10% H,SO4 (800 mL). Flash
column chromatography was performed on Silica gel
Gel 60 (70-230 mesh). All reactions were carried out un-
der an argon atmosphere with anhydrous solvents, un-
less otherwise noted. All chemicals, unless otherwise
stated, were obtained from commercial sources.

4.2. Synthetic part

The synthesis of compounds 1, 2, 4-11 was described
previously.!'>!® Compounds 123° and 15'> were prepared
as previously reported. The 3-amino-glucopyranoside
derivative of NeoB, compound 3, was prepared by
NIS-promoted coupling of the neomycin acceptor 15
with the thioglycoside donor 14 followed by a standard
two step deprotection: removal of all the ester groups by
treatment with methylamine (33% solution in EtOH)
and reduction of all the azido groups by the Saudinger
reaction, as outlined in Scheme 1. The formation of all
the intermediate (12-16) and the final (3) structures were
confirmed by a combination of various spectroscopic

o)r
12 13
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techniques, including HMQC, HMBC, 2D COSY, and
1D TOCSY NMR spectroscopy, as outlined below.

4.2.1. p-Methylphenyl-3-deoxy-3-azido-2,4,6-tri-O-ben-
zoyl-1-thio-p-glucopyranoside (14). The title compound
was prepared from the readily available 123 by the fol-
lowing steps.

To a mixture of 12 (2.45g, 8.58 mmol) in dioxane
(5 mL), 2 N solution of HCI (5 mL), was added. Propa-
gation of the reaction was monitored by TLC (MeOH
20%, dichloromethane 80%). After 1h the pH was
adjusted to ~7 by NaHCOj (satd). The reaction mixture
was filtered, the filtrate was washed with MeOH, and the
combined organic fraction was evaporated to afford the
crude product (1.76 g).

The crude from the previous step was dissolved in pyri-
dine (20 mL), and a catalytic amount of 4-DMAP and
acetic anhydride (6.5 mL, 68.75 mmol), were added.
After about 2 h the mixture was diluted with EtOAc
and neutralized with NaHCOj; (satd). The organic layer
was dried over MgSQ,, evaporated, and purified by col-
umn chromatography (silica gel, EtOAc/hexane) to yield
the corresponding tetra-acetate as a white solid (3.0 g,
94%). '"H NMR (300 MHz, CDCl;) §: 2.07-2.02 (m,
OCOMe), 3.61 (dd, J, =J, =10.2 Hz, H-3), 3.75-3.68
(m, H-5), 4.12-3.98 (m, H-6, H—6/2, 5.00-4.93 (m, H-2,
H-4), 6.24 (d, J=3.6 Hz, H-1). °C NMR (125 MHz,
CDCl,) o: 20.8, 20.9, 21.0, 21.1, 64.5, 68.0, 70.2, 73.9,
89.0, 92.2 (C-1), 168.9, 169.2, 169.4, 169.7, 171.0. ESI-
MS m/z 396.1 (M+Na", C4H oN3Oy requires 396.3).

To a mixture of the tetra-acetate from the previous step
(3.0 g, 8.04 mmol) and p-thiocresol (1.25 g, 0.01 mol) in
CH,Cl, (50 mL) boron trifluoride diethyl etherate
(3 mL, 0.023 mol) was added. The mixture was stirred
overnight and then diluted with CH,Cl, (200 mL) and
washed with saturated NaHCO; (120 mL) and water

Ns N; NH,
A 2o Ao S "3 2
—1"
TN o B0, ", Ns HON  HaN N H
N N o)
Ho—. o Xl BzoﬁO o_ oM |-|o-&O o CoXR N
5] o Orc _d _ Ng 5] o OAc _e  HoN 5 o OH
m I OBz OH
OAc N3 OAc N3 OH NH2
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Ny O N5 Oa H,N O»
OAc OAc OH

Scheme 1. General synthetic pathways for the assembly of compound 3. Reagents and conditions: (a) i—2 N HCI, dioxane, room temperature; ii—
Ac,0, pyridine, DMAP (cat.), room temperature, 94%; (b) TolSH (1.2 equiv), BF3-Et,0 (3 equiv), CH,Cl,, room temperature, 34.3%; (c) i—NaOMe
(0.5 M in MeOH) (cat.), MeOH/CH,Cl, (2:1); ii-BzCl (3.5 equiv), DMAP (cat.), pyridine, ambient temperature, 97%; (d) 14, NIS, TfOH, CH,Cl,,
—40 °C, 57%; (e) i—MeNH, (33% in EtOH), ii—PMes;, NaOH (0.1 M), THF/H,O (3:1), 81%. Bz = benzoyl, Tol = tolyl, DMAP = 4-dimethyl

aminopyridine, NIS = N-iodosuccinimide, Tf = trifluoromethanesulfonyl.
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(100 mL). The organic layer was dried over Na,SO,.
The solvent was removed, and the residue was purified
by column chromatography on silica gel (hexane/EtOAc
3:1) to give 13 (1.2'g, 34.3%) as a syrup. '"H NMR
(300 MHz, CDCl3) o: 2.02 (s, 3H, OCOMe), 2.05 (s,
3H, OCOMe), 2.12 (s, 3H, OCOMe), 2.29 (s, 3H, MeS-
Tol), 3.61-3.55 (m, 2H, H-3, H-5), 4.11-4.10 (dd, 2H, H-
6, H-6'), 4.52 (d, 1H, J=9.9 Hz, H-1), 4.85-4.78 (m,
2H, H-2, H-4), 7.06 (d, 2H, J=8.4 Hz, ortho to the
methyl of STol), 7.33 (d, 2H, J = 8.4 Hz, ortho to the
sulfur of STol). >*C NMR (125 MHz, CDCl;) §: 22.4,
22.6, 22.7, 23.0, 64.0, 67.6, 70.1, 71.8, 78.1, 88.2 (C-1),
131.5, 135.4. ESIMS m/z 460.1 (M+Na™, C;oH»3N;0,S
requires 460.5).

To a suspension of 13 (1.2 g, 2.74 mmol) in dry MeOH
(20 mL) and dry dichloromethane (10 mL), catalytic
amount of NaOMe (0.5 M solution in MeOH) was add-
ed at 0 °C. Propagation of the reaction was monitored
by TLC (MeOH 10%, dichloromethane 90%). After
2 h the reaction mixture was neutralized by Dowex H*
and evaporated to dryness. The residue was dissolved
in dry pyridine (20 mL) under argon and added with a
catalytic amount of DMAP. After being stirred at ambi-
ent temperature for 5 min, benzoyl chloride (1.1 mL,
9.45 mmol) was added to the reaction mixture. Propaga-
tion of the reaction was monitored by TLC (EtOAc
30%, hexane 70%), which indicated completion after
4 h. The reaction mixture was diluted with EtOAc and
the organic layer was washed as follows: brine, HCI
(2%), NaHCOg3 (satd), and brine. The combined organic
layer was dried over MgSQO,, evaporated, and purified
by column chromatography (silica gel, EtOAc/hexane)
to yield 14 as a white solid (1.65 g, 97%). '"H NMR
(300 MHz, CDCl3) 0: 2.23 (s, MeSTol), 4.06-3.99 (m,
2H, H-6', H-5), 4.38 (dd, 1H, J, =99 Hz, J,=5.7 Hz,
H-3), 4.63 (dd, 1H, J, =12 Hz, J, =3 Hz, H-6), 4.85
(d, 1H, J=99Hz, H-1), 518 (dd, 1H,
J1=J,=99Hz, H-2), 532 (dd, 1H, J,=J,=99 Hz,
H-4), 6.87 (d, 2H, J=7.8 Hz, ortho to the methyl of
STol), 7.33 (d, 2H, J=38.1 Hz, ortho to the sulfur of
STol), 7.58-7.41 (m, BzO), 8.10-7.99 (m, BzO). '*C
NMR (125 MHz, CDCl;) o: 20.7 (MeSTol), 62.6, 65.8,
69.0, 70.2, 86.0 (C-1), 127.9, 128.0, 128.1, 128.7, 129.2,
129.4, 129.5, 129.7, 132.7, 133.1, 133.3. ESIMS m/z
646.2 (M+Na™, C3,HoN305S requires 646.7).

4.2.2. Compound 16. To a powdered, flame dried 4 A
molecular sieves (500 mg) anhydrous acetonitrile
(3 mL), was added followed by the addition of acceptor
15 (150 mg, 0.15mmol) and donor 14 (140 mg,
0.224 mmol). After being stirred for 10 min at room
temperature, the mixture was treated with NIS (50 mg,
0.225 mmol). After additional 5 min at room tempera-
ture, the mixture was cooled to —40°C and TfOH
(cat.) was added. Propagation of the reaction was mon-
itored by TLC (EtOAc 50%, hexane 50%). The reaction
was diluted with EtOAc, and filtered through Celite.
After thorough washing of the Celite with EtOAc, the
washes were combined and extracted with 10%
Na,S,03, saturated (aq) NaHCOj;, brine, dried over
MgSO, and concentrated. The crude was purified by
flash chromatography to yield 16 (130 mg, 57%). 'H

NMR (500 MHz, CDCl5) ring I ¢: 3.46-3.50 (m, 3H,
H-2, H-6, H-6"), 4.53 (ddd, 1H, J; =J, =J3=10.0 Hz,
H-5), 5.06 (dd, 1H, J; =J, =10.0 Hz, H-4), 5.44 (dd,
1H, J, =J,=10.0 Hz, H-3), 6.11 (d, 1H, J=4.0 Hz,
H-1); ring II: 6 1.71 (ddd, 1H, J;, =J,=J3=12.5 Hz,
H-2ax), 2.35 (dt, 1H, J, =12.5, J, =4.5Hz, H-2eq),
3.30-3.36 (m, 1H, H-4), 3.43-3.48 (m, 1H, H-1), 3.77
(dd, 1H, J;=J,=9.0Hz, H-5), 396 (t, 1H,
J1=J,=9.0Hz, H4), 5.00 (dd, 1H, J, =J,=9.5Hz,
H-6); ring III: ¢ 3.58-3.60 (dd, 1H, J;=3.0Hz,
J, =11.5Hz, H-5), 4.13 (m, 1H, H-4), 4.15 (dd, 1H,
J1i=3.0Hz, J,=11.5Hz, H-5), 4.28 (dd, 1H,
Ji=J,=50Hz, H-3), 476 (dd, 1H, J;=1.0Hz,
J, =6.0 Hz, H-2), 5.19 (d, 1H, J=1.0 Hz, H-1); ring
IV 6: 3.16 (dd, 1H, J,=1.5, J,=2.0 Hz, H-2), 3.17
(m, 1H, H-6), 3.33 (m, 1H, H-6'), 3.57 (m, 1H, H-5),
446 (d, 1H, J=1.5Hz, H-1), 4.59 (m, 1H, H-4), 4.92
(br s, 1H, H-3); ring V: 6 4.02 (dd, 1H,
J1 =J>,=10.0 Hz, H-3), 4.06-4.09 (m, 1H, H-5), 4.57
(m, 2H, H-6, H-6"), 4.74 (d, 1H, J = 7.5 Hz, H-1), 5.40
(dd, 1H, J;,=17.5, J,=10.0 Hz, H-2), 541 (dd, 1H,
Ji=J>,=10.0 Hz, H-4). >*C NMR (125 MHz, CDCI3)
0: 20.4, 20.6, 20.6, 20.7, 20.8, 25.9 (C-2), 50.2 (C-6"),
51.0 (C-6'), 56.3, 58.2, 58.9, 60.87, 63.6, 64.7, 65.3,
67.5 (C-5"), 68.5, 68.7, 69.7, 70.2, 70.7, 71.9, 72.0 (C-
6", 72.5, 72.9, 74.8, 75.4, 76.7, 77.0, 77.3, 80.0, 83.0,
96.4 (C-1'), 98.8 (C-1"), 101.2 (C-1""), 107.8 (C-1"),
127.7, 127.8, 128.3, 128.5, 128.7, 129.5, 129.6, 129.9,
130.2, 133.1, 133.6, 134.3, 164.5, 164.9, 165.9, 168.3,
169.6, 170.0, 170.3. ESIMS m/z 1561.6 (M+K™,
C62H67N2102(, requires 15614)

4.2.3. Compound 3. Compound 16 (130 mg, 0.085 mmol)
was dissolved in 33% solution of MeNH, in EtOH
(30 mL) and the mixture was stirred at room tempera-
ture for 24 h. The reagent and the solvent were removed
by evaporation. The residue was dissolved in THF
(4 mL), added with 0.1 M NaOH (2 mL), and stirred
at room temperature for 10 min after which PMej
(1 M solution in THF, 0.89 mL, 0.89 mmol) was added.
Propagation of the reaction was monitored by TLC
[CH,Cl,/MeOH/H,O/MeNH, (33% solution in EtOH),
10:15:6:15], which indicated completion after 1.5h.
The reaction mixture was purified by flash chromatogra-
phy on a short column of silica gel while the column was
washed as follows: THF, EtOAc, MeOH/EtOAc (1:1),
MeOH, and finally the product was eluted with MeNH,
(33% solution in EtOH). The fractions containing the
product were evaporated under vacuum, re-dissolved
in water and evaporated again to afford the free amine
product 3 (53.3 mg, 81%). The product was dissolved
in water, the pH was adjusted to 6.8 by H,SO,
(0.01 M), and lyophilized to afford the sulfate salt of 3
(72.8 mg, containing 73.2% of the product 3 as free
amine form) as a white foamy solid: 'H NMR
(500 MHz, D,O, pH 4.2, adjusted by H,SO, 0.01 M)
ring I §: 3.10-3.17 (m, 1H, H-4), 3.30-3.64 (m, 3H, H-
2, H-6, H-6'), 3.75-3.87 (m, 1H, H-3), 3.96 (td, 1H,
J1=3.0Hz, J, =8.5Hz, H-5), 5.81 (d, 1H, J=5.5Hz,
H-1); ring II 6: 1.60 (ddd, 1H, J, =J,=J3=13.0 Hz,
H-2ax), 2.20 (dt, 1H, J, =13.0 Hz, J,=4.0 Hz, H-
2eq), 3.10-3.17 (m, 3H, H-1, H-3, H-4), 3.75-3.87 (m,
1H, H-5), 4.24-4.30 (m, 1H, H-6); ring III o: 3.30-3.64





5806 M. Hainrichson et al. | Bioorg. Med. Chem. 13 (2005) 5797-5807

(m, 1H, H-5), 4.13-4.15 (m, 1H, H-4), 4.24-4.30 (m, 1H,
H-5"), 441 (dd, 1H, J,=4.5Hz, J,=1.0Hz, H-2),
4.65-4.67 (m, 1H, H-3), 5.32 (d, 1H, J=1.0 Hz, H-1);
ring IV o: 3.30-3.64 (m, 4H, H-2, H-4, H-6, H-6'),
4.24-4.30 (m, 2H, H-3, H-5), 5.19 (d, 1H, J=1.0 Hz,
H-1); ring V §: 3.10-3.17 (m, 1H, H-3), 3.30-3.64 (m,
3H, H-2, H-4, H-6'), 3.75-3.87 (m, 2H, H-5, H-6),
4.53 (d, 1H, J=8.0 Hz, H-1). '*C NMR (125 MHz,
CDCl;) 4: 30.0 (C-2), 39.9 (C-6’, C-6"), 48.2, 49.8,
50.4, 53.0, 57.0, 59.5 (C-5"), 65.9, 67.0, 67.4, 67.9 C-
6", 68.1, 68.4, 68.5, 68.7, 69.4, 69.6, 70.6, 72.1, 72.5,
73.5, 76.2, 79.2, 85.1, 94.7 (C-1'), 95.1 (C-1"), 102.6
(C-1""), 110.2 (C-17). ESIMS m/z 8144 (M+K",
CyoHs7N;017 requires 814.7).

4.3. Antibacterial activity

The MIC values were determined using the double-mic-
rodilution method according to the National Committee
for Clinical Laboratory Standards (NCCLS)3® with two
different starting concentrations of the tested compound
(640 and 1024 pg/mL). All the experiments were per-
formed in triplicates and analogous results were ob-
tained in two to four different experiments. The Kirby-
Bauer disk diffusion method was also used according
to the NCCLS protocol.?¢

4.4. Purification and Kinetic analysis of APH(3')-111a

The plasmid pETSACGI carrying the APH(3')-Illa
gene (GenBank Accession No. V01547) was generous-
ly provided by Prof. A. Berghuis, McGill University.
The protein was overexpressed in E. coli BL21(DE3)
and purified using anionic column, as described
previously .32

The phosphoryl transfer activity of was monitored by
the pyruvate kinase/lactate dehydrogenase coupled as-
say.’”-3% The assay measures the rate of NADH absor-
bance decrease at 340 nm, which is proportional to the
rate of steady-state ATP consumption. The oxidation
of NADH was followed by continuously monitoring
the absorbance at 340 nm using Ultrospec 2100 pro
UV/visible spectrophotometer (Amersham Biosciences).
A typical assay mixture contained 50 mM Tris—HCI
buffer (pH 7.5), 40 mM KCI, 10 mM MgCl,, 0.11 mg/
mL NADH, 2.5mM PEP, | mM ATP, 20 u/mL pyru-
vate kinase, 20 u/mL lactate dehydrogenase and varied
concentrations of the aminoglycoside analog (1-
350 uM). The mixture was preincubated at 37 °C for
5 min and the reaction was initiated by addition of puri-
fied APH(3’)-111a (10 pL of 0.072 U/mL stock solution).
Values of K, and k., were determined by non-linear
regression analysis using the program GraFit 5.0.%°

4.5.'P NMR experiments

All "H-decoupled and 'H-coupled *'P NMR experi-
ments were recorded on a Bruker Avance™ 300 spec-
trometer at 121.5 MHz with 2s repetition time.
Chemical shifts are reported (in ppm) relative to external
orthophosphoric acid (6 = 0.0) in D,O. All time course
experiments were performed continuously at 37 °C,

using 5 mm high-resolution NMR tubes and at each
time point the spectrum was acquired in 32 scans. The
reactions were carried out in Tris—HCI buffer (50 mM),
pD 7.1, containing aminoglycoside (44 mM), KCl
(40 mM), MgCl, (10 mM), and ATP (132 mM) in a total
volume of 0.5 mL D,O. A 3-fold molar excess of ATP
was added to ensure complete phosphorylation of the
aminoglycosides. The reactions were initiated by rapid
addition of 150 uL purified APH(3’)-IlIa (0.72 U/mL
stock solution in 50 mM Tris—HCI buffer in D,O, pD
7.1).

4.6. Molecular docking

The crystal structures used were the complexes of
APH(3')-1lla with AMP-PNP (2.4 A resolution; PDB
Accession No. 1J7U), and the ternary complexes with
ADP and either KanA (2.4 A resolution; PDB Acces-
sion No. 1L8T), or NeoB (2.7 A resolution; PDB acces-
sion number 1L8U). The conformation of residues 147—
170 of APH(3’)-1Ila was shown to be different with or
without the antibiotic substrates, but was essentially
identical in the two ternary complexes structures. There-
fore, for the docking experiments we used the higher res-
olution protein structure from the ADP - KanA complex
as a starting template. The KanA ligand and solvent
molecules were removed from the protein structure,
hydrogen atoms were added and charges assigned using
DS Modeling Visualizer within the DS Modeling 1.2
platform of Accelrys. Since the structures of the ADP
molecules in the ternary complexes with ADP - KanA
or ADP - NeoB were practically identical to the ADP
part of AMP-PNP in its structure with APH(3')-I11a,
the ADP in the ADP - KanA complex was modified to
ATP by adding the y-phosphate according to the
AMP-PNP structure.

Flexible docking experiments were performed using the
Accelrys DS LigandFit program.*° The binding site was
defined from the location of the NeoB molecule accord-
ing to the APH(3’)-IIla - ADP - NeoB structure, and the
volume of the binding site was further expanded beyond
the volume of bound NeoB by a layer of site points. The
Dreiding/Gasteiger force field was employed for com-
puting ligand-protein interaction during the flexible
docking, and 20 poses were retained from each experi-
ment. Flexible in situ minimization of the obtained li-
gand poses was done using the CHARMm force field,
and the resulting poses were scored using the LigScore2
scoring function. The LigandFit settings were optimized
and verified by redocking the NeoB and KanA mole-
cules into the APH(3')-I11a - ATP structure.
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Abstract—The interaction of a new intramolecular charge transfer probe, namely 4’-dimethylamino-2,5-dihydroxychalcone
(DMADHC), with calf thymus DNA has been studied. Compared to the spectral characteristics of the free form in aqueous solu-
tion, the fluorescence of DMADHC enhanced dramatically accompanying a blueshift of the emission maxima in the presence of
DNA. The absorption and fluorescence spectra, salt concentration effect, KI quenching, fluorescence polarization, and DNA dena-
turation experiments were given. These results give evidence that the DMADHC molecule is inserted into the base-stacking domain
of the DNA double helix. The intrinsic binding constant and the binding site number were estimated. The analytical characteristics

were also given.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the application of small molecules for
DNA studies has been of great interest of some research-
ers. The binding of small molecules to DNA has been of
great interest due to the importance in understanding the
drug-DNA interactions and the consequent design of
new efficient drugs targeted to DNA.!* Small molecules
interact with DNA primarily through three modes: elec-
trostatic binding, groove binding, and intercalative bind-
ing.>® Electrostatic binding is the interaction between
cationic species and the negatively charged DNA phos-
phate backbone that occurs along the external DNA
double helix and does not possess selectivity.’ In groove
binding, interactions with the two grooves of the DNA
double helix generally involve direct hydrogen bonding
or van der Waals interactions with the nucleic acid bases
in the deep major groove or the wide shallow minor
groove of the DNA helix. Stacking interactions between
nucleic acid bases and aromatic ligands are important in
defining the intercalative binding, which is defined when
a planar, heteroaromatic moiety slides between the DNA

Keywords: Intramolecular charge transfer; Fluorescence probe; DNA;

Chalcone.

* Corresponding author. Fax: +86 351 7011322; e-mail: dc@sxu.
edu.cn

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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base pairs and binds perpendicular to the helix. There-
fore, it is apparent that intercalative binding and groove
binding are related to the grooves in the DNA double he-
lix but electrostatic binding can take place out of the
groove. Understanding the modes of the binding of small
molecules to DNA and the factors that can affect the
binding is of fundamental importance in understanding
DNA binding models in general. Among the three
modes, the most effective mode of the drugs targeted to
DNA is intercalative binding.” Thus, research on the
interactive model can provide a start for the design of
the structure of new and efficient drug molecules.

Fluorescence probes often have large changes in their
spectral parameters such as quantum yield, lifetime,
anisotropy, and spectral characteristics after binding to
biological macromolecules. Fluorescent probes have
been widely used as DNA probes, by which many meth-
ods have been developed for the determination of trace
amount of DNA. Different probes react with the DNA
in different ways. Among these methods, the fluorescence
intensity of some probes, such as ethidium bromide,®
4’ 6-diamidino-2-phenylindole (DAPI),? Hoechst
33258,!° etc., is enhanced by DNA, and the fluorescence
of some other probes, such as the photochemical fluores-
cence probes 9,10-anthraquinone-2-sulfonate!! and
Vitamin K3,'? etc., is quenched by DNA. Recently, the
fluorescence properties of some intramolecular charge
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Figure 1. The molecular structure and intramolecular charge transfer
process of compound 4’-dimethylamino-2,5-dihydroxychalcone
(DMADHC).

OH O

transfer compounds involving both electron donor and
acceptor moieties have been studied by many research-
ers.!3"15 The microenvironments of the binding sites of
these intramolecular charge transfer probes are expected
to be complex in nature and should influence their fluo-
rescence properties. This class of compounds has been
extensively used as fluorescence probes for the sensing
of metal ions or membranes. A series of substituted flav-
ones, the 4’-(dimethylamino)flavones, show strongly
intramolecular charge transfer behaviors and reasonable
fluorescence quantum yield.'®!” Therefore, they have
been widely used in revealing the nature of their interac-
tion with different substances and other biological targets
(e.g., DNA) at the molecular level. Jin et al. investigated
the interaction of an intramolecular charge transfer
(ICT) probe, 4’-(dimethylamino)-3-hydroxy-flavone
(DMAHF), with calf thymus DNA..!® This study focused
on the mechanism of ICT fluorescence in aqueous solu-
tion in the presence of DNA, but the analytical method
cannot meet the requirements of determination of the
trace amounts DNA because of its low sensitivity (linear
range 1.36x 107°-1.28 x 10> mol/L, detection limit
2.28 x 10"® mol/L). Yang et al. showed that 4’-(dimeth-
ylamino)-4-amino-chalcone (DMAC) can intercalate
into the DNA base pairs and established a new method
to determine trace amounts of DNA.!° However, this
method was established at pH 4.29 (not at physiological
acidity) because DMAC was supposed to have a proton-
ated form at acidic conditions which interacts with the
negatively charged DNA phosphate backbone and leads
to an increase in fluorescence intensity. It is obvious that
there is still a need for an improved analytical method for
DNA determination at physiological acidity conditions.

In this article, we report a detailed study of the interac-
tion of an intramolecular charge transfer probe, namely,
4’-dimethylamino-2,5-dihydroxychalcone (DMADHC),
(Fig. 1) with DNA by using steady-state absorption
and fluorescence spectrum in aqueous solutions. The es-
sence of the interactive model was discussed. The perfor-
mance of the analytical system involving the interaction
of DMADHC with DNA and the effect of various
experimental parameters were investigated.

2. Results and discussion

2.1. Spectral characteristics of DMADHC in various
solutions

The normalized fluorescence spectra of DMADHC in
solvents of different polarity are shown in Figure 2. As
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Figure 2. Normalized fluorescence spectra of DMADHC in various
solvents: (1) carbon tetrachloride, (2) diethyl ether, (3) tetrahydrofu-
ran, (4) acetone, (5) DMF, and (6) DMSO. The arrow direction
indicates increasing solvent polarity.

can be seen, the fluorescence spectrum suffers a strongly
bathochromic shift as the solvent polarity is increased.
This redshift in the emission maximum, from 487 nm
in carbon tetrachloride to 533 nm in dimethyl sulfoxide,
observably indicates that intensively photoinduced
intramolecular charge transfer (ICT) takes place within
the molecule in the singlet excited state. This suggests
that the molecule is solvated significantly in the S; excit-
ed state, resulting in a large difference in dipole moment
between the S; excited state and the ground state. Anal-
ysis of this solvatochromic behavior allows us to esti-
mate the nature of the absorbing and the emitting
species. In this study, the widely used Lippert-Mataga
equation was employed.?’

2A12 :
Av=——"Af(e 1
v dmeahcp? f (¢,n) + Constant (1)
e—1 n —1
Af(e,n) = (2)

T 241 (22 +1)

In this relation, Av represents the Stokes shift,
Ap = (ue—pig) the magnitude of the change in the dipole
moment from the ground state to the excited state, ¢ the
static dielectric constant, n the refractive index of the
medium, / the Plank constant, ¢ the velocity of light
in vacuum, & the permittivity of vacuum, and p the
Onsager cavity radius, respectively. Figure 3 shows a
plot of the Stokes shift versus the orientation polariz-
ability Af(e,n). The phenomenon that Stokes shifts in-
crease with solvent polarity reveals an increase in the
excited state dipole moment and confirms the ICT char-
acter of the excited state, implying potential application
of this molecule to probe the local microenvironment.

2.2. Spectral characteristics of DMADHC binding to
DNA

The spectral characteristics associated with the binding
of DMADHC to DNA are shown in Figures 4 and 5.
Binding to DNA causes a progressive shift in absorption
spectrum of DMADHC (refer to Fig. 4), and its absorp-
tion maximum shifts from 408 to 416 nm. A clear
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Figure 3. Stokes shifts of DMADHC in various solvents as a function
of the solvent orientation polarizability (Af). (1) Carbon tetrachloride,
(2) diethyl ether, (3) tetrahydrofuran, (4) acetone, (5) DMF, and (6)
DMSO.
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Figure 4. Absorption spectra of 2x 107> mol/L DMADHC with
increasing concentrations of DNA at pH 7.4. DNA concentration in
base pairs: (mol/L) (1) 0, (2) 8.51x1077, (3) 2.36x 1075, (4)
491107, (5) 8.03x 107°, and (6) 1.20 x 107>, The arrow direction
indicates increasing concentrations of DNA.
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Figure 5. Fluorescence spectra of 1x 107> mol/L DMADHC in
different concentrations of DNA at pH 7.4. DNA concentration in
base pairs: (mol/L) (1) 0, (2) 8.51x1077, (3) 2.36x107% (4)
491x107, (5) 8.03%x 107, and (6) 1.20 x 107°. The arrow direction
indicates increasing concentrations of DNA.

isosbestic point was located at about 440 nm, indicating
the existence of two forms of DMADHC, that is, free
and bound ones. Each form of DMADHC has a unique
absorption. The pronounced hypochromism indicates a
strong intercalation of the DMADHC into DNA base
pairs.!®

Figure 5 shows the ICT fluorescence emission of
DMADHC in the presence of different amounts of
DNA. Addition of low DNA concentration caused
noticeable increase of DMADHC fluorescent intensity.
With increasing amounts of DNA, the maximum emis-
sion wavelength shifts from 552 to 541, 536, 533, 530
or 528 nm, respectively. From the enhancement effect,
it can be concluded that the DMADHC molecules
have been included into the stacking region of the host
DNA where little rotation of the probe occurs during
the excited state. The blueshift of the emission maxi-
mum can be rationalized of DMADHC binding to a
less polar site in DNA. It may also provide informa-
tion about the size and the flexibility of the binding re-
gion of DNA. The fluorescence intensity ratio (F/Fp)
for DNA presence and absence systems is in propor-
tion to the concentration of DNA and according to
this a new method for determination of DNA has also
been established.

2.3. Effect of pH

Figure 6 shows the variation of the fluorescence intensi-
ty ratio (F/Fy) with pH of solution. Surprisingly, the
fluorescence intensity ratio of DMADHC solution
changes only slightly when pH value varies from 6.0 to
9.0, but decreases out of this range. It can be inferred
that the pH of solution has a scarce effect on the binding
of DMADHC molecule with DNA, except for strong
acidic and alkaline environments in which DNA mole-
cules may have been destroyed partly. So pH 7.4 was
chosen for the subsequent experiments because it is the
physiological acidity.

12 ——
I/./
<4 ./
114
L\LD <
n ——n
L 404
9 _
8 T T T T T T
2 4 6 8 10 12
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Figure 6. The effect of pH on the fluorescence intensity ratio (F/Fy) of
DMADHC binding to DNA. [DNA] = 2.36 x 10~ mol/L.
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Figure 7. The effect of NaCl on the fluorescence intensity ratio (F/Fj)
of DMADHC binding to DNA. [DNA] = 2.36 x 10~® mol/L.

2.4. Effect of NaCl concentration

The interaction of DMADHC with DNA is sensitive to
the concentration of NaCl. The effect of NaCl on the
fluorescence intensity ratio (F/Fp) is shown in Figure 7.
With increasing concentration of NaCl, the fluorescence
intensity decreases distinctly. From this phenomenon it
may be interpreted that the electrostatic repelling inter-
action among the negative charges of the DNA phos-
phate backbone decreases when NaCl exist in the
system. Therefore, the DNA double helix would hold
the small molecules more tightly so that they do not eas-
ily intercalate to the binding sites in base pairs of
DNA.2!

2.5. KI quenching experiments

To deduce the interaction pattern of DMADHC with
DNA, fluorescence quenching experiments were per-
formed. Stern-Volmer Kgy was used to evaluate the
fluorescence quenching efficiency. The fluorescence
quenching experiment was performed with KI and the
experimental data were plotted according to the Stern—
Volmer equation

Fo/F =1+ Ksv[0], (3)

where Fy and F are the fluorescence intensities in the ab-
sence and presence of potassium iodide, [Q] is the con-
centration of KI, Kgy is the Stern—Volmer quenching
constant. The results are shown in Figure 8.

The interaction pattern of the fluorescence probe with
DNA can be deduced from the variation of Kgy. When
small molecules intercalate into DNA base pairs, the
double helix of DNA would protect the bound mole-
cules from the anionic quencher, leading to a decrease
in quenching. The magnitude of Kgy of the small mole-
cules that are bound should therefore be lower than that
of the small molecules that are free.?? In contrast, if the
small molecule binds to DNA in the groove, the magni-
tude of Kgy of the bound small molecule should be high-
er than that of the free small molecule.?* As shown in
Figure 8, binding to DNA resulted in decreased quench-

104

I/

000 001 002 003 004 0.05
[KI] (mollL)

Figure 8. Fluorescence quenching of DMADHC in the absence (line 1)
and presence of DNA (line 2). [DNA] = 2.36 x 10~® mol/L.

ing of the fluorescence intensity of DMADHC. Kgy val-
ues for the free DMADHC and the bound DMADHC
with DNA were Kqy = 173.7 L/mol and Kgyv = 132.5L/
mol, respectively. These results indicated that the
quenching of DMADHC fluorescence by KI was de-
creased in the presence of DNA. Therefore, the interac-
tion pattern of DMADHC molecule with DNA is
intercalation mode.

2.6. Fluorescence polarization studies

Fluorescence polarization experiments provide an effec-
tive parameter for investigating dynamic characteristics
of DMADHC in different microenvironments. Small
molecules weakly polarize due to the rapid tumbling
motion in aqueous media. However, when intercalating
to the helix of DNA, its rotational motion should be
restricted and therefore the fluorescence polarization
should be increased. On the contrary, binding to the
phosphate backbone or to the DNA grooves does not
result in enhanced fluorescence polarization.?* Fluores-
cence polarization can be obtained from the equation
below,

P = (Iyy — Glyn)/(Ivv + Glvu) (4)

Where P is the fluorescence polarization, Iyy and Iyvy
are the fluorescence intensities measured through verti-
cally and horizontally oriented polarizers in the excita-
tion beam and emission beam, respectively. G
represents the corrected instrumental factor and is equal
to Iyyv/Ign. The results are shown in Figure 9. The addi-
tion of DNA leads to an increase in the fluorescence
polarization of DMADHC. It illustrates that
DMADHC molecule can intercalate into the DNA base
pairs, being another proof of the binding mode between
DMADHC and DNA.

2.7. Influence of denaturation of DNA
Denatured DNA was produced by heating a native

DNA solution in a water bath at 100 °C for 10 min
and cooling in ice-water bath immediately. Double
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Figure 9. Influence of DNA concentrations on fluorescence
polarization.

Table 1. The relative fluorescence intensity of DMADHC in different
amounts of native and denatured DNA

Concentration of DNA (mol/L)

Relative fluorescence intensity

Native DNA Denatured DNA

8.51x 1077 54.9 29.6
2.36x107° 151.1 91.7
8.03x107° 515.4 346.2

stranded DNA split into two single stranded DNA with
the opening of its double helix. The characteristic of
DMADHC binding to different amounts of native and
denatured DNA are given in Table 1. As can be seen
from the table, the enhancement of the fluorescence of
DMADHC by denatured DNA is smaller than that of
the native DNA, which also supports the intercalation
of DMADHC into the helix of DNA.

2.8. Binding constant and binding site number

For the interaction of small molecules with macromole-
cules, the Scatchard plot is commonly used to character-
ize the binding properties in terms of measuring the
binding site number and binding constant. The data
for Scatchard analysis are based on the measurements
of absorbance or fluorescence of interacting system,?’

rfc=K(n—r), (5)

where r is the molar ratio of bound DMADHC to DNA
per base pair, n the binding site number per base pair, K
the intrinsic binding constant, and ¢ the concentration
of free DMADHC. From the recorded fluorescence
titration data, the binding constant and binding site
number of DMADHC with DNA can be calculated.
The binding constant was 4.6 x 10° L/mol in base pairs
and the binding site number was 0.17. This large binding
constant indicated that the DMADHC has a strong
affinity for DNA base pairs. The binding site number
implies only a binding site per six base pairs, giving evi-
dence for an intercalation of DMADHC into DNA
according to the neighbor-exclusion model, since groove

binding and electrostatic binding usually results in sig-
nificantly higher binding site number.

2.9. The analytical characteristics

Preliminary studies show that the system has promising
analytical prospects in determining trace DNA. The lin-
ear calibration graph for determination of DNA was
constructed from results obtained under the optimal
condition. The fluorescence system reported here was
used to determine DNA ranging from 6.98 x 10~ to
241x10°mol/L with a detection limit (30) of
1.80 x 10" mol/L. The correlation coefficient is 0.994.
This method exhibits good reproducibility, with a rela-
tive standard deviation of 2.07% obtained from eight
separate determinations for 4.9 x 10~® mol/L DNA.

3. Conclusions

The fluorescence probe of DMADHC, with intramo-
lecular charge transfer characteristics, is sensitive to
the microenvironment. It is found that the new ICT-
based fluorescent probe DMADHC could intercalate
into the DNA base pairs, inducing a significant
enhancement of DMADHC fluorescent intensity.
Based on this, a means of sensitive determination of
trace DNA is established. On the other hand, because
the intercalative model is one of the most important
interactive models of drugs and acceptors, DMADHC
might be potentially useful in pharmaceutical indus-
tries, and DNA damage intercalated by DMADHC
could have applications in technical and therapeutic
fields. Furthermore, if damage to DNA can be precise-
ly controlled, to the extent that cleavage of the back-
bone can be limited to a single site, then this opens
the door for design of sequence-specific DNA (artifi-
cial restriction nucleases).

4. Experimental
4.1. Reagents

The investigated probe DMADHC was synthesized and
purified as described in the literature.?® Purity was con-
formed by "THNMR and IR spectroscopy. Calf thymus
DNA (ctDNA, Beijing, Beitai Biochemical Co., Chinese
Academy of Science, Beijing, China) was commercially
purchased and used without further purification. The
stock solutions were prepared by dissolving the solid
DNA in 10 mmol/L NaCl solution and stored at 4 °C.
The concentration was determined according to the
absorbance at 260 nm after establishing that the absor-
bance ratio A,go/Asg9 Was in the range 1.80-1.90, and
the molarities of double stranded DNA solution were
calculated based on eépna = 1.31 x 10* L mol™! em™! in
base pairs.?” All other reagents were of analytical-re-
agent grade and were used without further purification.
Double distilled water was used throughout the experi-
ment. All experiments were carried out at pH 7.4 = 0.1
in a Britton-Robinson buffer containing NaCl
(10 mmol/L) and 1 x 107> mol/L of DMADHC except
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where specifically indicated. All test solutions were incu-
bated at 25 °C for 10 min.

4.2. Apparatus

Steady-state absorption and fluorescence spectra were
recorded on TU-1901 UV-vis spectrophotometer
(PGENERAL) and F-4500 spectrofluorometer (HIT-
ACHI). A 150-W xenon lamp was used as an excitation
light source and the excitation wavelength of 403 nm
was used. Excitation and emission bandwidths were
both set at 5nm. All pH values were measured with a
pHs-2 acidometer (The Second Instrument Factory of
Shanghai, China). All experiments were carried out at
20 + 1°C.
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Abstract—Bifunctional compounds were tested in vitro as potential inhibitors of pig liver catechol-O-methyltransferase (COMT)
with respect to the catechol substrate 4-[(3,4-dihydroxyphenyl)azo]benzenesulfonate. The bifunctional compounds were a composite
of either two nitrocatechols or one nitrocatechol and one phenol, linked by amide bonds to a spacer unit comprising two to five
methylene groups. The unsymmetrical compounds N-[2-(4-hydroxybenzoylamine)ethyl]-3,4-dihydroxy-5-nitrobenzamide], N-[3-(4-

hydroxybenzoyl-amine)propyl]-3,4-dihydroxy-5-nitrobenzamide]

and  N-[5-(4-hydroxybenzoylamine)pentyl]-3,4-dihydroxy-5-

nitrobenzamide] demonstrated strong inhibitory action against COMT with K; values in the 100 nM range. In comparison, the
monofunctional nitrocatechol analogues of these compounds had K; values that were significantly higher.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Catechol-O-methyltransferase (COMT) catalyses the
transfer of a methyl group from S-adenosylmethionine
(AdoMet) to a catechol substrate. This ubiquitous
enzyme plays an important role in the extraneuronal
inactivation of catecholamine neurotransmitters.!
Effective inhibitors for this enzyme have been shown
to improve the effectiveness of current drug therapies
for Parkinson’s disease.’

The first series of inhibitors that were identified as having
limited clinical use were the so-called ‘first generation
inhibitors’. Examples of these are pyrogallol,® tropo-
lone,* catechin,? and gallic acid.” These inhibitors had
K; values in the 107> M range. The following so-called
‘second-generation’ inhibitors are characterized by hav-
ing electron withdrawing groups, such as nitro groups,
in the 3- and 5-position of the catechol ring.® These fea-
tures have been incorporated into clinically useful inhib-
itors such as nitecapone,’ tolcapone® and entacapone.’

Of the various COMT inhibitors that have been reported
in the literature, a small group are of a ‘bifunctional’ nat-

Keywords: inhibitors;
Bifunctional.
* Corresponding author. Tel.: +6434797926; fax: +6434707906; e-mail:

ewtan@alkali.otago.ac.nz

Catechol-O-methyltransferase;  Enzyme

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.05.069

ure, in that they have duplicated substructures for enzyme
binding. Three such inhibitors are from the so-called first
generation inhibitors and include p-catechin, desmethyl-
papaverine and nordihydroxyguaiaretic acid (Fig. 1).10:11

Recently, two new progressive series of bifunctional com-
pounds were synthesized and examined for their inhibi-
tion characteristics.'> The compounds were designed
with dual substituted catechols for enzyme binding sepa-
rated by linker sections of various lengths (Fig. 2). The
catechol derivatives were either 3,4-dihydroxybenzamide
or 3,4,5-trihydroxybenzamide groups, linked through the

O OH
HO o O
oH OH
OH HO SN
HO OH O
o HO

D-Catechin

OH
o IO
AR,
HO

Nordihydroguaiaretic acid

Desmethylpapaverine

Figure 1. Bifunctional ‘first generation’ inhibitors.
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Figure 2. Previously evaluated polyhydroxybenzamide bifunctional
inhibitors.

nitrogen atoms to a spacer section consisting of a varying
number of methylene units. It was found that some of
these bifunctional inhibitors were significantly more
potent than their monofunctional counterparts.

In this paper, we report the preparation of a series of
inhibitors that incorporate the extra binding substruc-
ture of a bifunctional inhibitor, with aspects of the ‘sec-
ond generation’ inhibitors in an attempt to create even
more potent inhibitors. In addition, we chose to investi-
gate the effect of these inhibitors with pig liver COMT,
as the structure and function of pig liver COMT has
not been as well established as rat and human COMT,!3
both of which have very similar protein sequences.

In order to investigate the effect of having electron with-
drawing groups on the catechol rings, we synthesized a
series of bifunctional inhibitors of varying length that
incorporated nitro group substitutions at the 5 and 5’
positions of the catechol rings (1-4) (Table 1). On the
basis of the results from using these bis-nitrocatechols
as COMT inhibitors, a second series of unsymmetrical
bifunctional compounds were also synthesized (5-8).
These inhibitors were composite of a nitrocatechol
and phenol linked by amide bonds to a variable length
spacer group.

2. Chemistry

3,4-Dimethoxybenzoyl chloride was prepared from van-
illin in a straightforward four-step process (Scheme 1).

Vanillin was nitrated using a mixture of acetic acid
and nitric acid to give 5-nitrovanillin (9).° Methylation
of the hydroxy group of S-nitrovanillin using a two-
phase system containing the methylating reagent
dimethylsulfate gave 3,4-dimethoxy-5-nitrobenzalde-
hyde (10).'* The aldehyde was then oxidized to the
corresponding carboxylic acid (11) using acidified chro-
mium trioxide. Finally, the carboxylic acid was convert-
ed into the corresponding acid chloride (12) using
phosphorus pentachloride.

To make the methylated precursors (13-16) of the dia-
mides 1-4, 3,4-dimethoxy-5-nitrobenzoyl chloride was
coupled to a set of variable length diamines, ranging
from 2 to 5 methylene units. The methyl groups were
then removed by treatment with boron tribromide to
give the bis-nitrocatechols (1-4).!° To make the diamides
5 and 6, a three step synthesis was used (Scheme 2). Ani-
soyl chloride was reacted with an excess of 1,2-diamino
ethane and 1,3-diaminopropane to form the monoacylat-
ed diamines 17 and 18, respectively.!® The monoacylated
diamines were then reacted with 3,4-dimethoxy-5-nitro-
benzoylchloride to give compounds 19 and 20. These
diamides were demethylated using boron tribromide to
give the first two compounds (5 and 6) that make up
the phenol-catechol conjugate inhibitor series.

The formation of the butyl and pentyl phenol-catechol
conjugate inhibitors (7 and 8) via the synthesis of
mono-acylated diamines was impractical due to the high
cost of the diamines and the low yields of the mono-
acylated diamines. Consequently, an alternative strategy
was used to synthesize compounds 7 and 8 (Scheme 3).

3.,4-Dimethoxy-5-nitrobenzoylchloride was reacted with
4-aminobutanol and 5-aminopentanol to give com-
pounds 21 and 22, respectively. The hydroxy groups of
these amide compounds were converted into amino
groups via a three-step process. Compounds 21 and 22
were transformed into tosylate esters (23 and 24) which
were then converted into the corresponding phthala-
mides 25 and 26. Removal of the phthaloyl groups with
hydrazine hydrate gave the monoacylated diamines,

Table 1. Structure, COMT inhibitory pattern, and kinetic inhibition constants of the compounds synthesized

HO R
HO OH
N LN
S A=At
0 "o
Compound R! R? n Inhibition pattern Kinetic inhibition constant, K; (uM)
1 NO, OH 2 Cc? 3.48 £ 0.30
2 NO, OH 3 C 547 +1.08
3 NO, OH 4 NCP 3.94 £ 0.60
4 NO, OH 5 NC 4.33+£0.76
5 H H 2 C 0.64+0.15
6 H H 3 C 0.77 £ 0.03
7 H H 4 C 11.8 £0.60
8 H H 5 C 0.97 £ 0.06

# Competitive mode of inhibition.
® Noncompetitive mode of inhibition.
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Scheme 1. Reagents: (a) HNO3z, AcOH; (b) Me,;SO,4, BuyNBr, NaOH, H,O/CH,Cl,; (¢) aqueous H,SOy4, CrOs; (d) PCls.
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Scheme 2. Reagents: (a) CH,Cly; (b) 12, K,CO;, H,O/EtOAc; (c) BBrs.

which were in turn reacted with anisoyl chloride to give
the diamide products 27 and 28. Removal of the methyl
groups by treatment with boron tribromide gave the
desired compounds 7 and 8.

The monofunctional inhibitors (31 and 32) (Fig. 4) that
were used for comparison were made by reacting 3,4-di-
methoxy-5-nitrobenzoylchloride with methylamine and
ethylamine to give the corresponding amides (29 and
30), which were then treated with boron tribromide to
give the final products.

3. Biological results

Initial observations showed that the inhibitors tested in
this study with pig liver COMT do not exhibit the tight
binding behaviour usually associated with nitrocatechol
compounds in human and rat COMT. A lower affinity
of pig COMT relative to the human and rat enzyme of
~10- to 100-fold has been reported for nitrocatechol
derivatives.!” Accordingly, K; values were derived using
double reciprocal plots of 1/V versus 1/[S] at different
inhibitor concentrations. Figure 3 shows a double reci-
procal plot that is representative of the plots we obtained.

17 18

b

0
MeO—@—/(
n
g
HN

OH

n= 2 3 OMe

19 20 5N OMe

The K; values for the bis-nitrocatechol inhibitors (1-4)
range from 3.48 to 5.47 uM. The length of the variable
spacer group does not contribute to any trend in the
potency of inhibition. In comparison, the monofunction-
al analogues 31 and 32 gave K; values of 2.56 and
3.41 uM, respectively (see Table 2), which are within
the same order of magnitude as the K; values obtained
with the bis-nitrocatechol inhibitors. This would suggest
that the additional functionality of the bis-nitrocatechol
inhibitors 1-4 played no significant part in enhancing the
potency of inhibition. However, compounds 3 and 4
showed noncompetitive modes of inhibition with respect
to the catechol substrate, whereas the monofunctional
analogues 31 and 32 and the bifunctional compounds 1
and 2 were competitive inhibitors. Presumably, the long-
er tethers in compounds 3 and 4 alter the interaction of
the inhibitor with the enzyme. It was hoped that the
bis-nitrocatechol inhibitors would show an increase in
potency of at least one order of magnitude greater that
the monofunctional inhibitors, because this increase in
binding was observed for the bis-catechol compound
33 when compared to its monofunctional analogue 34.

It was postulated that for inhibitor 33, one end of the
bifunctional inhibitor binds to the active site of COMT,
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Scheme 3. Reagents: (a) triethylamine, MeCN; (b) tosyl chloride, pyridine; (c) potassium phthalamide, DMSO; (d) hydrazine hydrate, EtOH;
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Figure 3. Burke-Lineweaver plot for inhibitor 2.

Table 2. Structure, inhibition pattern, and kinetic inhibition constants
of the monofunctional derivatives

Compound R! Inhibition Kinetic inhibition
pattern constant, K; (tM)

31 Me c? 2.56 £0.67

32 Et C 3.41£0.68

whereas the other end interacts with some other part of
the enzyme. Binding at the active site and the magnitude
of the secondary interaction was optimal when the spac-
er group was three methylene units long. In the case of

the bis-nitrocatechol inhibitors (1-4), there was no
correlation between the spacer length and the degree
of inhibition. This could suggest that while one end of
the bifunctional inhibitor binds to the active site
of COMT, the additional nitrocatechol functionality
does not interact at all with the proposed secondary
binding site. The large reported increase in binding
observed for bifunctional inhibitor 33 when compared
to the monofunctional inhibitor 34'? would suggest that
a secondary binding is taking place, but this interaction
is more favorable between the secondary binding
site and an unsubstituted catechol. As this interaction
is not evident with a nitrocatechol, the pK, (and hence
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ionization state) of the hydroxy groups may be the
important factor that determines the magnitude of this
secondary interaction. It is likely that an appropriate
pK, of the 4-hydroxy group of catechol is required for
binding at the secondary site, as this hydroxy group
would experience the largest change in pK, with the
incorporation of a nitro group at the 5-position. Hence,
it was postulated that a nitrocatechol group at the end
of a bis-nitrocatechol inhibitor could be replaced with
a phenol to produce a better binding molecule. To test
the validity of this theory, a new group of unsymmetri-
cal inhibitors (5-8), as discussed ecarlier, were made and
evaluated for inhibitory strength. Three of these phenol-
catechol conjugate inhibitors (5, 6, and 8) had K; values
in the 100 nM range. As these three compounds gave
values that were almost one order of magnitude lower
than the bis-nitrocatechol series 1-4, the proposed sec-
ondary binding interaction may be responsible for the
increase in potency. Interestingly, the butyl linked inhib-
itor 7 has the highest Kj of all the inhibitors tested. This
is perhaps due to unfavorable interactions of the butyl
linker with the enzyme, which outweighs or disallows
the secondary binding interaction.

Although this study has provided new insight to the
enhanced binding observed with these bifunctional
inhibitors, further work would be required to fully
elucidate the nature of the secondary interaction.

4. Experimental
4.1. COMT assay

The activity of pig liver COMT was measured using a
method described in a previous paper.!® Accordingly,
the activity of COMT was measured by determining
the summed amount of the dyes 4-[(4-hydroxy-3-meth-
oxyphenyl)azo]benzenesulfonate and 4-[(3-hydroxy-4-
methoxyphenyl)azo]benzenesulfonate formed over time
using HPLC with visible light detection. The buffer used
in the COMT assays consisted of 0.2 M NaH,PO, and
5mM MgCl,,6H,O with the pH adjusted to 7.45. All
incubation mixtures were made up to a total volume of
60 pL, each consisting of 6 pL of 20 mM AdoMet in buff-
er solution; 48 uLL. of COMT [125 U/mL, where one unit
is defined as the methylation of 1 nmol of protocatechuic

acid per hour at 37 °C using AdoMet as the methyl do-
nor (Sigma™™)] in buffer solution; 3 pL of a stock solu-
tion of catechol dye (0.5-150 uM) and 3 pL of inhibitor
(0-21 uM) in buffer solution. The mixture was incubated
for 1 h at 37 °C, stopped by the addition of 20 uL of 4 M
perchloric acid, and then diluted with 200 pL. of buffer.
An aliquot of 30 puL of the assay mixture was injected
into a Microsorb-MV column (C18, 5 mm particle size,
4.6 x 250 mm?), and the components of the mixture were
eluted with a mobile phase which consisted of water/
MeOH/trifluoroacetic acid (30:70:0.2, v/v/v), at a flow
rate of 0.45 mL/min. Detection was at 370 nm, and the
products, 4-[(4-hydroxy-3-methoxyphenyl)azo]benzene-
sulfonate and 4-[(3-hydroxy-4-methoxyphenyl)azo]ben-
zenesulfonate, had retention times of 8.2 and 8.9 min,
respectively. The enzyme activity was calculated as nano-
mole of product per minute per milligram of protein. As-
says were performed in duplicates, and each assay had
two 30 uL aliquots analysed. Conversion of substrate
to product was less than 5%. The concentrations of Ado-
Met and Mg®* used were saturating, and the product for-
mation was linear with respect to protein concentration
and reaction time. Bifunctional inhibitors were tested
at concentrations up to 21 uM. Compounds which
exhibited inhibitory activity less than the standard devi-
ation, at this concentration, were classified as having no
inhibitory action.

4.2. Analysis of kinetic data

All kinetic data were analyzed graphically using double
reciprocal plots, where the reciprocal velocities versus
the reciprocal substrate concentrations gave a linear
relationship by which K, and V.« could be calculated.
Inhibition constants for competitive and noncompetitive
inhibition were calculated from data fitting to equations
U= Vinax[SV(Ki(1 + [IJ/K) + [S]) and U= Vinax[SV/
(([S] + Kn)(1 + [I)/K;y)), respectively. Standard devia-
tions were obtained from fitting all available data for a
given compound. All calculations were performed with
Microsoft Excel (Redmond, WA, USA).

4.3. Chemical methods
Elemental analyses were performed at the Campbell

Microanalytical laboratory, University of Otago. The
analytical results obtained were within +0.4% of the
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theoretical values. "H NMR spectra were measured on a
Varian INOVA-300 MHz spectrometer. The signals are
given in ppm relative to tetramethylsilane (TMYS),
HOD, CHD,SOCD; or CHD,COCDs as internal stan-
dards in CDCls, D,O, DMSO-dg and acetone-dg, respec-
tively. The peak patterns are shown with the following
abbreviations: br, broad; d, doublet; m, multiplet; t, trip-
let; q, quartet. Column chromatography was performed
with silica gel (Sorbsil, particle size 32-63 mM). AdoMet
as the p-toluenesulfonate salt, and pig liver COMT were
purchased from Sigma. Boron tribromide, 1,2-diamino-
ethane, 1,3-diaminopropane, 1,4-diaminobutane and
1,5-diaminopentane, 4-aminobutanol and 5-aminopro-
panol were purchased from Aldrich. Solvent and
inorganic bases were generally sourced.

4.4. General procedure for the preparation of N,/NV'-
bis(3,4-dihydroxy-5- nitrobenzamide) derivatives

BBr; (15 mol equiv) was added to a cooled (0-5°C)
solution of the appropriate N,N’-bis(3,4-dimethoxy-5-
nitrobenzamide) derivative suspended in CH,Cl,. The
reaction was left to stir overnight and then water was
carefully added to eliminate any unreacted BBr3;. The
resulting yellow precipitate was removed by filtration
and recrystallized from the appropriate solvent.

4.4.1. N,N’-1,2-Ethanediylbis(3,4-dihydroxy-5-nitrobenz-
amide) (1). The ethyl derivative was prepared from N,N'-
1,2-ethanediylbis-(3,4-dimethoxy-5-nitro-benzamide) (13)
(1 g, 2.1 mmol) and BBr; (2 mL) using the procedure
described earlier. Recrystallization from methanol and
water gave the product as small yellow crystals (0.84 g,
81%): mp 248-251°C; 'H NMR (acetone-dg) & 9.82
(4H, br s) 8.27 (2H, br t), 8.19 (2H, d, J=2.1 Hz),
7.79 (2H, d, J=2.1 Hz), 3.67 (4H, br s). Anal. Calcd
for C16H14N4010'4H20I C, 3887, H, 448, N, 11.36.
Found: C, 38.92; H, 4.50; N, 11.06.

4.4.2. N,N'-1,3-Propanediylbis(3,4-dihydroxy-5-nitrobenz-
amide) (2). The propyl derivative was prepared from
N,N’-1,3-propanediylbis-(3,4-dimethoxy-5-nitro-benzam-
ide) (14) (1 g, 2 mmol) and BBr; (2 mL) using the proce-
dure described above. Recrystallization from ethanol and
water gave the product as a bright yellow powder (0.48 g,
54%): mp 185-180 °C (dec); "H NMR (acetone-dg) & 8.23
(2H, d, J=1.8Hz), 8.19 (2H, br t), 7.85 (2H, d,
J=1.8Hz), 3.59 (4H, dt, J=3.6, 6.0 Hz), 1.92 (2H,
quint, J=6.0 Hz). Anal. Caled for C7H;(N4O;o: C,
46.79; H, 3.70; N, 12.84. Found: C, 46.79; H, 3.78; N,
12.62.

4.4.3. N,N'-1,4-Butanediylbis(3,4-dihydroxy-5-nitroben-
zamide) (3). The butyl derivative was prepared from
N,N’-1,4-butanediylbis-(3,4-dimethoxy-5-nitro-benzam-
ide) (15) (1 g, 2 mmol) and BBr; (2 mL) using the proce-
dure described above. Recrystallization from ethanol
and water gave the product as small orange crystals
(0.62 g, 69%): mp 260-285°C (dec); '"H NMR (ace-
tone-dg) 0 8.18 (2H, d, J=2.1 Hz), 8.06 (2H, br t),
7.81 (2H, d, J=2.1 Hz), 3.67 (4H, m), 1.74 (4H, m).
Anal. Calcd for C;3H;gN4O,,0.25H,0: C, 47.52; H,
4.09; N, 12.32. Found C, 47.71; H, 3.95; N, 11.98.

4.4.4. N,N'-1,5-Pentanediylbis(3,4-dihydroxy-5-nitrobenz-
amide) (4). The pentyl derivative was prepared from
N,N’-1,5-pentanediylbis-(3,4-dimethoxy-5-nitro-benzam-
ide) (16) (1 g, 1.9 mmol) and BBr; (20 mL) using the pro-
cedure described above. Recrystallization from water and
ethanol gave the product as flaky orange crystals (0.24 g,
26%): mp 226-228 °C; "H NMR (acetone-dg) 6 8.17 (2H,
d, J=2.1Hz), 7.96 (2H, br t), 1.51 (2H, m), 7.78 (2H, d,
J=21Hz), 345 (4H, q, /=69 Hz), 1.71 (4H, quint,
J=6.9 Hz). Anal. Calcd for C;oH,)N4O;o: C, 49.14; H,
4.34; N, 12.07. Found: C, 49.44; H, 4.58; N, 11.76.

4.4.5. N-[2-(4-Hydroxybenzoylamino)ethyl]-3,4-dihy-
droxy-5-nitrobenzamide (5). An excess of BBr; (1.7 mL,
15 mol equiv) was added to a solution of N-[2-(4-meth-
oxybenzoylamino)ethyl]-3,4-dimethoxy-5-nitrobenzamide
(19) (0.5 g, 1.2 mmol) in dried CH,Cl, (50 mL) under
N,. The mixture was left stirring for 24 h at room tem-
perature. Water was carefully added to eliminate any
unreacted BBr; and then removed along with the
CH,Cl, by rotary evaporation under reduced pressure
to yield the crude product. The product was purified
by recrystallization from acetone and water solution to
give the final product as small yellow crystals (0.21 g,
48%): mp 268-270 °C (dec); 'H NMR (acetone-dg) 6
8.30 (1H, br s), 8.20 (1H, d, J=2.1 Hz), 7.96 (1H, br
s), 7.84 (2H, d, J=8.7Hz), 7.77 (1H, d, J=2.1 Hz),
6.91 (2H, d, J=8.7 Hz), 3.63 (4H, m). Anal. Calcd for
Ci6HsN3O7: C, 53.18; H, 4.19; N, 11.63. Found: C,
53.23; H, 4.09; N, 11.55.

4.4.6. N-[3-(4-Hydroxybenzoylamino)propyl]-3,4-dihy-
droxy-5-nitrobenzamide (6). N-[3-(4-Methoxybenzo-
ylamino)propyl]-3,4-dimethoxy-5-nitrobenzamide (20)
(0.5 g, 1.2 mmol) was used in the BBr3 procedure de-
scribed above. The resulting crude material was recrys-
tallized from water to give the final product as bri%ht
yellow crystals (0.27 g, 60%): mp 236-239 °C (dec); 'H
NMR (acetone-dg) 6 8.31 (IH, br s), 8.25 (IH, d,
J=2.1Hz), 7.92 (1H, br s), 7.87 (2H, d, J=8.7 Hz),
7.83 (1H, d, J=2.1 Hz), 6.92 (2H, d, J = 8.7 Hz), 3.52
(4H, m), 1.86 (2H, m). Anal. Calcd for C{7H{7N;0+:
C, 54.25; H, 4.82; N, 11.17. Found: C, 54.52; H, 4.58;
N, 11.14.

4.4.7. N-|4-(4-Hydroxybenzoylamino)butyl]-3,4-dihy-
droxy-5-nitrobenzamide (7). N-[4-(4-Methoxybenzo-
ylamino)butyl]-3,4-dimethoxy-5-nitrobenzamide  (21)
(0.5 g, 1.2 mmol) was used in the BBr3 procedure de-
scribed above. The resulting crude material was recrys-
tallized from methanol and water to give the final
product as chunky orange/brown crystals (0.09 g,
20%): mp 251-255°C (dec); 'H NMR (acetone-dg) 0
8.17 (1H, d, J=2.1 Hz), 8.01 (1H, br s), 7.84 (2H, d,
J=9.0Hz), 7.71 (1H, d, J=2.1 Hz), 7.65 (1H, br s),
6.89 (2H, d, J=9.0 Hz), 3.47 (4H, m), 1.71 (4H, m).
Anal. Caled for C;gH;9N3O7: C, 55.52; H, 4.92; N,
10.79. Found: C, 55.43; H, 4.77; N, 10.75.

4.4.8.  N-[5-(4-Hydroxybenzoylamino)pentyl]-3,4-dihy-
droxy-5-nitrobenzamide (8). N-[5-(4-Methoxybenzo-
ylamino)pentyl]-3,4-dimethoxy-5-nitrobenzamide  (22)
(0.5g, 1.1 mmol) was used in the BBr; procedure
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described above. The resulting crude material was
recrystallized from methanol and water to give the final
product as bunched orange crystals (0.15 g, 31%): mp
107-110 °C; '"H NMR (acetone-dg) 6 10.57 (1H, s),
9.16 (1H, s), 8.94 (1H, s), 8.18 (1H, d, J=1.8 Hz),
8.02 (1H, t, J=59Hz), 7.82 (1H, d, J=1.8 Hz), 7.80
(2H, d, J=8.7Hz), 7.63 (1H, t, J = 5.9 Hz), 6.88 (2H,
d, J=8.7Hz), 343 (4H, m), 1.68 (4H, quint,
J=72Hz), 1.51 (2H, quint, J=7.2 Hz). Anal. Calcd
for C19H2]N307‘1'5H20I C, 5302, H, 562, N, 9.76.
Found: C, 53.36; H, 5.74; N, 9.63.

4.4.9. 4-Hydroxy-3-methoxy-5-nitrobenzaldehyde (9).
Fuming HNO; (2 mL) was carefully added to a cooled
(5 °C) solution of vanillin (5 g, 33 mmol) and acetic acid
(50 mL) over a period of 30 min. The gold colored pre-
cipitate that formed was filtered, washed with water, and
allowed to dry (5.21 g, 80%): mp 171°C; 'H NMR
(CDCl3) 6 9.88 (1H, s), 8.17 (1H, d, J=1.8 Hz), 7.61
(1H, d, J=1.8Hz), 4.01 (3H, s). Anal. Calcd for
CgH,NOs: C, 48.73; H, 3.58; N, 7.11. Found: C,
48.64; H, 3.31; N, 7.32.

4.4.10. 3,4-Dimethoxy-5-nitrobenzaldehyde dihydrate
(10). A mixture of CH,Cl, (67.5 mL), water (67.5 mL),
4-hydroxy-3-methoxy-5-nitrobenzaldehyde (5.0 g, 25
mmol), sodium hydroxide (2 g, 50 mmol), tetrabutylam-
monium bromide (0.81 g, 2.5 mmol), and dimethylsul-
fate (12.5mL, 132 mmol) were mixed together and
stirred vigorously for 24 h under a nitrogen atmosphere.
The aqueous layer was separated and washed with
CH,Cl,. Rotary evaporation under reduced pressure
of the pooled CH,Cl, fractions gave a yellow oil which
was redissolved in diethyl ether. The ether was washed
with water, 2 M ammonia solution, and 2 M NaOH
solution to remove unreacted phenol and dimethylsul-
fate. Rotary evaporation under reduced pressure of the
dried (Na,SO,) ether solution gave a brown oil that
solidified on cooling. Purification by recrystallization
from acetone and water gave the product as long nee-
dle-like cream colored crystals (5.21 g, 84%): mp 62—
65°C; '"H NMR (CDCls) 6 9.92 (1H, s), 7.84 (1H, d,
J=19Hz), 7.63 (1H, d, J=1.9 Hz), 4.09 (3H, s), 4.01
(3H, s). Anal. Calcd for CoHoNOs2H,O: C, 43.72; H,
5.30; N, 5.67. Found: C, 43.47; H, 4.97; N, 5.56.

4.4.11. 3,4-Dimethoxy-5-nitrobenzoic acid (11). A solu-
tion of CrOz; (6g, 60 mmol), concentrated H,SOy4
(5 mL), and water (100 mL) was added drop-wise to a
stirring solution of 3,4-dimethoxy-5-nitrobenzaldehyde
(10 g, 47 mmol), acetone (100 mL), and water
(100 mL). The solution was stirred for a further 24 h
and then isopropanol was added to eliminate any unre-
acted Cr(VI) species. Rotary evaporation, under re-
duced pressure, of the acetone and water mixture gave
the crude product as a green sludge. The crude product
was extracted into ethyl acetate and washed with 1 M
HCI to remove any remaining Cr(III) species. Rotary
evaporation under reduced pressure of the dried
(Na»SOy,) ethyl acetate solution gave the crude product.
Purification by recrystallization from water and ethanol
gave the final product as long needle-like white crystals
(7.4 g, 69%): mp 194-195 °C; '"H NMR (CDCl;) ¢ 8.10

(1H, d, J=2.0), 7.81 (1H, d, J=2.0), 4.08 (3H, s),
4.01 (3H, s). Anal. Calcd for CoH9NOg¢: C, 47.58; H,
3.99; N, 6.17. Found: C, 47.58; H, 3.96; N, 6.20.

4.4.12. 3,4-Dimethoxy-5-nitrobenzoylchloride (12). 3,4-
Dimethoxy-5-nitrobenzoic acid (5.2 g, 23 mmol), PCls
(9.5 g, 45 mmol) and CH,Cl, (60 mL) were carefully
mixed together and stirred overnight. The CH,Cl, was
quickly washed with cold water and then dried with
MgSO,. Rotary evaporation under reduced pressure of
the CH,Cl, solution gave the product as a cream colored
solid (4.95 g, 88%): mp 68-70 °C; '"H NMR (CDCl;) ¢
8.14 (1H, d, J=2.2 Hz), 7.74 (1H, d, J = 2.2 Hz), 4.09
(3H, s), 4.01 (3H, s).

4.5. General procedure for the synthesis of NV,/N'-bis(3,4-
dimethoxy-5-nitrobenzamide) derivatives

Freshly prepared 3,4-dimethoxy-5-nitrobenzoyl chloride
(10 g scale) and potassium carbonate (1.2 mol equiv)
was dissolved in H,O and ethyl acetate (1:1, 350 mL
total). The appropriate amount of diamine (0.45 mol
equiv) was introduced into the acid chloride mixture
and stirred overnight. The product precipitated out dur-
ing the course of the reaction.

4.5.1. N,N'-1,2-Ethanediylbis(3,4-dimethoxy-5-nitrobenz-
amide) (13). The ethyl derivative was prepared from 3,4-
dimethoxy-5-nitrobenzoyl chloride (10g, 40 mmol),
K,CO;5; (6.8 g, 1.2mol equiv) and 1,2-diaminoethane
(1.2 g, 20 mmol) using the procedure described above.
Recrystallization from methanol and DMSO gave the
product as small white crystals (5.41g, 57%): mp
235°C; '"H NMR (CDCl;) ¢ 8.33 (2H, br t), 7.61 (2H,
d, J=19Hz), 747 (2H, d, J=1.9 Hz), 3.68 (6H, s),
3.66 (6H, s), 3.30 (4H, m). Anal. Caled for
C20H22N4010: C, 5021, H, 464, N, 11.71. Found: C,
50.16; H, 4.52; N, 11.60.

4.5.2.  N,N'-1,3-Propanediylbis(3,4-dimethoxy-5-nitro-
benzamide) (14). The propyl derivative was prepared
from 3,4-dimethoxy-5-nitrobenzoyl chloride (10 g,
40 mmol), K,CO;5 (6.8 g, 1.2 mol equiv) and 1,3-diami-
nopropane (1.48 g, 20 mmol) using the procedure de-
scribed above. Recrystallization from methanol gave
the product as long needle-like crystals (2.36 g, 24%):
mp 200-201°C; 'H NMR (CDCly) & 7.77 (2H, d,
J=20Hz), 7.74 (2H, d, J=2.0Hz), 7.28 (2H, t,
J=59Hz), 4.01 (6H, s), 3.99 (6H, s), 3.53 (4H, quint,
J=5.9Hz), 1.87 (2H, quint, J=5.9 Hz). Anal. Calcd
for C,jHouN4Oqp: C, 51.22; H, 4.91; N. 11.38. Found:
C, 51.35; H, 4.89; N, 11.44.

4.5.3. N,N'-1,4-Butanediylbis(3,4-dimethoxy-5-nitro-
benzamide) (15). The butyl derivative was prepared from
3.,4-dimethoxy-5-nitrobenzoyl chloride (10 g, 40 mmol),
K,CO;3 (6.8 g, 1.2mol equiv) and 1,4-diaminobutane
(1.76 g, 20 mmol) using the procedure described above.
Recrystallization from methanol and DMSO gave the
product as a white crystalline powder (5.15g, 51%):
mp 230-231°C; 'H NMR (DMSO-d,) 6 8.14 (2H, t,
J=56Hz), 7.83 (2H, d, J=2.0Hz), 7.66 (2H, d,
J=2.0Hz), 3.86 (6H, s), 3.84 (6H, s), 3.33 (4H, quint,
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J=5.6 Hz), 1.57 (4H, m). Anal. Calcd for C,,H»6N4O1¢:
C,52.17;H, 5.17; N, 11.07. Found: C, 52.13; H, 5.26; N,
10.89.

4.5.4. N,N'-1,5-Pentanediylbis(3,4-dimethoxy-5-nitroben-
zamide) (16). The pentyl derivative was prepared from
3,4-dimethoxy-5-nitrobenzoyl chloride (10 g, 40 mmol),
K,CO;5 (6.8 g, 1.2 mol equiv) and 1,5-diaminopentane
(2.04 g, 20 mmol) using the procedure described above.
Recrystallization from methanol gave the product as
long needle-like crystals (4.79 g, 46%): mp 198-199 °C;
'"H NMR (CDCly) 6 7.63 (2H, d, J=2.0 Hz), 7.61
(2H, d, J=2.0 Hz), 6.34 (2H, t, J= 6.4 Hz), 3.99 (6H,
s), 3.94 (6H, s), 3.45 (4H, quint, J = 6.4 Hz), 1.70 (4H,
quint, J = 6.4 Hz), 1.49 (2H, quint, J = 6.4 Hz). Anal.
Calcd for C23H28N4010: C, 5307, H, 542, N, 10.77.
Found: C, 52.82; H, 5.38; N, 10.64.

4.5.5. 2-(4-Methoxybenzamide)ethylamine (17). A solu-
tion of 4-methoxybenzoylchloride (1 g, 5.7 mmol) and
CH,Cl, (100 mL) was added drop-wise into a vigorously
stirred and cooled (—78 °C) solution of 1,2-diamino-
ethane (4 mL) and CH,Cl, (200 mL). The CH,Cl, mix-
ture was washed with 1 M HCI solution to extract the
monosubstituted amine and unreacted diamine. The
pH of the combined aqueous extracts was adjusted to
14 by the addition of sodium hydroxide pellets and the
amine product was extracted into ethyl acetate. Rotary
evaporation under reduced pressure of the dried
(Na,SO,) ethyl acetate solution gave the crude product
as an oil, which eventually solidified to a crystalline
white solid (0.42g, 38%): mp 81-85°C; 'H NMR
(CDCl3) 6 7.76 (2H, d, J=8.8Hz), 691 (2H, d,
J=8.8Hz), 6.72 (1H, t, /=59 Hz), 3.84 (3H, s), 3.48
(2H, q, /=59 Hz), 2.93 (2H, t, J = 5.9 Hz).

4.5.6. 3-(4-Methoxybenzamide)propylamine (18). A solu-
tion of 4-methoxybenzoyl chloride (1 g, 5.7 mmol) and
CH,Cl, (100 mL) was added drop-wise into a vigorously
stirred and cooled (—78 °C) solution of 1,3-diaminopro-
pane (4 mL) and CH,Cl, (200 mL). The CH,Cl, mixture
was washed with 1 M HCI solution to extract the mon-
osubstituted amine and unreacted diamine. The pH of
the combined aqueous extract was adjusted to 14 by
the addition of sodium hydroxide pellets and the amine
product was extracted into ethyl acetate. Rotary evapo-
ration under reduced pressure of the dried (Na,SO,) eth-
yl acetate solution gave the crude product as an oil.
Further evaporation of the product under high vacuum
gave the product as a crystalline white solid (0.84 g,
71%): mp 89-90 °C; '"H NMR (CDCls) § 7.76 (2H, d,
J=8.8Hz), 7.56 (1H, t, J=6.0Hz), 691 (2H, d,
J=28.84 Hz), 3.85 (3H, s), 3.57 (2H, q, J=6.0 Hz),
291 (2H, t, J = 6.0 Hz), 1.74 (2H, quint, J = 6.0 Hz).

4.5.7. N-[2-(4-Methoxybenzoylamino)ethyl]-3,4-dime-
thoxy-5-nitrobenzamide (19). Freshly prepared 3,4-dime-
thoxy-5-nitrobenzoyl chloride (1.5g, 6.1 mmol) and
potassium carbonate (0.84 g, 6.1 mmol) were dissolved
in a two phase system consisting of H,O (20 mL) and
ethyl acetate (20 mL). 2-(4-Methoxybenzamide)ethyl-
amine (1 g, 5.1 mmol) was added to the solution which
was stirred overnight. The precipitate that formed was

removed by filtration and recrystallized from water
and ethanol to give the product as small white crystals
(0.67 g, 27%): mp 177 °C; "H NMR (DMSO-dg) & 8.87
(1H, s), 8.52 (1H, s), 7.94 (1H, d, J=2.1 Hz), 7.87
(2H, d, J=8.8 Hz), 7.84 (1H, d, J=2.1 Hz), 7.51 (2H,
d, J=8.8 Hz), 4.00 (3H, s), 3.95 (3H, s), 3.84 (3H, s),
3.48 (4H, br s). Anal. Calcd for C;9H,;N3;O7: C, 56.57;
H, 5.25; N, 10.42. Found: C, 56.53; H, 5.13; N, 10.19.

4.5.8. N-[3-(4-Methoxybenzoylamino)propyl]-3,4-dime-
thoxy-5-nitrobenzamide (20). Freshly prepared 3,4-dime-
thoxy-5-nitrobenzoyl chloride (1.42 g, 5.8 mmol) and
potassium carbonate (0.80 g, 5.8 mmol) were dissolved
into a two phase system consisting of H,O (30 mL)
and ethyl acetate (30 mL). 3-(4-Methoxybenzamide)pro-
pylamine (1 g, 4.8 mmol) was added to the solution
which was then stirred overnight. The crude product
was extracted with ethyl acetate and washed with 1 M
NaOH to remove any carboxylate byproduct. Rotary
evaporation under reduced pressure of the dried
(Na,SO,) ethyl acetate solution gave the crude product,
which was purified by recrystallization from water and
ethanol to give the final product as small white flaky
crystals (0.83 g, 34%): mp 139 °C; '"H NMR (CDCls) 6
7.89 (1H, d, J=2.0Hz), 7.83 (1H, t, J=6.0 Hz), 7.78
(2H, d, J=8.8 Hz), 7.77 (1H, d, J= 2.0 Hz), 6.94 (2H,
d, J=8.8 Hz), 6.70 (1H, t, J=6.0 Hz), 4.01 (3H, s),
4.00 (3H, s), 3.86 (3H, s), 3.58 (2H, q, J=6.0 Hz),
3.53 2H, q, J=6.0 Hz), 1.84 (2H, quint, J = 6.0 Hz).
Anal. Calcd for C,o0H3N307: C, 57.55; H, 5.55; N,
10.07. Found: C, 57.32; H, 5.52; N, 10.03.

4.5.9. 4-(3,4-Dimethoxy-5-nitrobenzamide)butan-1-ol (21).
3,4-Methoxy-5-nitrobenzoyl chloride (3 g, 12.2 mmol),
triethylamine (3 mL), 4-aminobutanol (1.25 g, 14 mmol)
and acetonitrile (50 mL) were mixed together and heated
under reflux for 5h. Removal of the solvent by rotary
evaporation under reduced pressure gave the crude prod-
uct, which was then extracted into ethyl acetate. The ethyl
acetate was washed with 10% aqueous HCl and 2 M
NaOH to remove triethylamine and carboxylate byprod-
ucts. Rotary evaporation under reduced pressure of the
dried (Na,SO,4) ethyl acetate solution gave the crude
product, which was purified by column chromatography
(eluting with chloroform/hexane 1:1) and then recrystal-
lized from chloroform to give the final product as a white
crystalline powder (2.84 g, 78%): mp 91-93 °C; '"H NMR
(CDCly) 6 7.73 (1H, d, J=2.1Hz), 7.68 (1H, d,
J=2.1Hz), 6.88 (1H, t, J=59Hz), 480 (1H, br s),
4.04 (3H, s), 4.00 (3H, s), 3.78 (2H, t, J =59 Hz), 3.52
(2H, q, J=59Hz), 1.74 (4H, m). Anal. Calcd for
C13H18N206Z C, 5234, H, 608, N, 9.40. Found: C,
52.50; H, 5.89; N, 9.49.

4.5.10. 5-(3,4-Dimethoxy-5-nitrobenzamide)pentan-1-ol
(22).  3,4-Methoxy-5-nitrobenzoyl  chloride (3 g,
12.2 mmol), tricthylamine (3 mL), S5-aminopropanol
(1.44 g, 14 mmol) and acetonitrile (50 mL) were mixed
together and heated under reflux for 5 h. Removal of
the solvent by rotary evaporation under reduced pres-
sure gave the crude product, which was then extracted
into ethyl acetate. The ethyl acetate was washed with
10% aqueous HCI and 2 M NaOH to remove triethyl-
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amine and carboxylate byproducts. Rotary evaporation
under reduced pressure of the dried (Na,SO,) ethyl ace-
tate solution gave the crude product, which was purified
by column chromatography (eluting with chloroform/
hexane 1:1) followed by recrystallization from water
and ethanol to give the final product as flaky white crys-
tals (3.09 g, 81%): mp 86-88 °C; '"H NMR (CDCls) §
7.68 (1H, d, J=1.8 Hz), 7.62 (1H, d, J = 1.8 Hz), 6.35
(1H, t, J=6.6 Hz), 4.02 (3H, s), 3.98 (3H, s), 3.56
(2H, t, J= 6.6 Hz), 3.45 (2H, q, J = 6.6 Hz), 1.84 (2H,
quint, J =6.6 Hz), 1.66 (2H, quint, J=6.6 Hz), 1.55
(2H, quint, J = 6.6 Hz). Anal. Calcd for C;4H,(N,Oq:
C, 53.84; H, 6.45; N, 8.97. Found: C, 53.90; H, 6.62;
N, 8.95.

4.5.11. 4-(3,4-Dimethoxy-5-nitrobenzamide)butan-1-ol, p-
toluenesulfonate ester (23). To a solution of 4-(3,4-di-
methoxy-5-nitrobenzamide)butan-1-ol  (21) (2.5 g,
8.4 mmol) and dry pyridine (30 mL) cooled to below
5°C was added p-toluenesulfonyl chloride (1.93 g,
10.1 mmol). After stirring for 12 h, the mixture was
extracted into CH,Cl, and washed with ice-cold 1 M
HCI solution to remove any dissolved pyridine. Rotary
evaporation under reduced pressure of the dried
(Na,SO,4) CH,Cl, solution gave the crude product
which was purified by column chromatography (eluting
with chloroform/hexane 1:2) to give the final E)roduct as
a white solid (2.04 g, 54%): mp 129°C; '"H NMR
(CDCl3) ¢ 7.79 (2H, d, J=8.1 Hz), 7.65 (2H, m), 7.36
(2H, d, J=28.1 Hz), 6.37 (1H, t, J = 5.8 Hz), 4.10 (2H,
t, J=5.8 Hz), 4.03 (3H, s), 3.99 (3H, s), 3.46 (2H, q,
J=5.8Hz), 2.45 (3H, s), 1.75 (4H, m). Anal. Calcd
for Cy0H,4N,SOg0.5H ,0: C, 52.05; H, 5.46; N, 6.07;
S, 6.95. Found: C, 51.94; H, 5.30; N, 6.10; S, 6.57.

4.5.12. 5-(3,4-Dimethoxy-5-nitrobenzamide)pentan-1-ol,
p-toluenesulfonate ester (24). To a solution of 4-(3,4-
methoxy-5-nitrobenzamide)pentan-1-ol  (22) (2.5 g,
8.0 mmol) and dry pyridine (30 mL) cooled to below
5°C was added p-toluenesulfonyl chloride (1.83 g,
9.6 mmol). After stirring for 12 h, the mixture was
extracted into CH,Cl, and washed with ice-cold 1 M
HCI solution to remove any dissolved pyridine. Rotary
evaporation under reduced pressure of the dried
(Na,S0O4) CH,Cl, solution gave the crude product,
which was purified by column chromatography (eluting
with chloroform/hexane 1:2) to give the final product as
a clear oil (2.39 g, 64%): "H NMR (CDCl;) é 7.79 (2H,
d, J=8.4Hz), 7.69 (1H, d, J=2.1 Hz), 7.66 (1H, d,
J=2.1Hz), 736 (2H, d, J=8.4Hz), 635 (1H, t,
J=6.6 Hz), 4.08 (2H, t, J= 6.6 Hz), 4.04 (3H, s), 4.00
(3H, s), 3.45 2H, q, J=6.6 Hz), 2.47 (3H, s), 1.75
(2H, quint, J = 6.6 Hz), 1.65 (2H, m), 1.50 (2H, m).

4.5.13.  N-(4-Phthalimidobutyl)-3,4-dimethoxy-5-nitro-
benzamide (25). 4-(3,4-Dihydroxy-5-nitro-benzam-
ide)butan-1-ol, p-toluenesulfonate ester (23) (1.48 g,
3.27 mmol), potassium phthalamide (0.73 g, 3.93 mmol)
and DMSO (30 mL) were mixed together and heated at
100 °C with stirring for 12 h. Water (150 mL) was added
and the mixture stirred until a precipitate formed. The
precipitate was extracted with chloroform and washed
with saturated salt solution to remove any residual

DMSO. Rotary evaporation under reduced pressure of
the dried (Na,SO,) chloroform solution gave the crude
product which was purified by column chromatography
(eluting with chloroform/hexane 3:1) to give the final
product as a cream colored powder (0.74 g, 53%): mp
144 °C; '"H NMR (CDCly) 6 7.85 (2H, m), 7.73 (2H,
m), 7.72 (H, d, J=2.0Hz), 7.71 (H, d, J=2.0 Hz),
6.63 (H, t, J=6.8 Hz), 4.02 (3H, s), 3.98 (3H, s), 3.76
(2H, t, J=6.8 Hz), 3.54 (2H, q, J = 6.8 Hz), 1.76 (4H,
m). Anal. Calcd for C,;H,>N;O7: C, 59.01; H, 4.95; N,
9.83. Found: C, 58.87; H, 5.04; N, 9.71.

4.5.14. N-(5-Phthalimidopentyl)-3,4-dimethoxy-5-nitro-
benzamide (26). 5-(3,4-Dimethoxy-5-nitro-benzam-
ide)pentan-1-ol, p-toluenesulfonate ester (24) (1.8 g,
3.98 mmol), potassium phthalamide (0.88 g, 4.77 mmol)
and DMSO (30 mL) were mixed together and heated at
100 °C with stirring for 12 h. Enough water was added
to the mixture to allow the formation of a precipitate
and then the mixture was reheated until the precipitate
dissolved. The pure product crystallized as the mixture
cooled (1.61 g, 96%): mp 118-119 °C; "H NMR (CDCl;)
07.83 (2H, m), 7.73 (6H, m), 6.43 (H, t, J = 6.6 Hz), 4.04
(3H, s), 3.99 (3H, s), 3.75 (2H, t, J = 6.6 Hz), 3.49 (2H,
q, J=6.6Hz), 175 (4H, m), 145 (2H, quint,
J=6.6 Hz). Anal. Calcd for C,,H»3N305: C, 59.86; H,
5.25; N, 9.52. Found: C, 59.81; H, 5.30; N, 9.42.

4.5.15. N-[4-(4-Methoxybenzoylamino)butyl]-3,4-dimeth-
oxy-5-nitrobenzamide (27). N-(4-Phthalimidobutyl)-3,4-
dimethoxy-5-nitrobenzamide (25) (0.65g, 1.5 mmol),
hydrazine monohydrate (0.22 mL, 4.5 mmol) and etha-
nol (30 mL) were mixed together and stirred for 12 h.
The precipitate that formed was removed by filtration
and the ethanol and hydrazine were removed by high
vacuum to yield the crude amine. The crude amine was
resuspended in a mixture of 4-methoxybenzoyl chloride
(0.31g, 1.8 mmol), potassium carbonate (0.25g,
1.8 mmol), H,O (25 mL) and ethyl acetate (25 mL) and
stirred overnight. The ethyl acetate mixture was separat-
ed and washed with 1 M NaOH to remove any carboxyl-
ate byproduct. Rotary evaporation under reduced
pressure of the dried (Na,SOy,) ethyl acetate solution
gave the crude product, which was purified by column
chromatography (eluting with chloroform) to give the fi-
nal product as a white powder (0.23 g, 36%): mp 128 °C;
'"H NMR (CDCly) ¢ 7.93 (1H, d, J=2.1 Hz), 7.81 (1H,
d, J=2.1Hz), 7.77 (2H, d, J=9.0Hz), 7.51 (1H, t,
J=6.0Hz), 695 (2H, d, J=9.0Hz), 6.40 (1H, t,
J=6.0 Hz), 4.03 (3H, s), 4.02 (3H, s), 3.88 (3H, s), 3.59
(2H, q, J = 6.0 Hz), 3.54 (2H, q, J = 6.0 Hz), 1.75 (4H,
m). Anal. Calcd for C,;H,5N307: C, 58.46; H, 5.84; N,
9.74. Found: C, 58.08; H, 5.86; N, 9.90.

4.5.16. N-|5-(4-Methoxybenzoylamino)pentyl]-3,4-di-
methoxy-5-nitrobenzamide (28). N-(5-Phthalimidopen-
tyl)-3,4-dimethoxy-5-nitrobenzamide (26) (1g, 2.3
mmol), hydrazine hydrate (0.35 mL, 6.9 mmol) and eth-
anol (30 mL) were mixed together and stirred for 12 h.
The precipitate that formed was removed by filtration
and the ethanol and hydrazine were removed by high
vacuum to yield the crude amine. The crude amine
was resuspended in a mixture of 4-methoxybenzoyl
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chloride (0.48 g, 2.8 mmol), potassium carbonate
(0.39 g, 2.8 mmol), H O (25mL) and ethyl acetate
(25 mL) and stirred overnight. The ethyl acetate solution
was separated and washed with 1 M NaOH to remove
any carboxylate byproduct. Rotary evaporation under
reduced pressure of the dried (Na,SO,) ethyl acetate
solution gave the crude product, which was purified by
column chromatography (eluting with chloroform) to
give the final product as a clear oil (0.49 g, 47%): 'H
NMR (CDCls) 6 7.75 (1H, d, J=2.1 Hz), 7.69 (1H, d,
J=21Hz), 7.65 (2H, d, J=9.0Hz), 6.88 (2H, d,
J=9.0Hz), 6.86 (IH, t, J=69Hz), 625 (1H, t,
J=6.9Hz), 401 (3H, s), 3.94 (3H, s), 3.84 (3H, s),
3.47 (4H, q, /=69 Hz), 1.68 (4H, quint, J = 6.9 Hz),
1.45 (2H, quint, J = 6.9 Hz).

4.5.17. N-Methyl-(3,4-dimethoxy-5-nitrobenzamide) (29).
Methylamine in ethanol (33% w/w) (1.3 mL, 11 mmol)
was added to a solution of 3,4-dimethoxy-5-nitrobenzoyl-
chloride (2.5 g, 10.1 mmol), triethylamine (2 mL) and eth-
yl acetate (50 mL) and the mixture was stirred overnight.
The ethyl acetate was washed with 10% aqueous HCI
solution and 2 M NaOH solution. Rotary evaporation
under reduced pressure of the dried (MgSQOy) ethyl acetate
solution gave the crude product, which was purified by
column chromatography (3:1 chloroform/hexane) to give
the final product as a white powder (2.1 g, 86%): mp 158—
162°C (dec); '"H NMR (CDCl;) & 7.66 (IH, d,
J=2.1Hz), 7.60 (1H, d, J=2.1 Hz), 6.20 (1H, br s),
4.01 (3H, s), 3.96 (3H, s), 3.01 (3H, d, J = 7.1 Hz). Anal.
Calcd for C;oH;pN>Os: C, 50.00; H, 5.04; N, 11.66.
Found: C, 50.24; H, 4.97; N, 11.34.

4.5.18. N-Ethyl-(3,4-dimethoxy-5-nitrobenzamide) (30).
Ethylamine in ethanol (33% w/w) (1.95 mL, 11 mmol)
was added to a solution of 3,4-dimethoxy-5-nitro-
benzoylchloride (2.5g, 10.1 mmol), triethylamine
(2 mL) in ethyl acetate (50 mL) and the mixture was stir-
red overnight. The reaction mixture was washed with
10% aqueous HCl and 2 M NaOH solution. Rotary
evaporation under reduced pressure of the dried
(MgS0O,) ethyl acetate solution gave the crude product,
which was recrystallized from water and ethanol to give
the product as white flaky crystals (1.4 g, 54%): mp
111 °C; '"H NMR (CDCls) § 7.68 (1H, d, J=2.1 Hz),
7.61 (1H, d, J=2.1 Hz), 6.20 (1H, br s), 4.02 (3H, s),
3.98 (3H, s), 3.51 (2H, dq, J=5.6, 7.1 Hz), 1.27 (3H,
t, J=7.1 Hz). Anal. Calcd for C;;H4N,05: C, 51.96;
H, 5.55; N, 11.02. Found: C, 52.07; H, 5.46; N, 10.79.

4.5.19. N-Methyl-(3,4-dihydroxy-5-nitrobenzamide) (31).
An excess of BBr; (1.2 mL, 15 mol equiv) was added to a
solution of N-methyl (3,4-dihydroxy-5-nitrobenzamide)
(29) (0.2 g, 0.8 mmol) in dried CH,Cl, (20 mL) under
N,. The mixture was left stirring for 24 h at room tem-
perature. Water was carefully added to eliminate any
unreacted BBr;. The mixture was evaporated to dryness
by rotary evaporation under reduced pressure to yield

the crude product. The product was purified by recrys-
tallization from an acetone and water solution to give
the final product as long yellow crystals (80 mg, 45%):
mp 217-219 °C; '"H NMR (acetone-dg) & 10.40 (1H, br
s), 8.92 (1H, br s), 8.00 (1H, d, /=2.1 Hz), 7.73 (1H,
d, J=4.8Hz), 7.60 (1H, d, J=2.1 Hz), 2.74 (3H, d,
J=4.8 Hz). Anal. Calcd for CgHgN,Os: C, 45.28; H,
3.80; N, 13.21. Found: C, 45.35; H, 3.82; N, 12.91.

4.5.20. N-Ethyl-(3,4-dihydroxy-5-nitrobenzamide) (32).
The ethyl derivative was prepared using N-ethyl-(3,4-di-
methoxy-5-nitro-benzamide) (30) (0.2 g, 0.8 mmol) and
BBr; (1.2mL, 15 mol equiv) using the procedure de-
scribed above (96 mg, 54%): mp 176-177 °C; 'H NMR
(acetone-dg) o 10.60 (2H, br s), 8.00 (1H, d,
J=2.1Hz), 7.78 (1H, br s), 7.62 (1H, d, J=2.1 Hz),
3.28 (2H, dq, J = 5.6, 7.2 Hz), 1.05 (3H, t, J = 7.2 Hz).
Anal. Caled for CoH(N,Os: C, 47.79; H, 4.45; N,
12.38. Found: C, 48.02; H, 4.43; N, 12.09.
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Abstract—Four new monomodified berberines have been synthesized in moderate to good yields starting from berberine and fully
characterized by HRMS and "H NMR. Spectrometric titration and ethidium bromide displacement experiments indicate that these
berberine derivatives, especially the one having primary amino group, strongly bind with calf-thymus DNA, presumably via an

intercalation mechanism.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

A large number of molecules can bind noncovalently
and specifically to DNA. These associative interactions
lead to significant modification of the structures of the
DNA, and therefore may have an important impact
on the physiological function of the DNA, namely gene
expression. Therefore, there is increasing interest in the
development of DNA-binding agents that can probe
the structure and function of DNA. To date, several
classes of DNA-binding molecules have been established
and studied in detail.

In these aspects, berberine (1, Chart 1), a representative
protoberberine alkaloid, is attractive as one of the
promising lead structure for the development of func-
tional DNA-binding drugs. This is, in part, because this
naturally occurring compound exhibits a broad range of
pharmacological activities,' such as antimicrobial, anti-
malarial, antiinflammtory, and antifungal, as well as
anticancer activities with significantly low toxicity.
Another reason lies in the fact that berberine has been
proven to be a DNA-binder, by means of several analyt-
ical techniques, including absorption, fluorescence,
NMR, electrospray ionization mass (ESI-MS), and
CD spectrometries.>> Meanwhile, it is reported that ber-
berine has the ability to induce apoptosis in promyelo-
cytic leukemia HL-60 cells.* These biological

Keywords: Berberine; Synthesis; DNA-binder; Spectrometry.
* Corresponding authors. Tel:+ 852 3411 2906; fax: +852 3411
2461; e-mail addresses: cescwh@zsu.edu.cn, zhjiang@hkbu.edu.hk
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Chart 1.

properties are thought to result from the binding of ber-
berine to DNA,> and spur various efforts to clarify the
nature of their interactions.>?

Though a few issues need to be further addressed in the
interaction of berberine with DNA, computer-aided
modeling studies of berberine-DNA complex suggest
that berberine binds to DNA from its C5-C6-N"-C8
side (Chart 1).2® Furthermore, it has been shown that
the 9-position in berberine analogs is an important
determinant of DNA topoisomerase II inhibition.®
Thus, the interaction with DNA of berberine derivatives
with structural perturbation at the 9-position may pro-
vide more insight into the different aspects of association
process of berberine with DNA. In this paper, we de-
scribe the synthesis and DNA-binding affinities of four
new Dberberine derivatives, 4a—d (Scheme 1), having
hydroxyethoxy, aminoethoxy, imidazolylethoxy, and
N-methylpiperazinylethoxy groups at the 9-position,
with the aim to assess the effect of the modification at
this position on the DNA-binding affinity and mode.
These functional substituents, frequently used in the de-
sign of DNA-binders, are expected to increase binding
affinities through hydrogen bonding and/or electrostatic
interaction with DNA.
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HO(CHa),!
DMF, 60°C | 76%

H3CO

Scheme 1. Synthetic route for compounds 4a-d.

2. Results and discussion
2.1. Synthesis of monomodified berberines 4a—d

The synthetic route of monomodified berberines 4a—d is
shown in Scheme 1. Partial demethylation of berberine 1
at 190 °C under vacuum for 15 min, gave berberrubine
27 in 60% yield. Alkylations of 2 with 1,2-dibromoe-
thane and 2-iodoethanol in DMF, followed by exchang-
ing the counter anions into chloride, afforded 3 and 4a in
73% and 76%, respectively. Ammonolysis of 3 with 28%
ammonia solution—-NH,Cl, imidazole, and N-methylpip-
erazine gave compounds 4b—d in 47-61% yields, respec-
tively. Additional alkaline catalyst (i.e., K,CO3) was
necessary in the synthesis of 4c—d. Compounds 4a—d
were fully characterized by HRMS and '"H NMR. All
these compounds afforded correct HR ESI-MS spectra
with the m/z values corresponding to [M—CI]". Their
"H NMR spectra, for example, 4b in Figure 1, were also
consistent with the given structures.

2.2. DNA-binding interaction

The interactions of compounds 4a-d with DNA were
investigated by means of spectrometric titration and
ethidium bromide (EB) displacement experiments to
evaluate their binding affinities and modes.® Figure 2
exemplifies the spectrofluorimetric titration of 4a with
calf-thymus (CT) DNA. It is observed that the addition
of CT DNA leads to large increase in the fluorescence
intensities of these compounds except 4b, strongly indi-
cating their interactions with CT DNA. These signifi-
cant changes ensured the availability of the association

Br(CHa),Br
DMF, 60°C

47%

N-Methylpiperazine 4b
K2CO3, DMF, 60°C

constants (K,’s) of 1, 4a, and 4c—d with CT DNA (Table
1), from the analyses of the relationship between the
fluorescence intensities and the DNA concentrations
by nonlinear curve fitting methods.? It should be noted,
however, that the complexation of 4b with CT DNA did
not induce significant change in the fluorescence intensi-
ty. Therefore, its association constant with CT DNA
was obtained from EB displacement experiment (vide
infra).

It can be seen from Table 1 that the relative binding
affinities of berberine 1 and 4a—d with CT DNA are in
the order of 4d > 4c >4a > 1 from spectrofluorimetric
titration, and 4b > 4d > 4¢ > 4a from EB displacement
assay. Thus, the overall order of relative binding affini-
ties is established as 4b > 4d > 4¢ > 4a > 1. Consequent-
ly compounds 4a—d, compared with berberine 1, show
comparable or significantly higher binding affinities to-
ward CT DNA. This result indicates that the modifica-
tion at the 9-position can enhance the DNA-binding
ability of berberine, which was further supported by
the following spectrophotometric titration and competi-
tive EB displacement experiments. The most efficient
binding was observed in the primary amino group-mod-
ified derivative 4b whose binding ability is over seven-
fold higher than that of 4a (and 1).!° This substantial
increase may be rationalized by taking into account
the structural characteristics inherent in 4b: its less hin-
dered protonated amino group, compared with proton-
ated imidazolyl and methylpiperazinyl groups of 4c—d,
can interact more strongly with CT DNA through
hydrogen bonding and enhanced electrostatic interac-
tions in the present measuring conditions (pH 6.35).

b

()

Figure 1. '"H NMR spectrum (300 MHz) of 4b in CDCI3/CD;0D (1/1).
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Figure 2. Spectrofluorimetric titration of 4a (2.26 x 10~ M) with CT
DNA of increasing concentration (0 —2.41 x 10™* M) in 50 mM Tris—
HCI buffer (pH 6.35) at room temperature, ex 355 nm. The inset

indicates the relationship between the fluorescence intensity (at em
513 nm) and the concentration of CT DNA.

Table 1. Association constants (K,’s, M~!) and photo physical
properties of 1 and 4a-d with CT DNA?*

Compound K, (x107%) Red shift Hypochromicity?
(nm)* (%0)
1 1.12+0.04> 1 5
4a 1.18 £0.07° 7 14
4.64 +0.25°
4b 33.65+1.73° 2 26
4c 3.56+0.35° 9 23
5.10 + 0.69°
4d 6.08 +£0.55° 8 19
8.24 +1.45°

#In 50 mM Tris-HCI buffer (pH 6.35) at room temperature.
® Obtained from spectrofluorimetric titration experiment.
¢Obtained from EB displacement experiment.

9 Measured at the absorption maximum at 340 nm.

This result may provide some guidances for future ra-
tional design of modified berberines having potentially
high DNA-binding affinities.

The interactions of 4a—d with CT DNA were also stud-
ied by absorption spectrometry. A representative spec-
trophotometric titration is shown in Figure 3 for 4b
with CT DNA. It is observed that the addition of CT
DNA, at pH 6.35, to the solutions of 4a-d at the
DNA/berberine molar ratios varying from 0 to 10 in-
duced large bathochromic shifts (2 -9 nm) and hypo-
chromicities (14 —26%) (Fig. 3 and Table 1). These
spectroscopic variations are strongly indicative of the
interaction of 4a-d with CT DNA. The extent of spec-
tral change, especially hypochromicity is related to the
strength of binding.!" Thus, the observed larger red
shifts and much greater hypochromicity values of com-
pounds 4a-d with CT DNA than compound 1 suggest
that 4a-d bind to CT DNA more strongly than 1.
On the other hand, during the course of titration, well-
resolved isosbestic points at 370 and 410 nm were
observed, revealing the existence of, mainly, one partic-

0.30

0.24

Absorbance

0.06

T T T T T T T T T T 1
250 300 350 400 450 500
Wavelength (nm)
Figure 3. Spectrophotometric titration of 4b (8.3 x 10~° M) with CT
DNA (0-8.5% 107> M) in 50 mM Tris—HCI buffer (pH 6.35) at room
temperature. The figure contains the absorption spectrum of free 4b,
intermediate spectra, and final spectrum of 4b-CT DNA complexes.

The dash—dot arrows indicate the decreasing absorption bands during
the course of titration; solid arrows indicate the isosbestic points.

ular binding mode between 4a-d and CT DNA.'? The
magnitudes of these spectral perturbations provide pri-
ma facie evidence for intercalative binding because they

establish that m systems of 4a—d are intimate contacts
with the DNA bases.!?

The DNA-binding modes of 4a—d were further moni-
tored by a fluorescent EB displacement assay.!®!3 It is
well known that EB can intercalate nonspecifically into
DNA and strongly fluoresces upon complexation. Com-
petitive binding of other drugs to DNA with EB will re-
sult in the displacement of bound EB and a decrease in
the fluorescence intensity. This fluorescence-based com-
petition technique can provide indirect evidences for the
DNA-binding mode. Figure 4 shows the plots of the rel-
ative fluorescence intensity (FI; I/1,) of EB against the

10
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Figure 4. Fluorescence decrease of EB (3.03 x 107 M) induced by the
competitive binding of 4a and 4b to CT DNA (2.40x 107° M) in
50 mM Tris-HCI buffer (pH 6.35) at room temperature, excitation
490 nm, and emission 594 nm.
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concentrations of added 4a-b. It is clear that the fluores-
cence intensity of EB decreases upon the addition of 4a
or 4b, indicating that 4a-b can substitute EB bound to
CT DNA. Similar phenomena were observed for 4c—d.
These results, together with the bathochromic shifts,
hypochromicities, and isosbestic points observed in the
spectrophotometric titration, imply that 4a—d may bind
to CT DNA via the same binding mechanism (i.e., inter-
calation) with EB. Thus, the DNA-binding mode of
berberine has been reserved during modification at the
9-position.”® On the other hand, analyses of I/, as a
function of the concentrations of the added competitive
4a—d by nonlinear curve fitting methods'® can afford
their association constants with CT DNA (Table 1).

3. Concluding remarks

Four new monomodified berberines have been success-
fully synthesized in moderate to good yields. Spectromet-
ric titration and EB displacement experiments indicate
that these derivatives, especially the one having primary
amino group, strongly bind with CT DNA, presumably
via an intercalation mechanism. The present results sug-
gest that the modification at the 9-position of berberine
can significantly improve its DNA-binding affinity while
reserving its binding mode as an intercalator. The efforts
aiming at exploiting the practical potential of berberine
derivatives having diverse substituents at the 9-position
are actively continuing in our laboratories.

4. Experimental

Fluorescence measurements were made on a Perkin-
Elmer Luminescence Spectrometer LS55. Absorption
spectra were recorded on a Jasco UV-530 ultraviolet—vis-
ible spectrophotometer. NMR spectra were recorded at
Varian Unity INOVA-300 in CD;OD-CDCl;, and
TMS was used as internal reference. HR MS spectra were
measured on Perkin-Elmer Sciex Api Qstar Pulsar i
LCMS.

CT DNA was purchased from Pharmacia (Uppsala,
Sweden). Its concentration was determined spectropho-
tometrically using the molar extinction coefficient of
6600 M~' cm™! at 260 nm. Berberine chloride was iso-
lated from Chinese herbal medicine (‘Huang-Lian’)
and recrystallized from hot water. All other synthetic
reagents were of analytical grade. Berberrubine 2 was
prepared according to the reported methods.”

4.1. Synthesis of 9-0-2-bromoethylberberine 3

A solution of 2 (0.7 g, 2.0 mmol) and 1,2-dibromoethane
(3.7 g, 20 mmol) in dry DMF (5 mL) was heated at 60 °C
for 6 h and then Et,O was added. The resulting solid was
filtered and then subject to anion-exchange into chloride
form. The crude product was chromatographed on a silica
gel column, eluted with CHCl3/MeOH (10/1, v/v) to give a
light yellow solid of 3 (0.68 g, 73%). 'H NMR (1/1
CD;0D/CDCl;, 300 MHz): ¢ 3.29 (t, 2H, J=7.0 Hz),
3.85 (t, 2H, J=6.0 Hz), 4.14 (s, 3H), 4.80 (t, 2H,

J=6.0Hz), 4.94 (t, 2H, J= 7.0 Hz), 6.13 (s, 2H), 6.92
(s, 1H), 7.57 (s, 1H), 8.02 (d, 1H, J = 10.0 Hz), 8.73
(d, 1H, J = 10.0 Hz), 8.61 (s, 1H), 9.87 (s, 1H); ESI-MS:
miz 428 (M-CI*).

4.2. Synthesis of 9-0-2-hydroxyethylberberine 4a

A solution of 2 (0.7 g, 2.0 mmol) and 2-iodoethanol
(3.4 g, 20 mmol) in dry DMF (5mL) was heated at
60 °C for 6 hand then Et,O was added. The resulting solid
was filtered and then subject to anion-exchanged into
chloride form. The crude product was chromatographed
on a silica gel column, eluted with CHCl;/MeOH (8/1,
vIv) to give a light yellow solid of 4a (0.53 g, 76%). 'H
NMR (1/1 CD;OD/CDCl;, 300 MHz): 6 3.20 (t, 2H,
J=6.2Hz), 3.80 (t, 2H, J = 5.6 Hz), 4.04 (s, 3H), 4.35
(t, 2H, J= 5.6 Hz), 4.87 (t, 2H, J = 6.0 Hz), 6.15 (s, 2H),
7.07 (s, 1H), 7.77 (s, 1H), 7.94 (d, 1H, J = 10.0 Hz), 8.15
(d, 1H, J=10.0 Hz), 8.90 (s, 1H), 9.85 (s, 1H); HRMS
for C,0H, NOs (IM—CI]*) Calcd: 366.1342. Found:
366.1338.

4.3. Synthesis of 9-0-2-aminoethylberberine 4b

A solution of 3 (92 mg, 0.2 mmol), 28% ammonia solution
(3 mL) and NH4CI (50 mg) in MeOH (5 mL) was stirred
at rt for 5h, and then extracted with CH,Cl,
(15 mL x 3). The organic layer was washed with brine
(5 mL x 3). After the solvent was evaporated in vacuum,
the obtained crude product was chromatographed on an
Al,O3 column, eluted with CHCI;/MeOH (8/1, v/v) and
then anion-exchanged with AgCl into chloride form. A
red solid of 4b (37 mg, 47%) was obtained. '"H NMR (1/
1 CD;0OD/CDCl3, 300 MHz): 6 3.24 (t, 2H, J = 7.0 Hz),
3.69 (t, 2H, J = 5.6 Hz), 3.86 (t, 2H, J = 5.6 Hz), 4.06 (s,
3H), 4.85 (t, 2H, J = 7.0 Hz), 6.10 (s, 2H), 6.87 (s, 1H),
7.46 (s, 1H), 7.56 (d, 1H, J=9.3Hz), 7.76 (d, 1H,
J=9.6Hz), 830 (s, 1H), 10.10 (s, 1H); HRMS for
C51H, N0, ([M-CI]") Caled: 35.1501. Found: 366.1523.

4.4. Synthesis of 9-0-2-(1'-imidazolylethyl)berberine 4c
and 9-0-2-(4'-ethylpiperazinylethyl)berberine 4d

4.4.1. General procedures. A solution of 3 (0.2 mmol),
imidazole or 4-methylpiperazine (2.0 mmol) and anhy-
drous K,COj3 (2.0 mmol) in dry DMF (5 mL) was heat-
ed at 60 °C for 10 h and then Et,O was added. The
resulting solid was filtered and subject to anion-
exchange into chloride form. The crude product was
chromatographed on an Al,O; column, eluted with
CHCI3/MeOH (10/1, v/v) to give 4c—d.

Compound 4c. A light yellow solid, yield 50%. "H NMR
(I/1 CD;OD/CDCl;, 300 MHz): 6 3.24 (t, 2H,
J=6.3Hz), 4.08 (s, 3H), 4.56 (t, 2H, J = 5.3 Hz), 4.68
(t, 2H, J=5.3Hz), 4.78 (t, 2H, J=6.6 Hz), 6.11 (s,
2H), 6.88 (s, 1H), 7.09 (s, 1H), 7.22 (s, 1H), 7.47 (s,
1H), 7.48 (s, 1H), 7.82 (s, 1H), 7.96 (s, 1H), 8.48 (s,
1H), 8.71 (s, 1H); HRMS for CyH,,N30,4 (IM-CIJ")
Calcd: 416.1610. Found: 416.1643.

Compound 4d. A light yellow solid, yield 61%. "H NMR
(/1 CD;OD/CDCl;, 300 MHz): 6 2.32 (s, 3H),
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2.47-2.58 (m, 4H), 2.60-2.72 (m, 4H), 2.92 (t, 2H,
J=6.0 Hz), 3.26 (t, 2H, J = 7.0 Hz), 4.10 (s, 3H), 4.53
(t, 2H, J=6.0 Hz), 4.93 (t, 2H, J=7.0 Hz), 6.10 (s,
2H), 6.92 (s, 1H), 7.59 (s, 1H), 7.96 (d, 1H,
J=10.0Hz), 8.04 (d, 1H, J=10.0 Hz), 8.63 (s, 1H),
9.83 (s, 1H); HRMS for CcH3oN;0, (IM—CI]") Calcd:
448.2236. Found: 448.2263.

4.5. Spectrofluorimetric titration experiments

Fluorescence spectra were measured at rt using quartz
cells of 1 cm path To the solutions of the drugs
(2.1x107°M) in 50 mM Tris-HCI buffer ng 6.35)
were added aliquots of CT DNA (1 39 x 107" M) solu-
tion containing drugs (2.1 x 107°*M) in 50 mM Tris—
HCI buffer (pH 6.35). This operation ensured that the
concentratlon of CT DNA increased gradually from 0
to 2.6 x 107* M, while the concentrations of drugs were
kept constant. The mixing was achieved by stirring for
10 min. Then, the corresponding fluorescence spectra
were measured (ex 355 nm, ex/em 15 nm/15 nm). Associ-
ation constants (K,’s) were derived from nonlinear curve
fitting, using the equation [I=1Iy+ ((I., — 1o)/2[B]o)
{([IDNAJo*[Blo+1/K,) — ((DNAJo*+B Jo+1/K,)* — 4DNAJ,
[Blo)"?},% wherein [DNA], and [B], are the initial analyt-
ical concentrations of DNA and drugs, respectively; I, I,
and I, represent the fluorescence intensities (at 520 nm)
of the sample, drugs (ie., 1,4a, and 4c-d) alone, and
the intensity when drugs are totally bound, respectively.

4.6. Spectrophotometric titration experiments

Absorption spectra were recorded at rt using conven-
tional quartz cells of 1cm path. Spectrophotometric
titrations were performed with fixed concentrations of
the drugs (i.e., 1 and 4a-d) while gradually increasing
concentratlon of CT DNA. Typically, to a solution of
4a (8.0 x 107 ° M) in 50 mM Tris—HCI buffer (pH 6.35)
were added aliquots of CT DNA (8 0x 107 M) solu-
tion containing 4a (8.0 x 106 M) in 50 mM Tris—-HCI
buffer (pH 6.35). The mixing was achieved by stirring
for 10 min. Then, the corresponding absorption spectra
were measured. The spectrophotometric titrations of 1
and 4b—d were conducted in a similar way.

4.7. EB displacement experiments

Competitive EB displacement experiments were per-
formed in matched quartz cellsof 1 cmpath. Toa solutlon
of CT DNA (2.40 x 10~° M) and EB (3.03 x 107° M) in
50 mM Tris—HCI buffer (pH 6.35) were added aliquots
of the drug (3.74 >< 107*M) solutions contammg CT
DNA (240x10°M) and EB (3.03x10°°M) in
50 mM Tris—HCI buffer (pH 6.35). This operation en-
sured that the concentratlon of drugs increased gradually
from 0 to 9.9 x 107> M, while the concentrations of CT
DNA and EB were kept constant. Then, the correspond-
ing fluorescence spectra were measured (ex 490 nm, ex/em
15 nm/15 nm). Association constants were derived from
nonlinear curve fitting, using the equation: [B]o=
((Ino— DI — Io) X Kq X Ky) + 1) % (DNAJo — (I—I)xKo/
(I — I) — [EBlo x (I — Ip)/(I1s, — Iy)),'® wherein [DNA],,
[EB]o, and [B]y are the initial analytical concentrations

of CT DNA, EB, and 4a-d, respectively. K4 (= 2.40 x
10°°M) is the disassociation constant between CT
DNA and EB.
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Abstract—A novel fluorine-18-labeled O°-benzylguanine (0°-BG) derivative, O°-[4-(2-['®F]fluoroethoxymethyl)benzyl]guanine (O°-
["* FIFEMBG, ['®F]1), has been synthesized for evaluation as a potential positron emission tomography (PET) probe for the DNA
repair protein O%-alkylguanine-DNA alkyltransferase (AGT) in cancer chemotherapy. The appropriate radiolabeling precursor
N*°-bis(p-anisyldiphenylmethyl)- O%-[4-(hydroxymethyl)benzyl]guanine (6) and reference standard O°-[4-(2-fluoroethoxymeth-
yl)benzyl]guanine (O°-FEMBG, 1) were synthesized from 1,4-benzenedimethanol and 2-amino-6-chloropurine in four or six steps,
respectively, with moderate to excellent chemical yields. The target tracer O°-['*FJFEMBG was prepared in 20-35% radiochemical
yields by reaction of MTr-protected precursor 6 with ['®F]fluoroethyl bromide followed by quick deprotection reaction and purifi-
cation with a simplified Silica Sep-Pak method. Total synthesis time was 60—70 min from the end of bombardment. Radiochemical
purity of the formulated product was >95%, with a specific radioactivity of >1.0 Ci/umol at the end of synthesis. The activity of
unlabeled O°-FEMBG was evaluated via an in vitro AGT oligonucleotide assay. Preliminary findings from biological assay indicate
that the synthesized analogue has similarly strong inhibiting effect on AGT in comparison with O°-BG and 0°-4-fluorobenzylgua-
nine (O%-FBG). The results warrant further in vivo evaluation of O°-['"8FIJFEMBG as a new potential PET probe for AGT.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Alkylating agents are extensively used in the chemother-
apy of various cancers. The cytotoxicity of these agents
stems from their ability to alkylate DNA guanine resi-
dues at their O%position. The effectiveness of the alkyl-
ating agents is limited by tumor overexpression of the
DNA repair protein O%alkylguanine-DNA alkyltrans-
ferase (AGT), also commonly referred to as O°-methyl-
guanine-DNA  methyltransferase (MGMT), which
removes cytotoxic O%-alkylguanine adducts. AGT trans-
fers alkyl groups such as methyl, ethyl, or benzyl from
the O°-position of the guanine residues in DNA to the

Keywords: O°-[4-(2-['®F]fluoroethoxymethyl)benzyl]guanine; Positron

emission tomography; Probe; O%-alkylguanine-DNA alkyltransferase;

Cancer.
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cysteine-145 residue in its active site in a suicidal man-
ner, whereby the AGT molecule is irreversibly inactivat-
ed, the alkylated protein is then rapidly degraded, and
its recovery requires de novo protein synthesis.'> The
ability of tumor cells to be resistant to the toxic effects
of alkylating agents is thus dependent on cellular AGT
levels. Inactivation of AGT by administration of direct
substrates such as O%benzylguanine (O°-BG) has been
shown to increase the cytotoxicity of alkylators and
the chemotherapeutic efficacy of alkylating agents.
Therefore, it is highly imperative to detect the AGT lev-
els in tumor cells. The overexpression of AGT in cancers
provides a target for the development of medical probes.

Positron emission tomography (PET) is a non-invasive
biomedical imaging technique. O°-BG derivatives with
suitable positron emitting radionuclides attached to
the benzyl ring are potentially useful in the non-invasive
imaging of the DNA repair protein AGT. The efforts of



mailto:qzheng@iupui.edu



5780 J.-Q. Wang et al. | Bioorg. Med. Chem. 13 (2005) 5779-5786

our group have been to develop novel positron labeled
0%-BG derivatives for PET to monitor the AGT in can-
cers and its response to chemotherapy. A series of car-
bon-11 labeled O°-BG derivatives as shown in Figure
1 have been synthesized and evaluated in this laborato-
ry.*7 However, the short half-life (¢,,») of the radionu-
clide carbon-11, 20.4 min, limits the imaging protocol
to a maximum of about 90 min post-injection. If imag-
ing were to extend past 90 min, more complete informa-
tion could be obtained regarding the concentration and
localization of AGT levels in cancer tissue. It is attrac-
tive, therefore, to pursue analogues of 0°-BG, which
can be labeled with the longer-lived radionuclide fluo-
rrne 18 (212 110 min). It is hoped that fluorine-18 labeled
0%-BG analogues, which permit imaging of up to 5h
post-injection, will result in a better match between the
pharmacokinetics of binding and the physical decay of
the label. To this end, we turn our efforts toward the
development of fluorine-18 labeled O°-BG derivatives.
A potentrall useful fluorine-18 labeled O°-BG deriva-
tive, O°%-(4-["*F]fluorobenzyl)guanine (06 ['"*F]FBG) as
shown in Figure 1, has been described in the hterature

It is expected that the methodology with ['*FJfluoride
(['"*F]F ") for the radlolabehng of O°['®F]FBG will not
be applicable to all O%-BG derivatives, as specific com-
pound may require specific labeling method. Therefore,
we designed and synthesized a novel fluorine-18 labeled
0%-BG  derivative,  O°[4-(2-['®F]fluoroethoxymeth-
yl)benzyl]guanine (0°- ['|FIFEMBG, ['®F]1), and per-

formed the radiolabeling of the precursor using

2-["®FJfluoroethyl bromide (["*F]FEBr)®° within a
multipurpose fluorine-18 radlosynth651s system. The
biological activity of new unlabeled O°-BG derlvatlve
0%-[4-(2- fluoroethoxymethyl)benzyl]guanine (O%-FEM-
BG, 1) was evaluated via an in vitro AGT oligonucleo-
tide assay.

2. Results and discussion
2.1. Chemistry and radiochemistry

The synthetic approach for the monomethoxytrityl
(MTr-) protected precursor N>°-bis(p-anisyldiphenylm-
ethyl)-0°-[4- (hydroxymethyl)benzyl]guanlne (6), and
reference standard 0°-[4- (2 ﬂuoroethoxymethyl)ben-
zyllguanine (O°-FEMBG, 1) is shown in Scheme 1. 1,4-
Benzenedimethanol was converted to its monosodium
alkoxide, which was reacted with 2-amino-6-chloropu-
rine (2) to give O%[4-(hydroxymethyl)benzyljguanine
(3) in 59% yield.'® Oxidation of compound 3 with
pyridinium chlorochromate (PCC) provided 0°-(4- form-
ylbenzyl)guanine (4) in 35% yield.'® Protection of N?
and positions of the guanine mOIety in compound 4
with monomethoxytrityl group using monomethoxytrr-
tyl chloride (MTrCl)11 14 afforded N*°-bis(p-anisyldi-
phenylmethyl)- 0°%-(4- formylbenzyl)guanine (5) in
43% yield. Reduction of compound 5 with sodium
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Figure 1. Chemical structures of 0BG, carbon-11 labeled 0°-BG derivatives, and O°['*F]FBG.
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Scheme 1. Synthetic approach for O°-FEMBG (1) and O°-['*FIFEMBG (['*F]1).

borohydride (NaBH,) gave the MTr-protected precursor
6 in 96% yield. Compound 6 was alkylated with
1- bromo 2 fluoroethane under basic condition to pro-
duce N*°-bis(p-anisyldiphenylmethyl)-O°®-[4-(2- fluoro-
ethoxymethyl)benzyllguanine (7) in 66% yield.
Deprotection of compound 7 with 1 N HCI furnished
the reference standard O°-FEMBG (1) in 66% yield.
The overall chemical yield for the synthesis of precursor
6 was 8.5% in four steps. The overall chemical yield
for the reference standard 1 was 5.1% in six steps. The
chemical purity of precursor 6 and standard sample 1
was >95% measured by HPLC method.

The synthetic approach for the target tracer 0°-[4-(2-
[18F]ﬂuoroethoxymethyl)benzyl] guanine (O°-['*F]FEM-
BG, ['®F]1) is also shown in Scheme 1. 2-Bromoethanol
was reacted with trifluoromethane sulfonic anhydride to
give 2-bromoethyl triflate in 47% yield.!> Nucleophilic
substitution of 2-bromoethyl triflate with ["*F]KF/
Kryptofix 2.2.2 in CH;CN provided the radiolabeled re-
agent ['F]JFEBr, which was distilled under a nitrogen
flow at 130 °C for 5 min and bubbled into a reaction ves-
sel containing the precursor 6 in CH;CN. After the dis-

tillation of ['*F]JFEBr was completed, the reaction
mixture of precursor 6 with ["*FJFEBr was heated at
120 °C for 10-15 min to form a radiolabeled intermedi-
ate N*°-bis(p-anisyldiphenylmethyl)- 06 44 ["*F]flu-
oroethoxymethyl)benzyl]guanine The
radiolabeling reaction was monitored by analytlcal
radio-HPLC method using a Prodigy (Phenomenex)
S5um C-18 column, 4.6x250mm; 3:1:1 CH;CN/
MeOH/20 mM, pH 6.7 KHPO,  mobile phase,
1.5 mL/min flow rate, and UV (240 nm) and y-ray
(Nal) flow detectors. Retention times (7gs) in the analyt-
ical HPLC system for ['*F]FEBr, 6 and ['®F]7 are 2.31,
10.15, and 13.38 min, respectively. The radlolabehng
mixture was passed through a Silica Sep-Pak column
to remove unreacted ['*FJFEBr. The large polarity dif-
ference between 6 and ['*F]7, and unreacted ['*F]FEBr
permitted the use of a simple solid-phase extractlon
(SPE) technique!' 316 for fast isolation of 6 and ['*F]7
from the radiolabeling reaction mixture. The Sep-Pak
was first eluted with 15% MeOH/CH,Cl, and the solvent
was evaporated under hlgh vacuum (0.1-1.0 mmHg) to
give a mlxture of 6 and ['®F]7. As the remaining unre-
acted ["*FJFEBr may affect the deprotection reaction
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of ['®F]7 through the interaction with N> and N° posi-
tions of the guanine moiety in compound ['®F]7, they
had to be removed prior to deprotection of ['*F]7. The
existence of the ['*F]JFEBr would also affect the purifica-
tion of labeled product from its mixture with precursor
and the quality control (QC) of the tracer production.!”
Less than 10% of ['*FJFEBr was usually left unreacted,
and the unreacted ['*F]JFEBr was stayed in the Sep-Pak
column. Then, the ['*F]FEBr remainder was removed by
washing the column with some additional more polar
solvent, AcOH/EtOH/H,0O combination (2:8:90). Com-
pound ['®F]7 was treated with 1 N HCI at 80 °C for 5-
10 min and the reaction mixture was neutralized with
6 N NaOH to provide the target tracer [ *F]1. To simpli-
fy the synthetic procedure, the final reaction mixture
was purified with SPE method instead of HPLC, which
makes it amenable to automation. The crude product
was passed through another Silica Sep-Pak column to
remove the precursor 6 and radioactive byproducts with
ethanol. The large polarity difference between ['*F]1 and
the precursor 6 and radioactive byproducts permitted
the use of SPE technique for fast purification of radio-
tracer ['*F]1. The radiochemically pure compound
['"®F]1 was isolated from the Sep-Pak using a 2:8:90
HOAC/EtOH/H,O eluant and the combined product
containing fraction was treated with 2 M NaOH and
150 mM NaH,PO, mixed solution to adjust pH to
5.5-7.0. The overall radiochemical yield of ['*F]1 was
20-35% (n =5), and the synthesis time was 60—70 min
(n =5) from the end of bombardment (EOB). Chemical
purity, radiochemical purity, and specific radioactivity
were determined by analytical HPLC. Retention times
in the analytical HPLC system were: g6 = 10.15 min,
R7=13.38min, g1 =2.66min, and tx['*F]1 =
2.66 min. The radiochemical purity of target radiotracer
["*F]1 was >96%, and the chemical purity was ~93%.
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The specific radioactivity of radiotracer ['*F]1 was 1.0—
1.3 Ci/umol at the end of synthesis (EOS).

Overall, the three-step radiolabeling procedure includ-
ing the production of radiolabeled precursor
['"*F]FEBr, the radiolabeling of the precursor 6 with
["®FIFEBr to form the radiolabeled intermediate
['®F]7, and the deprotection of ['*F]7 to give the target
tracer ['®F]1 were combined into a multipurpose fluo-
rine-18 radiosynthesis s?/stem. This prototype device
can perform three-step 'SF-labeling reactions in three
separate reaction vials. Purification capabilities include
a novel chromatography methodology with a simplified
dual Silica Sep-Pak method!!"!3:!¢ and direct distilla-
tion. Organic solvents can be removed when necessary
by conventional roto-evaporation, and the product
recovered for formulation and direct aseptic delivery
to the final product vial. Automated cleaning routines
have also been developed to prepare the device for sub-
sequent syntheses and to minimize radiation exposure
to production personnel. In comparison with the fluo-
rine-18 radiolabeling method reported in the litera-
ture,! our improved method has several advantages
such as higher radiochemical yield and specific radioac-
tivity, shorter purification time, and more automatic
operating processes.

2.2. In vitro O°-methylguanine-DNA methyltransferase
oligonucleotide assay

Human AGT is encoded by the MGMT gene.!'® The cel-
lular MGMT specific activity of O°-FEMBG was evalu-
ated using breast cancer MCF-7 cells in comparison
with the parent compound O°-BG and compound O°-
4-fluorobenzylguanine (O°FBG),>”7 via a modified
technique of an in vitro MGMT oligonucleotide assay

EBG
OFBG
OFEMBG

<ﬁ__|i7

0.5 1

Concentration (uM)

Figure 2. Percent MGMT activity of O°-FEMBG (FEMBG) in comparison with 0°-BG (BG) and 0°-FBG (FBG) in different concentrations. *FGB
was slightly but significantly more effective than BG at 0.5 uM, and FEMBG was slightly but significantly less effective that BG at 1.0 uM.
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Table 1. MGMT specific activity of O°>-FEMBG in comparison with
0%-BG and O°-FBG in fmol O°-methylguanine (0°-MeG) removed/
mg of protein

Dose (M) 0°%-BG* O0°-FBG* O0°-FEMBG"*
0.1 4500 * 575 4500 * 575 4500 + 575
0.5 1868 + 328 918 + 118" 1071 + 225

1 166 + 65 76 + 23 432 33"
10 <50%5 <50 £5 <50+5

50 <50+ 5 <505 <50+5

100 <505 <50%5 <50+5

*MGMT specific activity (fmol 0®-MeG removed/mg of protein).
*p <0.01 compared to respective 0®-BG treatment.

developed in our laboratory.!” The MGMT assay was
originally descrlbed by Wu et al.?? Both reference com-
pounds 0°-BG and O°-FBG were preV1ously prepared
in this laboratory.* The new compound O°-FEMBG
proved to be a potent AGT inhibitor similar to the
two reference compounds. The results are summarized
in Figure 2 and Table 1. The data are regorted as ICgO
values because therapeutic eﬁclcacy of 0%-BG and O°-
BG related compounds require >90% inhibition of
MGMT. In this case, the ICq, value of each compound
is also more precisely represented by the data than the
ICso value. The relative differences among the com-
pounds, however, appear to be similar based on elther
I1Cyg or 1Cs, values The respective 1Cqy values for O°-
BG (BG) and O°FBG (FBG) are between 0.5 and
1.0 uM, whereas the ICqo value for O°>-FEMBG (FEM-
BG) is ~1.0 uM. As seen in the bar graph and the table,
0° FBG was slightly but 51gn1ﬁcantly more effective
than O°BG at 0.5 uM, and O° FEMBG was slightly
but 51gn1ﬁcantly less effective than O°-BG at 1.0 uM.
In summary, O0°-FBG and O°- FEMBG appear to be
similar in efficacy compared to 0°BG at inhibiting cel-
lular MGMT activity in MCF-7 cells.

3. Conclusion

The synthetic procedures that prov1de the MTr-protect-
ed precursor, reference standard O°-FEMBG, and fluo-
rine-18 labeled O°-BG derivative O°- [ISF]FEMBG have
been well developed. A novel ﬂuorme 18-radiolabeling
methodology within a multiuse '®F-radiosynthesis mod-
ule for the preparation of fluorine-18 tracer and a novel
chromatography methodology with a simplified dual Sil-
ica Sep-Pak method for the purification of fluorine-18
tracer have also been developed. Preliminary findings
from in vitro blologlcal assay indicate that the synthe-
sized analogue O°-FEMBG has an inhibitory effect on
AGT (MGMT) similar to that of 0%-BG or O°-FBG.
The chemrstry and in vitro blologlcal results warrant
further in vivo evaluation of O°-[°*FIFEMBG as a
new potential PET probe for AGT i 1n cancers.

4. Experimental
4.1. General

All commercial reagents and solvents were used without
further purification unless otherwise specified. Melting

points were determined on a MEL- TEMP II capillary
tube apparatus and were uncorrected. 'H NMR spectra
were recorded on a Bruker QE 400 NMR spectrometer
using tetramethylsilane (TMS) as an internal standard.
Chemical shift data for the proton resonances were
reported in parts per million (J) relative to the internal
standard TMS (6 0.0). Low-resolution mass spectra
(LRMS) were obtained using a Bruker Biflex IIl MAL-
DI-TOF mass spectrometer, and high-resolution mass
spectra (HRMS) were obtained using a Kratos MS80
mass spectrometer, in the Department of Chemistry at
Indiana University. Chromatographic solvent propor-
tions are expressed on a volume:volume basis. Thin-
layer chromatography was run using Analtech silica
gel GF uniplates (5x 10 cm?). Plates were visualized
by UV light. Normal phase flash chromatography was
carried out on EM Science silica gel 60 (230400 mesh)
with a forced flow of the indicated solvent system in the
proportions described below. All moisture-sensitive
reactions were performed under a positive pressure of
nitrogen maintained by a direct line from a nitrogen
source.

Analytical HPLC was performed using a Prodigy (Phe-
nomenex) S5Spum C-18 column, 4.6x 250 mm; 3:1:1
CH;CN/MeOH/20 mM, pH 6.7 KHPO, ™ (buffer solu-
tion) mobile phase; flow rate 1.5 mL/min; and UV
(240 nm) and y-ray (Nal) flow detectors. Semi-prep
Si0, Sep-Pak type cartridge was obtained from Waters
Corporation, Milford, MA. Sterile Millex-GS 0.22 pm
vented filter unit was obtained from Millipore Corpora-
tion, Bedford, MA.

4.2. 0%-[4-(Hydroxymethyl)benzyl|guanine (3)

To a 250 mL two-necked flask, 1,4-benzenedimethanol
(20 g, 144.75 mmol) was added, and then heated to
130 °C until it was completely melted. Under nitrogen,
sodium (0.60 g, 26.10 mmol) was added in two portions.
When gas evolution ceased and all sodium disappeared,
the temperature was lowered to 115 °C, and 2-amino-6-
chloropurine, 2 (2.171 g, 12.80 mmol) was added. The
mixture was stirred at 115 °C for 24 h. While it was still
hot, the mixture was poured into a beaker containing
600 mL water with constant stirring. It was stirred until
the solution was cooled to room temperature. Undis-
solved solid was filtered off, and the filtrate was neutral-
ized with glacial acetic acid. The resultant precipitate
was collected by filtration and crystallized from 1:1
MeOH/H,0 to give compound 3 (2.063 g, 59%) as an
off-white solid, mp 226-229 °C (lit.® 229-231 °C dec).
'"H NMR (DMSO-dg, ppm) § 12.42 (s, 1H, NH, D,O
exchangeable), 7.80 (s, 1H, 8-CH), 7. 44 (d, 2H,
J = 6.62 Hz, phenyl), 7.32 (d, 2H, J=6.62 Hz, phenyl),
6.29 (s, 2H, NH,, D,O exchangeable), 5.45 (s, 2H,
CH,), 5.20 (s, 1H, OH, D,O exchangeable), 4.49 (s,
2H, CH,).

4.3. 06-(4-F0rmylbenzyl)guanine @
To a 250 mL two-necked flask, compound 3 (1.00 g,

3.69 mmol), sodium acetate (0.11 g, 1.34 mmol), pyridi-
nium chlorochromate (PCC, 1.21 g, 5.61 mmol), and
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dry pyridine (15 mL), were added. The mixture was stir-
red overnight under nitrogen. To the dark brown mix-
ture methanol (15 mL) was added. After stirring for
2 h, the solvents were removed. Methanol (60 mL) was
added to the solid residue to extract the product, then
silica gel was added to absorb the mixture and dried un-
der vacuum. The dry silica gel bearing the reaction mix-
ture was transferred to the top of a silica gel column
eluted with 30:1 MeCN/H,O to give compound 4
(0.35 g, 35%) as an off-white solid, mp > 247 °C dec,
(lit.® >247 °C dec). "H NMR (DMSO-ds, ppm) & 12.58
(br s, 1H, NH, D,O exchangeable), 10.00 (s, 1H,
CHO), 7.91 (d, 2H, J =8.09 Hz, phenyl), 7.82 (s, 1H,
8-CH), 7.71 (d, 2H, J = 8.08 Hz, phenyl), 6.32 (s, 2H,
NH,, D,0 exchangeable), 5.60 (s, 2H, CH,).

4.4. N*°-Bis(p-anisyldiphenylmethyl)-O®-(4-formylben-
zyl)guanine (5)

To a 100 mL two-necked flask equipped with a condens-
er, compound 4 (0.29 g, 1.08 mmol), MTrCl (1.00 g,
3.23 mmol), 4-(dimethylamino)pyridine ~ (DMAP,
0.029 g, 0.24 mmol), DMF (25 mL), and triethylamine
(1.2 mL) were added. The solution was stirred at 50—
60 °C for 4 h. The solution was transferred to a separa-
tion funnel by the aid of EtOAc, and washed twice with
brine. The organic layers were combined, dried over
MgSOy, and evaporated to dryness. The residue was dis-
solved in CH,Cl,, transferred to the top of a silica gel
column, and eluted with 3:1 hexane/EtOAc to give com-
Pound 5 (0.38 g, 43%) as a white solid, mp 80 °C (dec).
H NMR (DMSO-dg, ppm) 6 10.00 (s, 1H, CHO), 7.85
(d, 2H, J=17.36 Hz, O°-phenyl), 7.57 (s, 1H, 8-CH),
6.62-7.40 (m, 30H, MTr-phenyls), 6.11 (s, 1H, NH),
498 (s, 2H, CH,), 3.72 (s, 3H, OCHs;), 3.67 (s, 3H,
OCHj;). LRMS (EI, mle): 273 (100%), 813 (M™, 0.4%).
HRMS (EI, mle): calcd for Cs3H43NsO4, 813.3315;
found 813.3314.

4.5. N*°-Bis(p-anisyldiphenylmethyl)- O%-[4-(hydroxy-
methyl)benzyl]guanine (6)

To a solution of compound 5 (0.38 g, 0.46 mmol) in eth-
anol (15mL) NaBH,4 (0.045 g, 1.19 mmol) was added
over three portions at 0 °C. The mixture was warmed
to room temperature in a period of 3 h. The solution
was absorbed by silica gel, which was dried in vacuum
and transferred to the top of a silica gel column. The col-
umn was eluted with 1:1 hexane/EtOAc to give com-
pound 6 (0.36 g, 96%) as a white solid, mp 110 °C
(dec). '"H NMR (DMSO-d,, ppm) & 7.52 (s, 1H, 8-
CH), 6.65-7.32 (m, 32H, phenyls), 6.08 (s, 1H, NH),
5.19 (t, 1H, J = 5.88 Hz, OH), 4.82 (s, 2H, CH,), 4.47
(d, 2H, J=5.15Hz, CH,), 3.72 (s, 3H, OCH3), 3.68 (s,
3H, OCHj3). LRMS (CI, m/e): 274 (100%), 815 (M,
0.2%). HRMS (CI, mle): caled for Cs3Hy45N504,
815.3472; found 815.3448.

4.6. N*°-Bis(p-anisyldiphenylmethyl)- O%-[4-(2-fluoroeth-
oxymethyl)benzyl]guanine (7)

To a solution of compound 6 (0.20 g, 0.25 mmol) and 1-
bromo-2-fluoroethane (0.4 mL, 5.37 mmol) in acetoni-

trile (10 mL), KOH (0.60 g, 10.69 mmol) was added.
The mixture was stirred at 80 °C overnight. To the
cooled reaction, saturated NH,4Cl solution was then
added. The reaction mixture was extracted with EtOAc.
The organic phase was washed with brine, dried over
MgSOy,, and evaporated to dryness. The residue was dis-
solved in 2:1 hexane/EtOAc and subjected to column
chromatography eluted with 2:1 hexane/EtOAc to give
compound 7 (0.14 g, 66%) as a white solid, mp 90 °C
(dec). '"H NMR (CDCls, ppm) 6 7.49 (s, 1H, 8-CH),
6.95-7.35 (m, 28H, MTr-phenyls), 6.78 (d, 2H,
J = 8.82 Hz, O%-phenyl), 6.66 (d, 2H, J = 8.82 Hz, O°-
phenyl), 5.69 (s, 1H, NH), 4.74 (s, 2H, benzyl CH,),
4.57 (d of t, 2H, J,=47.80Hz, J,=3.68 Hz, CH,
CH,F), 4.57 (s, 2H, benzyl CH,), 3.79 (s, 3H, OCHs),
3.75 (s, 3H, OCHs;), 3.68 (d of t, 2H, J; =29.41 Hz,
J»=3.68 Hz, CH,CH,F). LRMS (ESI, mle): 273
(100%), 862 [(M+H)", 19%]. HRMS (ESI, mile): calcd
for CssH49FNsOy, 862.3769; found, 862.3798.

4.7. 06-[4-(2-Fluoroethoxymethyl)benzyl]guanine a

To a solution of compound 7 (0.14 g, 0.16 mmol) in
methanol (9 mL), 1 N HCI (2 mL) was added. The reac-
tion solution was stirred at room temperature for 20 min
and then neutralized with 1 N NaOH. Silica gel was
added to absorb the solution, dried under vacuum,
and transferred to the top of a silica gel column eluted
with 2:1 EtOAc/hexane, then 30:1 MeCN/H,O to give
compound 1 (0.047 g, 91%) as a white solid, mp 144—
146 °C. '"H NMR (DMSO-d,, ppm) & 12.48 9 (s, 1H,
NH, D,O exchangeable), 7.79 (s, 1H, 8-CH), 7.48 (d,
2H, J=5.88 Hz, phenyl), 7.35 (d, 2H, J=5.88 Hz,
phenyl), 6.30 (s, 2H, NH,, D,0 exchangeable), 5.46 (s,
2H, benzyl CH,), 4.55 (d, 2H, J=47.06 Hz, CH,
CH,F), 4.52 (s, 2H, benzyl CH,), 3.66 (d, 2H,
J=31.62Hz, CH,CH,F). LRMS (CI, mle): 318
[M+H)", 100%]. HRMS (CI, mle): caled for
C;5H17FN;s0, 318.1366; found 318.1359.

4.8. 2-Bromoethyl triflate

To a 100 mL two-necked flask, pyridine (1.7 mL,
21.02 mmol) and dry CH,Cl, (20 mL) were added. The
flask was cooled in an ice-salt bath. Then trifluorome-
thane sulfonic anhydride (3.4 mL, 20.21 mmol) was add-
ed. After 5 min, 2-bromoethanol (1.42 mL, 20.03 mmol)
was added. The reaction mixture was stirred for 1.5h,
during which time it was gradually warmed to room
temperature. The reaction mixture was then filtered,
and the solid was washed with 1:1 CH,Cl,/hexane.
The filtrate was passed through a short silica gel column
eluted with 1:1 CH,Cly/hexane. The solvent was re-
moved, and the residue was distilled under vacuum to
give 2-bromoethyl triflate (2.44 g, 47%) as a colorless
oil. "H NMR (CDCls, ppm) 6 4.75 (t, 2H, J = 6.62 Hz,
CH,), 3.62 (t, 2H, J = 6.62 Hz, CH,).

4.9. 0°-[4-(2-|"®F|Fluoroethoxymethyl)benzyl|guanine
(O°-["*FIFEMBG, ['*F|1)

No-carrier-added QNCA) aqueous H'®F (0.5mL) pre-
pared by '8O(p,n)'®F nuclear reaction in a RDS-112
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cyclotron on an enriched H,'®O water (95+%) target
was added to a Pyrex vessel, which contains K,CO;
(4 mg, in 0.2 mL H,0) and Kryptofix 2.2.2 (10 mg, in
0.5 mL CH;CN). Azeotropic distillation at 120 °C for
15 min with HPLC grade CH3CN (3 x 1 mL) under a
nitrogen stream efficiently removed water to form anhy-
drous ["*FJKF/Kryptofix 2.2.2 complex. 2-Bromoethyl
triflate (10-20 mg, dissolved in 0.5 mL CH3;CN) was
introduced to this complex. The reaction mixture was
sealed and heated at 120 °C for 10-15 min to produce
2-["®FJfluoroethyl bromide (['*F]FEBr) and was subse-
quently allowed to cool down and connect to another
reaction vessel containing the precursor 6 (3—5 mg, dis-
solved in 0.5mL CH3CN), which was air-cooled at
—15 to —20 °C with a Venturi cooling device powered
with 100 psi compressed air. Then, the reaction vessel
containing ["*F]FEBr was heated to 130 °C to distill
['"®F]FEBr, under a nitrogen stream, into the solution
of precursor 6. When radioactivity reached a maximum,
the reaction mixture was heated at 120 °C for 10—
15 min, and subsequently allowed to cool down. The
radiolabeling mixture was passed through a Silica Sep-
Pak cartridge. The Sep-Pak column was first eluted with
15% MeOH/CH,Cl, (3.5mL), and the fractions were
passed onto a rotatory evaporator. Then, the Sep-Pak
column was eluted with 2:8:90 AcOH/EtOH/H,O to re-
move the unreacted ['*FJFEBr. The organic solvent in
15% MeOH/CH,Cl, fractions was removed by evapora-
tion under high vacuum (0.1-1.0 mmHg). The residue
was acidified with 1 N HCI (0.6 mL) and heated for
10 min at 80 °C to give the target tracer O°-['*F]JFEM-
BG (['®F]1). The content was neutralized with 6 N
NaOH (0.1 mL), diluted with ethanol (3 mL), and evap-
orated under vacuum. The crude product was passed
through another Silica Sep-Pak cartridge with the aid
of ethanol. The Sep-Pak was eluted with EtOH to re-
move the radioactive byproducts and unreacted precur-
sor 6. The radiochemically pure product ['*F]1 was
eluted from the Sep-Pak with 2:8:90 AcOH/EtOH/
H,O and adjusted pH to 5.5-7.0 by addition of a 2 M
NaOH and 150 mM NaH,PO,; mixed solution. The
solution was sterile-filtered through a 0.22 um cellulose
acetate membrane and collected into a sterile vial. The
overall radiochemical yield of ['"®*F]1 was 20-35%, and
the synthesis time was 60-70 min from EOB. Retention
times in the analytical HPLC system were:
r6 = 10.15 min, #x['®F]KF = 1.88 min, tx['*F]FEBr =
2.31 min, tx['®F]7 = 13.38 min, and #g['*F]1 = 2.66 min.

4.10. In vitro MGMT oligonucleotide assay

MCEF-7 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% bovine
calf serum. Measurement of cellular MGMT specific
activity was performed by a modification'® of the assay
described by Wu et al.?’ Control and drug-treated cells
were washed in cold PBS, pH 7.4 and resuspended in
the cold assay buffer (Tris—HCI, pH 8, 5% glycerol,
1 mM DTT, 1 mM EDTA). The cells were sonicated
in 400 puL of the assay buffer for 5s on ice. The lysate
was pelleted by centrifugation for 5 min, at 12,000 x g,
at 4°C. The protein concentrations were determined
by the Pierce Coomassie plus protein assay (Pierce,

Rockford, IL). Fifty micrograms of total cell protein
was then reacted with 0.2 pmol of 5’-Hex-labeled
18mer oligo in the assay buffer for 2 h, at 37 °C. The
reaction was terminated by two phenol:chloroform
extractions, one chloroform:isoamyl alcohol extraction,
and then ethanol-precipitated in the presence of 1 pg
carrier glycogen. Following precipitation, the precipitate
was washed with 70% ethanol, dried under vacuum, and
reacted with 3 units of Pvull (Promega, Madison, WI)
in a total volume of 20 puL for 2 h at 37 °C. The reaction
was terminated by the addition of 10 pL of gel loading
buffer (96% formamide, ] mM EDTA, pH 8) and heat-
ing at 90 °C for 2 min. Samples (0°-BG, O°-FBG and
O°-FEMBG) were chilled on ice and loaded directly
on to the gel. The samples were electrophoresed through
a 1.5 mm, 20% acrylamide, 7 M urea gel, at 300 V, for
approximately 30 min. The gels were then placed on a
FMBIO II fluorescent scanner (MiraiBio, South San
Francisco, CA) and quantitated using the calculated
fluorescent absorbance. MGMT specific activity (fmol
of 0°-methylguanine removed/mg of protein) was calcu-
lated according to the following equation:

(fluorescent units of 10 base pair fragment
/fluorescent units of 18 base pair fragment)
x (200 fmol/mg of protein)

4.11. Statistical analysis

0°-BG, O°-FBG, and O°-FEMBG treatments were sep-
arately compared with control treatment by Student’s z-
test to determine the statistical significance of differenc-
es. Differences were considered significant at p < 0.01
unless otherwise stated. All data are presented as the
mean * standard deviation (SD) from at least three
independent measurements.
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Abstract—Squamostolide and its related analogs were designed and synthesized for biological evaluation. All these compounds were
tested for growth inhibition activities against human tumor cell lines, in which one of the compounds showed the most potent cyto-
toxicity among these derivatives against a full panel of 60 human cancer cell lines. The same compound also showed G2/M phase

arrest and a weak apoptotic effect during flow cytometric analysis.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The annonaceous acetogenins, isolated from plant genus
Annonaceae, a class of naturally occurring polyketides,
has attracted worldwide attention for their special struc-
tures and manifold biological properties such as immu-
nosuppressive, insecticidal, antiparasitic and antitumor
activities.! The remarkable antitumor activity of acetog-
enins was caused by the inhibition of complex I in the
mitochondrial electron transport system (ETS)?*?® and
NADH oxidase of the plasma membrane of cancer
cells.?>?4 Inhibition of both enzymes would result in
decreasing oxidative cytosolic ATP production and sub-
sequent programmed cell death (apoptosis).® Rollicosin
1,% isolated from Rollina mucosa, a compound in the
new subtype of acetogenins, possessed a special feature
of two lactone moieties on both sides of an aliphatic
chain and showed a potent inhibitory activity on the
growth of human cancer cell lines. Squamostolide
2a,* which was isolated from Annona squamosa bearing
similar structure with compound 1 but lacking the C4
hydroxyl group, exhibited significant biological activi-

Keywords: Squamostolide; Cytotoxicity; G2/M; phase arrest; Apopto-

tic effect.

* Corresponding author. Tel.: 886 7 3121101x2220; fax: +886 7
3125339; e-mail: mijuwu@cc.kmu.edu.tw

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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ties. Both of them may be generated from oxidative deg-
radation of classical acetogenins consisted of THF rings.
It is considered that the new type of acetogenin will re-
ceive attention due to the attractive chemical probing
and biological activities. However, until now, only two
approaches for the synthesis of these new skeletons were
reported.’®® To probe the synthetic approach toward
these structures, we have discovered a general method
for the synthesis of squamostolide 2a. To obtain more
insight into constructing the SARs of these new bioac-
tive molecules, compound 2a and its derivatives 2b—e
based on changing the length of the carbon chain be-
tween the lactone rings and the stereochemistry of the
chirality centers were designed and synthesized for eval-
uation of their biological activities.

2. Results
2.1. Chemistry

As illustrated in Scheme 1, the retrosynthetic analysis of
squamostolide 2a is based on a convergent process
including palladium-catalyzed coupling reaction of two
building blocks, which are terminal alkyne 3a and vinyl
iodide 4a. The terminal alkyne 3a could be prepared
from 5-hexyn-1-ol and the vinyl iodide 4a could be
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Scheme 1.

accomplished by using 6-heptyn-1-ol and p-glutamate
as the starting materials.

The synthesis of lactones 3a—c is outlined in Scheme 2.
The starting allylic alcohols 6a® and 6b,* which were
prepared from 5-hexyn-1-ol (5a) and 4-pentyn-1-ol
(5b), were treated with triethyl orthoacetate’ and propi-
onic acid to afford the y,d-unsaturated esters 7a and 7b
in 84% and 96% yields, respectively. Sharpless asymmet-
ric dihydroxylation® of 7a using AD-Mix-B gave lactone
8a in 65% vyield and 99% ee after chromatography.
Finally, the TMS group was removed by treatment of
8a with tetra-n-butylammonium fluoride at 0 °C to give
lactone 3a in 75% yield. Compounds 3b and 3¢ were pre-
pared by the same processes from allylic alcohols 6a and
6b except using AD-Mix-a as the dihydroxylating agent.
The overall yields were obtained in 38% and 45%,
respectively.

OH

The butanolide moieties 4a—d of the target molecules were
achieved by alkylation of lactones®®> 9 and 11 with
di-iodides 10a—c as shown in Scheme 3. The di-iodides
10a—c were synthesized according to the process reported
by Keinan® using ynols 5a, 5S¢ and 5d as the starting
materials in four steps, including protection of the alcohol
as silyl ether, hydrostannylation of the terminal acetylene,
desilylation, and ionidation to give the di-iodides 10a—c.
Finally, the butanolide 4a was accomplished by treatment
of lactone 9 with LDA, following the addition of di-iodide
10b in 75% yield. The analogs 4b-d were obtained by
alkylation of lactone 11 with di-iodides 10a—c in 70-75%
yields by similar procedures.

To construct the whole structure of the target molecule,
palladium-catalyzed coupling reaction of vinyl iodide 4a
with terminal alkyne 3a revealed to be the most efficient
way.'? Thus, compounds 3a and 4a were mixed together
using Pd(PPh;3),Cl, as a catalyst in the presence of copper
iodide and Et;N as the solvent to give eneyne 12a in 65%
yield. Hydrogenation of eneyne 12a using Wilkinson’s
catalyst at room temperature in benzene/methanol (1:1)
for 24 h gave the saturated product 13a in 86% yield.
Compound 13a was converted to sulfoxide using m-
CPBA as an oxidizing agent in CH,Cl,. Without further
purification, the sulfoxide intermediate was then dis-
solved in toluene and heated to reflux for 2 h to give the
squamostolide 2a in 45% yield as shown in Scheme 4.

The analogs 2b—e were prepared by similar methods as
shown in Scheme 5. Palladium-catalyzed coupling reac-
tion of compound 3b with 4¢c gave 12d in 67% yield.
Eneynes 12b, 12¢ and 12e were synthesized by coupling
reactions of lactone 3¢ with vinyl iodides 4b, 4¢ and 4d
under the same reaction conditions in 52%, 57% and
63% yields, respectively. Hydrogenation of eneynes
12b—e using Wilkinson’s catalyst at room temperature
in benzene/methanol (1:1) for 24 h gave the saturated

X
OH

3a, 75%

CO,Et

- a
NOH ref 6a-c W\ » _
™S "
™S

5a,n=2 6a,n=2 7a,n=2,84%
5b,n=1 6b,n=1 7b,n =1, 96%
o (0)
d WTMS C W
7 n
EH OH
8b, n=2,62% 3b,n=2,73%
8c,n=1,63% 3c,n=1,75%

Scheme 2. Reagents and conditions: (a) CH;CH,COOH, CH;C(OEt);, 180 °C, 2 h; (b) AD-MIX-f, CH3;SO,NH,, -BuOH/H,0, 0°C, 24 h;
(c) TBAF, THF, 0 °C, 5 h; (d) AD-MIX-0, CH3;SO,NH,, --BuOH/H,0, 0 °C, 24 h.
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Scheme 4. Reagents and conditions: (a) Pd(PPh;),Cl,, Cul, Et3N, 24 h;
(b) RhCI(PPh3);, H,, benzene/MeOH 1:1, 24h; (c¢) i—m-CPBA,
CH,Cl,, 30 min, ii—toluene, reflux, 2 h.

products 13b—e in 80-85% yields. Finally, compounds
13b—e were treated with m-CPBA in CH,Cl,; again the
initially formed sulfoxide intermediates were not puri-
fied and took for further thermal elimination reactions
to give the final products 2b—e in 40%, 38%, 41% and
48% yields, respectively. All of these compounds were
obtained as white powder and the absolute configura-
tion of 2d was unambiguously determined by X-ray
crystallographic analysis.”®

2.2. Cytotoxicity
Compound 2a has been evaluated for the growth inhibi-

tion activities on several human cancer lines, in which
compound 2a displayed cytotoxicities against WiDr

Q 0
o) PhS a
Z Nt "
b
—_—
12b,m=1,n=1, 52%
12c, m=1,n=2,57%
12d, m=2,n=2,67%
12e, m=1,n=4,63%
O, (@]
Q PhS o) Y
m ‘1

OH

13b, m =1, 80%
13c, m =2, 82%
o 13d, m =3, 81% o

= 0,
O; 13e, m =4, 85% PhS o

m 1y,

OH
2b, m =1, 40%
2c, m =2, 38%
2d, m=3,41%
2e,m=4,48%

Scheme 5. Reagents and conditions: (a) Pd(PPh;),Cl,, Cul, Et;N, 24 h;
(b) RhCI(PPhs);, H,, benzene/MeOH 1:1, 24 h; (c) i—m-CPBA,
CH,Cl,, 30 min, ii—toluene, reflux, 2 h.

(human colon adenocarcinoma), A-549 (human lung
carcinoma) and MCF-7 (human breast adenocarcino-
ma) with Gls, values as 38.7, 33.1 and 41.1 uM, respec-
tively. Compounds 2b—e have been tested for the
primary anticancer activity in the standard three-cell
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Table 1. In vitro one dose primary anticancer assay® of compounds
2b-e

Table 2. The ICs5/LCsy values (uM) of cytotoxic activities of
compound 2¢*

Compound Growth percentages
(Lung) (Breast) (CNS)
NCI-H460 MCF7 SF-268
2b 68 58 73
2c 25 46 88
2d 34 67 85
2e 72 122 107

2 One dose of 2b—e at 107 M concentration.

line panel consisting of the NCI-H460 (lung), MCF7
(breast) and SF-268 (CNS). The results are described
in Table 1. The preliminary data showed that com-
pounds 2¢ and 2d exhibited selective growth inhibition
against NCI-H460 cancer cell line. Compound 2¢ has
been evaluated for the NCI in vitro antitumor screen
consisting of 60 human tumor cell lines and tested at
a minimum of five concentrations at 10-fold dilution.
A 48 h continuous drug exposure protocol was used
and a sulforhodamine B (SRB) protein assay was used
to estimate cell viability or growth. These results are
summarized in Table 2. Compound 2¢ possessed cyto-
toxic potency against many cell lines. The Glso values
of compound 2c¢ against leukemia cancer CCRF-
CEM, K-562 and MOLT-4 are 17.6, 20.4 and
21.6 uM, respectively. In non-small cell lung cancer
panel, the growth of NCI-H226, NCI-H23 and NCI-
H522 cell lines was affected by compound 2¢ with
Gl;sq values as 15.9, 24.2 and 15.9 pM. Among the seven
cancer cell lines in the colon cancer panel, compound 2¢
exhibited the best inhibitory activity against colon can-
cer HCC-2998 with the Gls value as 2.3 pM. The Glsq
values of CNS cancer cell SF-295 and U-251 are 19.8
and 24.5 uM, respectively. In melanoma cancer panel,
the growth of MALME-3M, M14, SK-MEL-5 and
UACC-62 was inhibited by 2¢ at 14.5-25.1 uM concen-
trations. The Gls, values of 2¢ against the growth of
ovarian cancer IGROVI, OVCAR-3 and OVCAR-8
are 13.7, 16.4 and 23.4 uM, respectively. Compound
2¢ also showed cytotoxic potency against 786-0, A498,
ACHN, SN12C, TK-10 and UO-31 with a mean Gl
value of 22.5 uM in the renal cancer panel. The Gls
values of compound 2¢ on two prostate cancer cell lines,
PC-3 and DU-145, are 30.5 and 24.1 uM and on the
breast cancer panel cell lines, NCI/ADR-RES, MDA-
MB-231/ATCC and MDA-MB-435, are 12.1, 19.4 and
24.3 uM, respectively. It was noted that most of the
LCs, values of compound 2¢ for the 60 cancer cell lines
were higher than 100 uM, which suggested that 2c
showed growth inhibitory activities to human tumor
cells and caused neither normal nor cancer cells’ death
even when the concentration of drug was as high as
100 uM. This phenomenon was meaningful to the
advancement of medical therapies of human cancer dis-
eases, while drugs with higher cytotoxicity always fol-
lowed the higher damages to normal cells.

2.3. Cell cycle analysis of compound 2¢

To obtain more insight into the role of analog 2¢ in
affecting whole cells, human leukemia K-562 cell was

Panel/cell line 3
Gl5°/LCs°
Leukemia
CCRF-CEM 17.6/> 100.0
K-562 20.4/>100.0
MOLT-4 21.6/83.8
Non-small cell lung cancer
AS549/ATCC 38.1/>100.0
EKVX 33.2/>100.0
HOP-62 40.2/>100.0
NCI-H226 15.9/>100.0
NCI-H23 24.2/>100.0
NCI-H322M 42.4/>100.0
NCI-H460 31.2/>100.0
NCI-H522 15.9/>100.0
Colon cancer
COLO 205 19.1/86.3
HCC-2998 2.26/>100.0
HCT-116 28.0/>100.0
HCT-15 25.5/>100.0
HT29 42.4/>100.0
KMI2 23.6/>100.0
SW-620 37.6/>100.0
CNS cancer
SF-268 40.3/>100.0
SF-295 19.8/>100.0
SF-539 38.8/>100.0
SNB-19 86.5/>100.0
SNB-75 >100.0/>100.0
U251 24.5/>100.0
Melanoma
MALME-3M 19.1/>100.0
Ml14 25.1/>100.0
SK-MEL-2 40.8/>100.0
SK-MEL-28 78.3/>100.0
SK-MEL-5 14.5/>54.2
UACC-257 43.2/>100.0
UACC-62 21.2/>100.0
Ovarian cancer
IGROV1 13.7/>100.0
OVCAR-3 16.4/>100.0
OVCAR-4 >100.0/>100.0
OVCAR-5 NT/>100.0
OVCAR-8 23.4/>100.0
SK-OV-3 51.7/>100.0
Renal cancer
786-0 23.6/>100.0
A498 25.6/>100.0
ACHN 17.9/>100.0
CAKI-1 35.8/>100.0
RXF393 47.2/>100.0
SN12C 25.3/>100.0
TK-10 22.9/>100.0
UO-31 20.1/>100.0
Prostate cancer
PC-3 30.5/94.3
DU-145 24.1/>100.0
Breast cancer
MCF7 39.2/>100.0
NCI/ADR-RES 12.1/95.1
MDA-MB-231/ATCC 19.4/>100.0

(continued on next page)
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Table 2 (continued)

Panel/cell line 3
Gl5o"/LCso°
MDA-MB-435 24.3/>100.0
BT-549 47.4/>100.0
T-47D 32.7/>100.0

#Data obtained from the NCI’s in vitro human tumor cell screen.
°®The concentration produces 50% reduction in cell growth.
“The concentration produces 50% cells kill.

Control after starvation 24hr

128

G0/G1 26.7%
S 58.9%
u 386 Wi G2/'M 144 %
&
= o e
10° 10° 102 10° 104

FL3LOG

Treated 2¢ 24hr after starvation 24hr

128

GO/G1  28.7%
S 50.7%
T G2M  20.6%

Events

“1oF 101 10% 10° 104
FL3LOG
Figure 1. The results of flow cytometric analysis of DMSO and
derivative 2c.

used, and the growth characteristics of cells treatment
with 2¢ were measured (Fig. 1). As shown in Figure 1,
cancer cells were exposed to the vehicle solvent (DMSO)
as control, and 50 uM of 2¢ was added to the cell line.
After exposure to the compounds for 24 h, attached cells
were analyzed by flow cytometry. The majority of con-
trol cells exposed to DMSO were in either the G0/G1
phase (26.7%) or S phase (58.9%) of the cell cycle, and
only a few cells in the G2/M phase were detected
(14.4%). After treatment of K-562 cell with compound
2¢ for 24 h, the percentage of cell at GO/G1 changed
to 28.7%, S phase to 50.7%, and G2/M phase to
20.6%.The proportion of G2/M phase cells increased,
and a slightly apoptotic effect was observed (4.97%).

3. Conclusion
Based upon the above results of the cytotoxic activities

of compounds 2b-e, a preliminary picture with the
structure—activity relationship could be achieved. It

was demonstrated that 2¢ displayed more potent biolog-
ical activity than the other three analogs 2b, 2d and 2e
during the evaluation course. On the other hand, the
flow cytometric assay indicated that the series of
squamostolide structures could cause the G2/M phase
blockage and slight apoptotic effect. The profiles sug-
gested that the source of cytotoxicities of these squamo-
stolide analogs was dependent on the length of carbon
chain linking the two y-lactone subdomains. It was
thought that a certain aliphatic spacer was necessary
for these analogs to bind with the active site in situ.
Although their actual targets and mechanisms were still
under investigation, the alkylating effect from the y-but-
enolide portion of these compounds and coordination
with metal ions was considered; however, much evidence
is necessary to support the prediction.

In conclusion, this study provides a probing to the
undiscovered fields of the new acetogenin structures,
and has revealed a lead compound with growth inhibi-
tion effects on a full panel of 60 human tumor cell lines
in low micro-concentrations along with G2/M phase ar-
rest and apoptosis. These new investigations will be
helpful in further elucidation of undiscovered biological
properties of these novel acetogenins.

4. Experimental
4.1. Cell cycle analysis

Flow cytometry was used to measure cell cycle profile
and apoptosis. For cell cycle analysis, K-562 cell treated
with compound 2¢ (50 uM) for 24 h was harvested by
centrifugation. After being washed with PBS, the cell
was fixed with ice-cold 70% ethanol for 30 min, washed
with PBS, and then treated with 1 mL of 1 mg/ml of
RNase A solution at 37 °C for 30 min. Cells were har-
vested by centrifugation at 1000 rpm for 5 min and fur-
ther stained with 250 ul DNA staining solution (10 mg
propidium iodide [PI], 0.1 mg trisodium citrate, and
0.03 mL Triton X-100 dissolved in 100 mL H,O) at
room temperature for 30 min in the dark. After loading
500 pL of PBS, the DNA contents of 10,000 events were
measured by FACScan (Elite ESP, Beckman Coulter,
Brea, CA) and the cell cycle profile was analyzed from
the DNA content histograms by using WinCycle soft-
ware. When cells were apoptosis the containing DNA
were digested by endonuclease then the sub G1 pick ap-
pear. The percentage in sub G1 was analyzed by gating
on cell cycle dot blots using Windows Multiple Docu-
ment Interface software (WinMDI).

4.1.1. (trans)-Ethyl-10-trimethylsilyl-4-ene-9-decaynoate
(7a). To a solution of Compound 6a (1.96 g, 10 mmol)
in triethyl orthoacetate (3.19 g, 20 mmol) was added
propionic acid (0.07 g, 0.01 mmol) and the mixture
was reacted at 180 °C for 2 h. The resultant ethanol
was removed in vacuum and the residue was purified
by flash column chromatography on silica gel to pro-
duce 7a (2.23 g, 84%) as a yellow oil. "H NMR (CDCl;,
400 MHz) J: 5.46-539 (m, 2H), 4.11 (q, 2H,
J=72Hz), 235225 (m, 4H), 2.18 (t, 2H,
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J=72Hz), 2.10-2.01 (m, 2H), 1.54 (quin, 2H,
J=17.2Hz), 1.24 (t, 3H, J=7.2 Hz), 0.12 (s, 9H). 1*C
NMR (CDCl;, 100 MHz) 6: 173.1, 130.5, 129.0, 107.2,
84.5, 60.2, 34.3, 31.4, 28.2, 27.9, 19.1, 14.2, 0.1 (3C).
HRMS (EI) Calcd for C15H2602Si 266.1702. Found:
266.1697.

4.1.2. (trans)-Ethyl-9-trimethylsilyl-4-ene-8-nonaynoate
(7b). This compound was obtained as a yellow oil with
96% yield. "H NMR (CDCls, 400 MHz) &: 5.46-5.38
(m, 2H), 4.08 (q, 2H, J=17.2 Hz), 2.32-2.21 (m, 4H),
2.20-2.13 (m, 4H), 1.20 (t, 3H, J=7.2Hz), 0.10 (s,
9H). '3C NMR (CDCl;, 100 MHz) &: 172.9, 129.5,
129.4, 106.7, 84.6, 60.1, 34.1, 31.6, 27.8, 20.1, 14.2, 0.1
(3C). HRMS (EI) Caled for Ci4H,40,Si 252.1546.
Found: 252.1550.

4.1.3. 5R-(1R-Hydroxy-6-trimethylsilyl-hex-4-ynyl)-dihy-
dro-furan-2-one (8a). Compound 7a (1.33 g, 5 mmol)
was added to a cold (0°C) solution of AD-mix-o
(7.0 g) and MeSO,NH, (0.475 g, 5 mmol) in tert-butyl
alcohol-water (1:1, 20 mL). The mixture was stirred at
0 °C for 24 h and then worked up by addition of sodium
sulfite (7.5 g) and extracted with ethyl acetate. The com-
bined organic extracts were then extracted with 2N
KOH (50 mL). Solvents were removed in vacuum and
the residue was purified by flash column chromatogra-
phy on silica gel to afford 8a (0.82 g, 65% yield, >99%
ee based on NMR using Eu(fod); as the shift reagent)
as a yellow oil. '"H NMR (CDCls, 400 MHz) §: 4.41
(td, 1H, J=7.6 Hz, 4.8 Hz), 3.67-3.58 (m, 1H), 2.64—
2.48 (m, 2H), 2.29-2.21 (m, 2H), 2.14-2.04 (m, 2H),
1.76-1.59 (m, 4H), 0.13 (s, 9H). *C NMR (CDCl;,
100 MHz) o: 177.2, 106.7, 85.2, 83.1, 73.0, 31.6, 28.6,
242, 24.0, 19.4, 0.1 (3C). HRMS (EI) Calcd for
C13H22035i 254.1338. Found: 254.1339.

4.1.4. 55-(1S-Hydroxy-6-trimethylsilyl-hex-5-ynyl)-dihy-
dro-furan-2-one (8b). This compound was obtained as a
yellow oil with 62% yield (>99% ee based on NMR
using Eu(fod); as the shift reagent). '"H NMR (CDCls,
400 MHz) o: 4.40 (td, 1H, J=7.6 Hz, 4.8 Hz), 3.67-
3.58 (m, 1H), 2.64-2.49 (m, 2H), 2.29-2.21 (m, 2H),
2.14-2.06 (m, 2H), 1.76-1.59 (m, 4H), 0.13 (s, 9H). 1*C
NMR (CDCl;, 100 MHz) o: 177.0, 106.6, 85.2, 83.0,
73.0, 31.6, 28.6, 24.2, 24.0, 19.5, 0.1 (3C). MS (EI)
mlz: (239, M"-CHj3, 21%), 169 (20), 129 (40), 85 (75).
HRMS (EI) Caled for C|2H1903Si (M+—CH3)
239.1103. Found 239.1098.

4.1.5. 55-(1S-Hydroxy-5-trimethylsilyl-pent-4-ynyl)-
dihydro-furan-2-one (8c). This compound was obtained
as a yellow oil with 63% yield (88% ee based on NMR
using Eu(fod); as the shift reagent). '"H NMR (CDCls,
400 MHz) o: 4.44 (td, 1H, J=7.2 Hz, 4.4 Hz), 3.76-
3.70 (m, 1H), 2.64-2.39 (m, 4H), 2.27-2.21 (m, 1H),
2.18-2.11 (m, 1H), 1.77-1.70 (m, 2H), 0.12 (s, 9H). '*C
NMR (CDCl;, 50 MHz) o: 177.5, 106.1, 85.5, 82.8,
72.2, 31.6, 28.5, 23.9, 16.1, 0.1 (3C). HRMS (EI) Calcd
for C1,H,005Si1 240.1182. Found: 240.1171.

4.1.6. 5R-(1R-Hydroxy-hex-5-ynyl)-dihydro-furan-2-one
(3a). To a cold solution (0 °C) of 7a (0.76 g, 3 mmol)

in dry THF (10 mL) was added tetra-n-butylammoni-
um fluoride (1M in THF, 3mL) and the mixture
was stirred at 0 °C for 5h and then worked up with
ether and water. The aqueous layer was extracted with
diethyl ether and the combined organic extracts were
washed with brine and dried over anhydrous MgSOQOy.
After filtration and removal of solvent in vacuum, the
residue was purified by flash column chromatography
on silica gel to give 3a (0.41g, 75%). 'H NMR
(CDCl;, 400 MHz) o: 4.40 (td, 1H, J=7.6Hz,
4.8 Hz), 3.61-3.56 (m, 1H), 2.64-2.47 (m, 2H), 2.28-
220 (m, 2H), 2.15-2.05 (m, 2H), 195 (t, 1H,
J=24Hz), 1.77-1.61 (m, 4H). C NMR (CDCls,
100 MHz) o: 177.4, 83.9, 83.1, 73.0, 68.8, 31.6, 28.6,
24.2, 24.0, 18.0. HRMS (EI) Calcd for CioH;403
182.0943. Found: 182.0944.

4.1.7. 5S8-(1S-Hydroxy-hex-5-ynyl)-dihydro-furan-2-one
(3b). This compound was obtained as a yellow oil with
73% vyield. '"H NMR (CDCl;, 400 MHz) &: 4.41 (td,
1H, J=7.6 Hz, 4.8 Hz), 3.62-3.58 (m, 1H), 2.61-2.49
(m, 2H), 2.28-2.21 (m, 2H), 2.15-2.05 (m, 2H), 1.96 (t,
1H, J = 2.4 Hz), 1.79-1.61 (m, 4H). '*C NMR (CDCl;,
100 MHz) o: 177.1, 83.8, 83.1, 73.1, 68.9, 31.6, 28.6,
24.2, 24.1, 18.1. HRMS (EI) Calcd for C;oH 403
182.0943. Found 182.0965.

4.1.8. 5S-(1S-Hydroxy-pent-4-ynyl)-dihydro-furan-2-one
(3c¢). This compound was obtained as a yellow oil with
75% vyield. '"H NMR (CDCl;, 200 MHz) &: 4.40 (td,
1H, J=7.2 Hz, 4.6 Hz), 3.81-3.72 (m, 1H), 2.64-2.52
(m, 2H), 2.47-2.10 (m, 4H), 1.98 (t, 1H, J=2.6 Hz),
1.80-1.70 (m, 2H). '*C NMR (CDCl;, 50 MHz) ¢:
177.2, 83.3, 82.8, 72.1, 69.2, 31.5, 28.6, 23.9, 14.7.
HRMS (EI) Caled for CyH;,O5; 168.0786. Found:
168.0756.

4.1.9. (E,Z,RS,55)-3-(7-1odohept-6-enyl)-5-methyl-3-
(phenylsulfonyl)-tetrahydrofuran-2-one (4a). Lithium
diisopropylamide (2 M, 2 mmol, 1 mL) was added to
a cold (0°C) solution of lactone 9 (0.42 g, 2 mmol)
in THF (5ml) and the mixture was stirred at 0°C
for 0.5h. A solution of 10b (0.70 g, 2 mmol) in
HMPA (0.7 ml, 4 mmol) was added and the mixture
was warmed to room temperature and heated under
reflux for 2 h. The mixture was worked up with satu-
rated aqueous NH4Cl and extracted with ether. The
combined organic extracts were washed with brine
and dried over anhydrous MgSQ,. After filtration
and removal of solvent in vacuum, the residue was
purified by flash column chromatography on silica
gel to give 4a (0.64g, 75%) as a yellow oil. 'H
NMR (CDCl;, 400 MHz) ¢6: 7.56-7.50 (m, 2H),
7.41-7.32 (m, 3H), 6.47 (dt, 0.8H, J=14.4Hz,
7.2Hz), 6.19-6.11 (m, 0.4H), 596 (dt, 0.8H,
J=144Hz, 12Hz), 4.50-4.40 (m, 1H), 2.54-2.46
(m, 1H), 2.13-1.93 (m, 3H), 1.78-1.73 (m, 2H),
1.62-1.53 (m, 2H), 1.44-1.24 (m, 4H), 1.24 (d, 3H,
J=6.4Hz). *C NMR (CDCl;, 100 MHz) &: 177.0,
146.2, 136.8 (2C), 130.3, 129.7, 129.0 (2C), 74.6,
73.1, 56.1, 40.1, 36.3, 35.7, 28.7, 28.0, 24.3, 21.5.
HRMS (EI) Caled for CigH»310,S 430.0464. Found:
430.0465.
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4.1.10. (E,Z,3RS,5R)-3-(6-Iodohex-5-enyl)-5-methyl-3-
(phenylsulfonyl)-tetrahydrofuran-2-one (4b). This com-
pound was obtained as a yellow oil with 70% yield. 'H
NMR (CDCls, 400 MHz) §: 7.58-7.51 (m, 2H), 7.42—
7.33 (m, 3H), 6.47 (dt, 0.8H, J=14.4Hz, 7.2 Hz),
6.20-6.10 (m, 0.4H), 5.97 (dt, 0.8H, J=14.4 Hz,
1.6 Hz), 4.52-4.43 (m, 1H), 2.56-2.46 (m, 1H), 2.16-
1.91 (m, 3H), 1.81-1.71 (m, 2H), 1.66-1.52 (m, 2H),
1.46-1.31 (m, 2H), 1.21 (d, 3H, J = 6.4 Hz). '*C NMR
(CDCl;, 100 MHz) §: 176.9, 145.9, 137.1 (2C), 130.3,
129.7, 129.0 (2C), 74.6, 74.0, 56.0, 40.2, 36.0, 35.6,
27.8, 23.9, 21.5. HRMS (EI) Calcd for C{7H10,S
416.0307. Found: 416.0322.

4.1.11. (E,Z3RS,5R)-3-(7-Iodohept-6-enyl)-5-methyl-3-
(phenylsulfonyl)-tetrahydrofuran-2-one (4c). This com-
pound was obtained as a yellow oil with 75% yield.'H
NMR (CDCl;, 400 MHz) 6: 7.58-7.50 (m, 2H), 7.42—
7.33 (m, 3H), 6.47 (dt, 0.8H, J=14.4Hz, 7.2 Hz),
6.20-6.10 (m, 0.4H), 597 (dt, 0.8H, J=14.4Hz,
1.6 Hz), 4.52-4.40 (m, 1H), 2.56-2.46 (m, 1H), 2.14-
1.94 (m, 3H), 1.80-1.71 (m, 2H), 1.61-1.50 (m, 2H),
1.43-1.25 (m, 4H), 1.19 (d, 3H, J = 6.4 Hz). '*C NMR
(CDCls, 100 MHz) §: 176.9, 146.3, 136.8 (2C), 130.3,
129.7, 129.0 (2C), 74.6, 73.2, 56.0, 40.2, 36.3, 35.8,
28.7, 28.0, 24.3, 21.5. HRMS (EI) Calcd for C;gH»310,S
430.0464. Found: 430.0469.

4.1.12. (E,Z,3RS,5R)-3-(9-lodonon-8-enyl)-5-methyl-3-
(phenylsulfonyl)-etrahydrofuran-2-one (4d). This com-
pound was obtained as a yellow oil with 72% yield. 'H
NMR (CDCl;, 400 MHz) 6: 7.58-7.50 (m, 2H), 7.42—
7.26 (m, 3H), 6.48 (dt, 0.8H, J=14.4Hz, 7.2 Hz),
6.18-6.08 (m, 0.4H), 596 (dt, 0.8H, J=14.4Hz,
1.6 Hz), 4.52-4.40 (m, 1H), 2.56-2.46 (m, 1H), 2.08-
1.94 (m, 3H), 1.80-1.72 (m, 2H), 1.65-1.52 (m, 2H),
1.41-1.23 (m, 8H), 1.19 (d, 3H, J = 6.0 Hz). '°C NMR
(CDCl;, 100 MHz) ¢6: 176.9, 146.6, 136.8 (2C), 130.4,
129.7, 129.0 (2C), 74.4, 73.2, 56.2, 40.1, 36.5, 36.0,
29.7, 29.4, 28.7, 28.2, 24.6, 21.5. HRMS (EI) Calcd for
CyoH2710,S 458.0776. Found: 458.0779.

4.1.13. (E,Z,3RS,5S)-3-[6-Enyl-8-tridecaynyl-13R-hy-
droxy-13-(SR-dihydro-furan-2-onyl)]-5-methyl-3-(phenyl-
sulfonyl)-tetrahydrofuran-2-one (12a). To a solution of
4a (0.22 g, 0.5 mmol) in EtzN (1 mL) under N, were
added Pd(PPh;),Cl, (26 mg, 0.0375 mmol) and Cul
(21 mg, 0.12 mmol). The mixture was stirred at room
temperature for 0.5 h and to it was added a solution
of 3a (0.091 g, 0.5 mmol) in EtzN (1 ml). The reaction
mixture was stirred at room temperature for 24 h and
concentrated. The residue was purified by flash column
chromatography to produce 19a (0.16 g, 65%) as a yel-
low oil. "H NMR (CDCls, 400 MHz) : 7.55-7.50 (m,
2H), 7.38-7.30 (m, 3H), 5.97 (dt, 1H, J=15.6 Hz,
7.2 Hz), 5.38 (dt, 1H, J=15.6 Hz, 1.6 Hz), 4.48-4.37
(m, 2 H), 3.60-3.55 (m, 1H), 2.64-2.44 (m, 4H), 2.40-
2.31 (m, 2H), 2.29-2.20 (m, 1H), 2.17-1.85 (m, 4H),
1.78-1.55 (m, 5H), 1.41-1.23 (m, 6H), 1.18 (d, 3H,
J=6.4Hz). C NMR (CDCl;, 100 MHz) &: 177.3,
177.0, 143.1, 136.6 (2C), 130.2, 129.6, 128.9 (2C),
109.8, 87.8, 83.0, 79.6, 73.2, 73.1, 56.1, 40.0, 36.2,
32.6, 31.7, 28.9, 28.6, 28.4, 24.5, 24.3, 24.0, 21.4,

19.0. HRMS (EI) Calcd for C,sH3¢0sS 484.2283.
Found: 484.2285.

4.1.14. (E,Z,3RS,5R)-3-|(5-Enyl-7-undecaynyl)-11S-hy-
droxy-11-(5S-dihydro-furan-2-onyl)]-5-methyl-3-(phenyl-
sulfonyl)-tetrahydrofuran-2-one (12b). This compound
was obtained as a yellow oil with 52% yield. "H NMR
(CDCl;3, 400 MHz) ¢: 7.56-7.50 (m, 2H), 7.41-7.31
(m, 3H), 6.01 (dt, 1H, J=15.6 Hz, 7.2 Hz), 5.42 (dt,
IH, J=15.6Hz, 1.6 Hz), 4.49-4.41 (m, 2H), 3.79-
3.71 (m, 1H), 2.62-2.47 (m, 5H), 2.28-2.21 (m, 1H),
2.16-2.05 (m, 4H), 1.98-1.93 (m, 1H), 1.78-1.71 (m,
4H), 1.64-1.55 (m, 1H), 1.40-1.30 (m, 3H), 1.19 (d,
3H, J=6.4Hz). *C NMR (CDCl;, 100 MHz) &:
177.0 (2C), 143.1, 136.8 (2C), 130.3, 129.7, 129.0
(20), 110.0, 87.3, 82.8, 80.1, 73.2, 72.4, 56.0, 40.1,
36.2, 32.5, 31.7, 28.6 (2C), 24.0 (2C), 21.5, 15.6.
HRMS (EI) Caled for CysH3,05S 456.1970. Found
456.1961.

4.1.15. (E,Z,3RS,5R)-3-[6-Enyl-8-dodecaynyl-12S-hy-
droxy-12-(5S-dihydro-furan-2-onyl)]-5-methyl-3-(phenyl-
sulfonyl)-tetrahydrofuran-2-one (12c¢). This compound
was obtained as a yellow oil with 57% yield. "H NMR
(CDCl;3, 400 MHz) o: 7.56-7.50 (m, 2H), 7.41-7.31
(m, 3H), 6.00 (dt, 1H, J=15.6 Hz, 7.2 Hz), 5.40 (dt,
1H, J=15.6 Hz, 1.6 Hz), 4.49-4.40 (m, 2H), 3.79-3.73
(m, 1H), 2.61-2.54 (m, 1H), 2.49-2.41 (m, 4H), 2.30-
2.21 (m, 1H), 2.18-2.02 (m, 4H), 1.97-1.90 (m, 1H),
1.81-1.68 (m, 4H), 1.61-1.50 (m, 1H), 1.40-1.22 (m,
5H), 1.17 (d, 3H, J=6.4Hz). >C NMR (CDCl,,
100 MHz) ¢: 177.2, 177.0, 143.5, 136.7 (2C), 130.3,
129.7, 129.0 (2C), 109.7, 87.2, 82.8, 80.1, 73.2, 72.3,
56.1, 40.0, 36.3, 32.6, 31.7, 28.9, 28.6, 28.3, 24.4, 24.0,
214, 15.6. HRMS (EI) Caled for Cy;H34,05S
470.2127. Found: 470.2120.

4.1.16. (E,Z,3RS,5R)-3-|6-Enyl-8-tridecaynyl-135-hy-
droxy-13-(55-dihydro-furan-2-onyl)]-5-methyl-3-(phenyl-
sulfonyl)-tetrahydrofuran-2-one (12d). This compound
was obtained as a yellow oil with 67% yield. "H NMR
(CDCl;, 400 MHz) o: 7.55-7.50 (m, 2H), 7.41-7.32
(m, 3H), 6.00 (dt, 1H, J=15.6 Hz, 7.2 Hz), 5.43 (dt,
1H, J=15.6 Hz, 1.6 Hz), 4.50-4.39 (m, 2H), 3.63-3.56
(m, 1H), 2.64-2.46 (m, 4H), 2.36-2.30 (m, 2H), 2.29-
2.21 (m, 1H), 2.17-1.85 (m, 4H), 1.78-1.55 (m, 5H),
1.41-1.23 (m, 6H), 1.18 (d, 3H, J = 6.4 Hz). '*C NMR
(CDCl;, 100 MHz) §: 177.0, 176.9, 143.1, 136.7 (2C),
130.3, 129.6, 128.9 (2C), 109.9, 87.8, 83.0, 79.7, 73.2,
73.0, 56.2, 40.1, 36.3, 32.6, 31.9, 28.9, 28.6, 28.4, 24.5,
244, 24.0, 214, 19.0. HRMS (EI) Calcd for
C,3H3605S 484.2283. Found: 484.2264.

4.1.17. (E,Z,3RS,5R)-3-[8-Enyl-10-tetradecaynyl-14.5-
hydroxy-14-(5S-dihydro-furan-2-onyl)]-5-methyl-3-(phen-
ylsulfonyl)-tetrahydrofuran-2-one (12e). This compound
was obtained as a yellow oil with 63% yield. '"H NMR
(CDCl;, 200 MHz) o: 7.56-7.51 (m, 2H), 7.39-7.28 (m,
3H), 5.99 (dt, 1H, J=15.6 Hz, 7.2 Hz), 5.45 (dt, 1H,
J=15.6 Hz, 1.6 Hz), 4.52-4.39 (m, 2H), 3.63-3.52 (m,
1H), 2.63-2.42 (m, 5H), 2.32-1.24 (m, 20H), 1.18 (d,
3H, J = 6.4 Hz). 3*C NMR (CDCls, 50 MHz) ¢: 177.1
(20), 143.9, 136.7 (20), 130.4, 129.7, 129.0 (2C), 109.5,
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87.0, 82.8, 80.2, 73.2, 72.4, 56.2, 40.1, 36.4, 32.8, 31.8,
29.6,29.4,29.1, 28.8, 28.6, 24.6, 24.0, 21.4, 19.0. HRMS
(FAB) Caled for CooH3005S 499.2519. Found: 499.2519.

4.1.18. (3RS,5S5)-3-[13-Hydroxytridecanyl-13 R-(5 R-dihy-
dro-furan-2-onyl)]-5-methyl-3-(phenylsulfonyl)-tetrahy-
drofuran-2-one (13a). To a solution of 12a (97 mg,
0.2mmol) in benzene/methanol (1:1 2mL) was
added chlorotris(triphenylphosphine)-rhodium (0.2 g,
0.2 mmol). The resulting mixture was then stirred at
room temperature under hydrogen (1 atm) for 24 h. Sol-
vents were removed under reduced pressure and the res-
idue was purified by flash column chromato%raphy to
produce 13a (84 mg, 86%) as a brown oil. '"H NMR
(CDCls;, 400 MHz) o: 7.56-7.50 (m, 2H), 7.40-7.31 (m,
3H), 4.49-4.38 (m, 2H), 3.59-3.53 (m, 1H), 2.64-2.46
(m, 3H), 2.27-2.07 (m, 3H), 1.97-1.91 (m, 1H), 1.77-
1.71 (m, 2H), 1.57-1.31 (m, 21H), 1.15 (d, 3H, J=6.4
Hz). *C NMR (CDCl;, 100 MHz) §: 177.3, 177.1,
136.7 (2C), 130.4, 130.0, 128.9 (2C), 82.9, 73.5, 73.2,
56.3, 40.0, 36.4, 32.9, 30.4, 29.6, 29.4 (2C), 29.3, 29.2,
28.6, 28.4, 25.5, 25.4, 24.6, 24.0, 21.4. HRMS (EI) Calcd
for CysH4,05S 490.2753. Found: 490.2750.

4.1.19. (3RS,5R)-3-[11S-Hydroxyundecanyl-11-(55-dihy-
dro-furan-2-onyl)|-5-methyl-3-(phenylsulfonyl)-tetrahy-
drofuran-2-one (13b). This compound was obtained as a
brown oil with 80% yield. "H NMR (CDCls, 200 MHz)
0: 7.56-7.50 (m, 2H), 7.41-7.29 (m, 3H), 4.56-4.39 (m,
2H), 3.61-3.54 (m, 1H), 2.64-2.51 (m, 3H), 2.38-1.93
(m, 3H), 1.80-1.62 (m, 3H), 1.57-1.41 (m, 4H), 1.39-
1.26 (m, 14H), 1.16 (d, 3H, J=6.4Hz). *C NMR
(CDCl;, 50 MHz) 6: 177.2, 177.1, 136.8 (2C), 1304,
130.0, 129.0 (2C), 82.9, 73.5, 73.2, 56.3, 40.0, 36.4,
32.9, 30.4, 29.5, 29.4, 29.3, 28.6, 28.5, 25.5, 25.4, 24.6,
24.0, 21.4. HRMS (EI) Calcd for CysH3305S 462.2440.
Found: 462.2470.

4.1.20. (3RS,5R)-3-[12S-Hydroxydodecanyl-12-(5Sdihy-
dro-furan-2-onyl)]-5-methyl-3-(phenylsulfonyl)-tetrahy-
drofuran-2-one (13c). This compound was obtained as a
brown oil with 82% yield. "H NMR (CDCls, 400 MHz)
0: 7.56-7.50 (m, 2H), 7.40-7.31 (m, 3H), 4.50-4.38 (m,
2H), 3.60-3.52 (m, 1H), 2.63-2.47 (m, 3H), 2.28-2.06
(m, 3H), 1.98-1.91 (m, 1H), 1.80-1.70 (m, 3H), 1.57-
1.41 (m, 4H2’ 1.39-1.26 (m, 15H), 1.16 (d, 3H,
J=6.4Hz). °C NMR (CDCl;, 100 MHz) §: 177.2,
177.1, 136.8 (2C), 130.4, 130.0, 129.0 (2C), 82.9, 73.5,
73.2, 56.3, 40.0, 36.4, 32.9, 30.4, 29.5, 29.4, 29.3 (2C),
28.6, 28.5, 25.5, 25.4, 24.6, 24.0, 21.4. HRMS (EI) Calcd
for C,7H4005S 476.2596. Found: 476.2596.

4.1.21. (3RS,5R)-3-[13S-Hydroxytridecanyl-13-(5S-dihy-
dro-furan-2-onyl)]-5-methyl-3-(phenylsulfonyl)-tetrahydro-
furan-2-one (13d). This compound was obtained as a
brown oil with 81% yield. '"H NMR (CDCl;, 400 MHz)
0: 7.56-7.50 (m, 2H), 7.40-7.31 (m, 3H), 4.49-4.38 (m,
2H), 3.60-3.53 (m, 1H), 2.64-2.47 (m, 3H), 2.27-2.07
(m, 3H), 1.97-191 (m, 1H), 1.79-1.71 (m, 2H), 1.57-
1.30 (m, 21H), 1.15 (d, 3H, J=6.4Hz). *C NMR
(CDCl;, 100 MHz) ¢6: 177.3, 177.2, 136.7 (2C), 1304,
129.6, 128.9 (2C), 82.9, 73.5, 73.2, 56.3, 40.0, 36.4, 32.9,
304, 29.6, 29.4 (2C), 29.3, 29.2, 28.6, 28.4, 25.5, 254,

24.6, 24.0, 21.4. HRMS (EI) Caled for CysH405S
490.2753. Found 490.2755.

4.1.22. (3RS,5R)-3-[14S-Hydroxytetradecanyl-14-(5S-
dihydro-furan-2-onyl)|-5-methyl-3-(phenylsulfonyl)-tetra-
hydrofuran-2-one (13e). This compound was obtained as
a brown oil with 85% yield. '"H NMR (CDCls,
200 MHz) 6: 7.57-7.50 (m, 2H), 7.40-7.31 (m, 3H),
4.50-4.37 (m, 2H), 3.59-3.53 (m, 1H), 2.63-2.45 (m,
3H), 2.27-1.19 (m, 6H), 1.82-1.73 (m, 3H), 1.57-1.25
(m, 23H), 1.15 (d, 3H, J= 6.2 Hz). 3C NMR (CDCl;,
50 MHz) o: 177.1, 174.1, 136.8 (2C), 130.5, 129.7,
129.0 (2C), 82.9, 73.6, 73.2, 56.3, 40.1, 36.5, 33.0, 29.7,
29.5 (30), 29.4 (30), 29.3 (2C), 28.7, 25.4, 24.7, 24.1,
21.5. HRMS (FAB) Calcd for Cy9H4505S 505.2989.
Found: 505.2989.

4.2. Squamostolide (2a)

m-CPBA (16 mg, 0.1 mmol) was added to a solution of
13a (49 mg, 0.1 mmol) in CH,Cl, (I mL) at 0 °C and the
mixture was stirred at this temperature for 30 min. It
was then worked-up with saturated aqueous NaHCO;
and extracted with CH,Cl,. The combined organic ex-
tracts were washed with brine and dried over anhydrous
MgSO,. After filtration and removal of solvent in vacu-
um, the residue was refluxed in toluene (2 mL) for 2 h.
Solvent was removed again and the residue was purified
by flash column chromatography to produce 2a (17 mg,
45%) as a white powder. '"H NMR (CDCl;, 400 MHz) §:
6.98 (d, 1H, J = 1.6 Hz), 5.01-4.95 (m, 1H), 4.41 (td, 1H,
J=17.6Hz, 44 Hz), 3.58-3.53 (m, 1H), 2.65-2.48 (m,
2H) 2.28-2.20 (m, 3H), 2.14-2.06 (m, 1H), 1.80 (br,
1H), 1.57-1.42 (m, 6H), 1.38 (d, J=6.8 Hz, 3 H),
1.37-1.19 (m, 16H). *C NMR (CDCl;, 100 MHz) o:
177.2, 173.9, 148.9, 134.2, 82.9, 77.4, 73.5, 32.9, 29.5
(30), 29.4 (30), 29.2, 29.1, 28.6, 27.3, 25.4, 25.1, 24.0,
19.2. HRMS (EI) Calcd for C»,H3605 380.2563. Found
380.2563, mp 96-97 °C, [o]3) —2.9 (c 0.4, acetone), " [«] 7
—3.3 (¢ 0.122, acetone).

4.2.1. 3-[115-Hydroxyundecanyl-11-(5S-dihydro-furan-2-
onyl)]-5R-methyl-5 H-furan-2-one (2b). This compound
was obtained as a white powder with 40% yield. 'H
NMR (CDCl;, 400 MHz) o: 6.98 (d, 1H, J=1.6 Hz),
5.01-4.92 (m, 1H), 4.41 (td, 1H, J=7.6 Hz, 4.4 Hz),
3.58-3.51 (m, 1H), 2.64-2.49 (m, 2H), 2.28-2.20 (m,
3H), 2.16-2.09 (m, 1H), 1.56-1.44 gm, 6H), 1.40 (d,
3H, J = 6.8 Hz), 1.28-1.19 (m, 13H). *C NMR (CDCl;,
100 MHz) o: 177.1, 174.0, 148.9, 134.3, 82.9, 77.4, 73.6,
32.9, 29.4 (3C), 29.2 (20), 29.1, 28.7, 27.3, 25.4, 25.1,
240, 19.2. HRMS (EI) Calcd for C20H3205 352.2250.
Found: 352.2256, mp 90-91 °C, [oc]f)5 -9.2 (¢ 1.0,
CHCly).

4.2.2. 3-[125-Hydroxydodecanyl-12-(55-dihydro-furan-2-
onyl)]-5R-methyl-5 H-furan-2-one (2¢). This compound
was obtained as a white powder with 38% yield. 'H
NMR (CDCl;, 400 MHz) o: 6.98 (d, 1H, J=1.6 Hz),
5.01-4.93 (m, 1H), 4.40 (td, 1H, J=7.6 Hz, 4.4 Hz),
3.58-3.50 (m, 1H), 2.65-2.48 (m, 2H), 2.28-2.20 (m,
3H), 2.16-2.06 (m, 1H) 1.90 (br, 1H) 1.56-1.41 (m,
5H), 1.39 (d, 3H, J = 6.8 Hz), 1.28-1.19 (m, 15H). *C
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NMR (CDCls, 100 MHz) &: 177.2, 173.9, 148.9, 134.2,
82.9, 77.4, 73.5, 32.9, 29.5 (3C), 29.4 (2C), 29.2, 29.1,
28.7, 27.3, 25.4, 25.1, 24.0, 19.2. HRMS (EI) Calcd for
C3)H3405 366.2406. Found: 366.2409, mp 65-66 °C,
[0 —7.5 (¢ 1.0, CHCl5).

4.2.3. 3-[135-Hydroxytridecanyl-13-(55-dihydro-furan-2-
onyl)]-5R-methyl-5 H-furan-2-one (2d). This compound
was obtained as a white powder with 41% yield. 'H
NMR (CDCl;, 400 MHz) 6: 6.98 (d, 1H, J=1.6 Hz),
5.01-4.95 (m, 1H), 4.41 (td, 1H, J=7.6 Hz, 4.4 Hz),
3.58-3.54 (m, 1H), 2.60-2.48 (m, 2H) 2.28-2.21 (m,
3H), 2.15-2.08 (m, 1H), 1.73 (br, 1H), 1.57-1.41 (m,
6H), 1.39 (d, J = 6.8 Hz, 3H), 1.37-1.19 (m, 16H). '*C
NMR (CDCl;, 100 MHz) o: 177.2, 173.9, 148.9, 134.2,
82.9, 77.4, 73.6, 32.9, 29.5 (3C), 29.4 (3C), 29.2, 29.1,
28.6, 27.3, 25.4, 25.1, 24.0, 19.2. HRMS (EI) Calcd for
C2§H3605 380.2563. Found: 380.2559, mp 103-104 °C,
[o]7) —13.6 (¢ 1.0, CHCl5).

4.2.4. 3-[14S-Hydroxytetradecanyl-14-(55-dihydro-furan-
2-onyl)]-5 R-methyl-5 H-furan-2-one (2e¢). This comp-
ound was obtained as a white powder with 48%
yield. 'H NMR (CDCl;, 400 MHz) &: 6.98 (d, 1H,
J=16Hz), 5.02-496 (m, 1H), 4.41 (td, 1H,
J=7.6 Hz, 44 Hz), 3.58-3.54 (m, 1H), 2.62-2.12 (m,
6H), 1.57-1.40 (m, 7H), 1.39 (d, J = 6.8 Hz, 3H), 1.36-
1.15 (m, 19H). '*C NMR (CDCls, 100 MHz) §: 177.3,
173.9, 148.9, 134.3, 82.9, 76.4, 73.6, 32.9, 29.5 (3C),
29.4 (30), 29.2 (2C), 29.1, 28.7, 27.4, 25.4, 25.1, 24.0,
19.2. HRMS (FAB) Calcd for C23H3905 395.2799.

Found: 395.2804, mp 80-81 °C, [oc}f)s —10.3 (¢ 1.0,
CHCl).
o) 0
e} R o}

OH
1 Rollicosin (R = OH)
2a Squamostolide (R =H)
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Abstract—Synthesis and biological characterization of a series of a-tocopherol analogs with NO-releasing capacity are reported.
The selected NO-donor moieties were nitrooxy and furoxan. All products were tested for their in vitro NO-releasing capacities,
vasodilating properties, and antiplatelet activity. They were also capable of preventing LDL oxidation.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Atherosclerosis is a complex disease of diverse etiology,
where oxidation, increased deposition, and altered
metabolism of lipoproteins are key events associated
with lesion development.'?> Lipid oxidation was first
proposed as an early step in atherogenesis, since modifi-
cation of low density lipoprotein (LDL) by cells or other
mechanisms could cause it to become cytotoxic.>> The
oxidation hypothesis suggests that antioxidant supple-
mentation might prevent or retard the development of
the atheroma plaque, improving patients prognosis.®
Although the oxidation hypothesis of atherosclerosis
has received considerable experimental support, recent
negative results from large scale supplementation studies
using antioxidant vitamins have questioned this idea.” '3
The oxidative hypothesis of atherosclerosis is not neces-
sarily disproved by the failure of these particular antiox-
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idant trails,® emphasizing the importance of developing
new drugs with improving antioxidant capacities in vivo.
Human LDL contains a number of antioxidants that
inhibit lipid oxidation, a-tocopherol (1, vitamin E,
Chart 1) being the most abundant (-6 a-tocopherol mol-
ecules per LDL particle). a-Tocopherol is selectively tar-
geted into LDL during its metabolism and as a way to
its delivery to all cells, due to the action of the a-tocoph-
erol-transfer protein.!#!> Besides, nitric oxide (‘'NO) is a
free radical species that has strong biological antioxi-
dant actions.'® In fact, it has been previously shown that
‘NO inhibits LDL oxidation by scavenging of lipid
propagatory radicals.!”?> Moreover, 'NO is able to dif-
fuse into LDL and that makes it a potentially more
effective lipid antioxidant than a-tocopherol.?>?° There-
fore, hybrid molecules combining the vitamin E struc-
ture and "NO releasing moieties, to target "NO delivery
in vivo specifically into LDL, should be a possible ther-
apeutic strategy to protect LDL from oxidative modifi-
cations, contributing to the treatment of atherosclerosis.
Furoxans (1,2,5-oxadiazole N-oxide derivatives), organ-
ic nitrates, thionitrites, and nonoates, represent impor-
tant classes of NO donors.?*3' Organic nitrates
(RONO,) are the oldest class of NO donors that have
been clinically applied. Also, it is well known that furox-
ans are able to release "NO at physiological pH, in the
presence of thiol cofactors.3?33 Herein, we describe the
synthesis and preliminary biological characterization
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Chart 1. Chemical structure of a-tocopherol and Trolox®, and general structure of the designed compounds; tetramethylchroman system is linked to

the "NO releasing moieties by adequate functionalities.

of novel tocopherol analogs—NO donors obtained by
coupling, through appropriate spacers, either furoxan
or nitrooxy groups with a-tocopherol or its analog,
trolox (Chart 1). These hybrid compounds release
"NO, due to the presence of a furoxan or nitrooxy sub-
structure, inhibiting platelet aggregation and exhibiting
vasorelaxation properties. Moreover, they effectively
protect LDL from oxidation, combining the tocopherol
substructure with affinity to LDL and antioxidant prop-
erties of "NO-donor.

2. Results and discussion
2.1. Chemistry
The preparation of the organic nitrate derivatives fol-
lows the synthetic routes that are illustrated in Schemes

1 and 2. Compounds 4, 6, and 8 were prepared from o-
tocopherol. This reactant was treated with 2-chloroace-

tyl chloride in the presence of pyridine to obtain the cor-
responding ester 3. This latter compound was treated
with AgNOj; in acetonitrile at 80 °C to afford the final
product 4 in a moderate yield. To prepare compound
6, the o-tocopherol derivative 5 was prepared as be-
fore.3* This latter compound was transformed into the
final nitrooxy derivative 6 following the same procedure
used to transform 3 into 4. The simple nitrooxy deriva-
tive, 8,3 was synthesized by direct dicyclohexylcarbodii-
mide (DCC) promoted esterification of 1 as described in
Scheme 1. The starting material for the preparation of
the nitrooxy derivatives 11 and 13 (Scheme 2) was the
acetate derivative of the commercial acid 2 (Trolox,
Chart 1). The final product 11 was obtained by treating
9 with 3-(nitrooxy)propanol (10) in presence of DCC.
To obtain the final product 13, compound 9 was first
transformed into the corresponding acyl chloride, which
was directly treated with 2-chloroethylamine to afford
the corresponding amide 12. This latter product was
treated with AgNOj in acetonitrile at 80 °C to afford 13.

o} O.
CV/\\”/ b OZNO/A\H/
o (¢]
o 3 o 3

/e

1, a-Tocopherol

e OZNO

COOH

O,NO
o
0
O 3
8

4

ONO,
AcO.
D ——
S 3

Scheme 1. Synthesis of a-tocopherol analog—nitrooxy derivatives 4, 6, and 8. Reagents and conditions: (a) 2-Chloroacetyl chloride, pyridine, toluene,
15 min; (b) AgNO;, CH3CN, 80 °C, 35 h; (c) acetic anhydride, pyridine, rt, 3 days; (d) HgO, Br,, dry CCly, rt, 3 h; (¢) DCC, CH,Cl,, 40 °C, 24 h.
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Scheme 2. Synthesis of a-tocopherol analog—nitrooxy derivatives 11 and 13. Reagents and conditions: (a) Acetic anhydride, pyridine, rt, 2 h; (b)
DCC, CH,Cl,, reflux, 12 h; (¢) (i) 9, SOC1,, DMF, toluene, reflux, 90 min; (ii) 2-chloroethylamine hydrochloride, Et;N, CH,Cl,, rt; (d) AgNOs,
CH;CN, 80 °C, 35 h.

The preparation of furoxan derivatives follows the xan, 17, yielding compounds 15, 16, and 18, respectively
synthetic routes that are illustrated in Schemes 3 and (Scheme 3). In the case of the reaction of 1 with furoxan
4. a-Tocopherol (1) was treated with either 3,4-bis(phen- 14, the expected product (Fig. 1) was not obtained even
ylsulfonyl)furoxan, 14, or 3-chloromethyl-4-phenylfuro- in mild conditions.
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Scheme 3. Synthesis of a-tocopherol analog—furoxan derivative 18. Reagents and conditions: (a) K,CO; (1.2 eq.), 18:crown:6, THF, rt, 24 h;
(b) K,COs3 (0.5 eq.), 18:crown:6, THF, reflux, 9 h.
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Scheme 4. Synthesis of tocopherol analog—foroxan derivatives 22 and 24, and tocopherol analog—forazan derivative 21. Reagents and conditions:
(a) (1) 9, SOCl,, DMF, toluene, reflux, 90 min; (ii) 19, 20, or 23, Et;N, CH,Cl,, rt.
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Figure 1. Expected product of the reaction between furoxan 14 and
a-tocopherol, 1.

Indeed (6-hydroxy-2,7,8-trimethyl-2-(4,8,12-trimethyl-
tridecyl)chroman-5-yl)methyl benzenesulfinate, 15,3°
was generated as the main product. a-Tocopheryl qui-
none, 16, was also isolated as the result of oxidation pro-
moted by furoxan 14. Compound 15 could be obtained
by the reaction between highest reactive S5a-methyl
group (Mills—Nixon effect)’” of the ortho-quinone met-
hide I with the nucleophile PhSO,~ (benzenesulfonic an-
ion) resulted from furoxan 14 decomposition (Fig. 2).38

The final products 21, 22, and 24 (Scheme 4) were pre-
pared by treatment of the appropriate alcohols 19 and
20, and amine 23, respectively, with the corresponding
acid chloride of trolox acetate 9, following a procedure
similar to those used to transform 9 into 12. Furazan
derivative 21 was included in the experiments to know
the relevance of the N-oxide moiety in the studied bio
activities.'®

2.2. 'NO releasing capacity

The ability of nitrooxy derivatives 4,6, 8, 11, and 13,
furoxans 18, 22, and 24, and furazan 21 to release "NO
was determined at different concentrations in the pres-
ence of cysteine (5- to 20-fold molar excess) following
hemoglobin oxidation.?* Furoxan reactants 14, 17, 20,
and 23 were included to compare their ‘NO releasing
behavior with the new compounds. The new furoxan
derivatives, 22 and 24, generate high levels of 'NO
(Table 1). Initial rates of NO donation, expressed as

HO.

Table 1. "NO releasing rate of the tested compounds

Compound [INO]releaseu,b(kNO releasing rate 1073 (minil))
4 _c
6 _c
8 _c

11 —°

13 —

14 37205

17 —

19 —°

20 1.17 £ 0.06

21 —°

22 0.21£0.02(7+1)

23 1.2%0.1

24 0.35£0.02 (13.3£0.7)

#Determined at 6 pM compound concentration in the presence of
30 uM of cysteine.

® All values are mean + SEM (n = 5).

°No "NO liberation was observed at 6-100 uM compound concen-
tration in the presence of 30-500 uM of cysteine.

uM min~', were linearly dependent on the concentra-

tion of the single compounds (Fig. 3). In contrast, furo-
xan derivative 18, furazan derivative 21, and nitrooxy
derivatives were unable to release "NO (Table 1) in the
conditions assayed. The potential anti-aggregatory ef-
fects of these compounds were studied on ADP-induced
platelet aggregation model.* The anti-aggregatory
potency of furoxan derivatives correlated with their abil-
ity to produce "NO (data not shown).

2.3. Vasorelaxation properties

All the hybrid a-tocopherol analogs—NO donor deriv-
atives had the ability to induce rat aortic rings vasore-
laxation (Figs. 4A-D). These results indicate that

organic nitrate derivatives release ‘NO. As observed
for platelet aggregation, the vasoactive properties of

CHa

O

— 1

¥
‘NO + PhSO, +
other decomposition products

0S(0)Ph

HO
CHy Py 0 3
o
15
H,0
|
o

Figure 2. Speculative proposal for the generation of derivatives 15 and 16.

(6]
OH 3
16
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0 5 10 1I5 20 25
C (uM)

Figure 3. Correlation curves between initial ‘NO formation rate (LM
“NO min~!) and tested compound concentration (C, uM): (A) 22, (V)
24. The reaction was followed by detecting the increase of absorbance
(AA) at A =401 nm over the first 10 min. The reaction was started by
adding the tested compounds (0-24 uM) to a 10 uM HbO, and
cysteine (30-100 uM) solution in 50 mM phosphate buffer, pH 7.4,
37°C.
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these novel compounds correlated with the extent of
‘NO released. Thus, derivatives 22 and 24 showed the
greatest aortic vasodilating effects, whereas the parent
compounds (a-tocopherol acetate and trolox acetate 9)
were unable to produce vasodilatation in the same con-
ditions (Fig. 4A). Derivative 24 dose dependently
(EC50=1.0%£ 0.1 uM) vasodilated aortic rings by a
"‘NO release-dependent mechanism (Fig. 4B). As oxyhe-
moglobin has been reported to scavenge "NO, decreasing
the biological activity of "‘NO and related com-
pounds,*!*? we examined the effect of the hemoprotein
on 24-elicited vasorelaxation. The structural motive
present in derivative 18 and, in particular, the substitu-
tions on furoxan moiety promote a partial lack of
vasodilating activity (Fig. 4A). The N-oxide relevance
in the observed vasodilating activity was confirmed with
the furazan analog 21 (Fig. 4D). In fact, at 10.0 uM
furoxan 24 was found to be about 10 times more potent
than the deoxygenated analog, furazan 21 in causing
vasorelaxation. On the other hand, the organic nitrates
were drastically less active than compound 24 in its
vasodilating properties (Fig. 4D; compare compound

a

120 4

-

(=

o
"

(=
o
2

60 -

40 -

% vasodilatation

20 4

4 6 8 1 13
Compounds

=]

]

100 -

J ;

% vasodilatation

1
1.0 25 5.0 10.0 20.0

C (uM)

Figure 4. (A) Percentage of vasodilating activity of a-tocopherol acetate (1 acetate), 9, 18, 21, 22, and 24. Tested compounds (10 pM) were added to
the tissue—organ bath system after contraction of the thoracic aorta ring with NA (1 pM). p < 0.01 and ~"p < 0.05. (B) Percentage of vasodilating
activity of 24 at different concentrations (1-10 uM) in the absence of HbO, and at 1 pM concentration in the presence of HbO, (10 pM) added to the
bath 10 min before the tested compound; (C) percentage of vasodilating activity of 4, 6, 8, 11, and 13. Tested compounds (20 pM) were added as in
(A). "p<0.01 and “p < 0.05; (D) percentage of vasodilating capacity in rat aortic model of a-tocopherol analogs—furoxan 24 (V), furazan 21 (4),
and organic nitrate 13 (@) derivatives at different compound concentrations (1.0-20.0 uM). Tested compounds were added as previously.
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Figure 5. Compound 24 incubated with LDL inhibits oxygen uptake
during its ABAP-mediated oxidation. (a) Oxidation of LDL (8 uM) in
50 mM phosphate buffer by 5 mM ABAP was monitored using a Clark
type oxygen electrode at 37 °C. (b) Control trace. (c) Oxidation of
LDL previously incubated with 24 in 50 mM phosphate buffer.

24 to its analog 13), emphasizing the special behavior of
furoxan moiety in the "NO-release capacity.

In summary, the tocopherol derivatives belonging to ser-
ies a (see Chart 1) displayed low vasodilating activity.
However, derivative 6, series b, showed modest vasodi-
lating activity at 20 uM. On the other hand, derivatives
belonging to series ¢, 11, 22, 24, and in a less extent 13,
displayed a good vasodilating activity.

2.4. Antioxidant properties

To test the capacity of these compounds to protect LDL
from oxidative modifications, we studied the effect of
‘NO donors on azo-compound (ABAP, 2,2'-azobis(2-
amidopropane))-mediated LDL oxidation.** We select-
ed furoxan derivative, 24, due to its high "NO-releasing
ability. As expected, compound 24 protected LDL from
azo compound-mediated oxidation. In fact, when LDL
was incubated with derivative 24, it decreased ABAP-
mediated oxygen consumption (Fig. 5).

3. Conclusion

Our results show that the new tocopherol analogs, 6, 11,
13,22, and 24, represent a new class of "NO donors having
different capacity to release "NO. These tocopherol deriv-
atives exhibited vasorelaxation properties with deriva-
tives belonging to series ¢ (Chart 1), 11, 22, 24, and in a
less extent 13 displayed greater vasodilating effects. This
suggests that these compounds stimulate "NO signaling
pathways in vascular tissue. Moreover, the observed
LDL-protective activity of derivative 24 suggest the po-
tential use of these compounds for prevention of athero-
sclerosis disease. These ‘site-specific’ observations are
significant in view of the fact that the protective effect of
typical "NO donors or antioxidants decrease with time
and distances of the biological targets, that is, LDL.

Our observations emphasize the necessity of performing
further studies to analyze the LDL protective activity of
these compounds in vivo.

4. Experimental
4.1. Chemistry

Argon and nitrogen were purchased from AGA S.A.
(Montevideo, Uruguay). Other chemicals were pur-
chased from Sigma (St. Louis, MO, USA) or Aldrich
(Milwaukee, WI, USA) at the highest purity available.
Compounds 5,3 7,3 8,3 10,* 144 17,46 19,47 20,4
and 23*® were synthesized according to literature
methods. Elemental analyses were obtained from vacu-
um-dried samples (over phosphorous pentoxide at 3—
4 mmHg, 24 h at room temperature) and performed on
a Fisons EA 1108 CHNS-O analyzer and were within
0.4% of theoretical values. Infrared spectra were record-
ed on a Bomen, Hartman & Braun FTIR spectropho-
tometer, using potassium bromide tablets. 'H NMR
and '*C NMR spectra were recorded on a Bruker
DPX-400 instrument, with CDCl; as solvent and tetra-
methylsilane as the internal reference. Electron impact
(ED) and electrospray (ES+) mass spectra were obtained
at 70 eV on a Shimadzu GC-MS QP 1100 EX or on a
Hewlett Packard 1100 MSD spectrometer, respectively.
TLC was carried out on Alugram® Sil G/UV,s, or alu-
minum oxide on polyester plates. Column chromatogra-
phy (CC) was carried out on silica gel (Merck, 60-230
mesh) or aluminum oxide (Merck, 70-230 mesh). All
solvents were dried and distilled prior to use.

4.2. 2,5,7,8-Tetramethyl-2-(4,8,12-trimethyltridecyl)chro-
man-6-yl 2-chloroacetate (3)

To a stirred solution of o-tocopherol (500 mg,
1.2 mmol) and pyridine (0.1 mL) in toluene (2.0 mL),
was added dropwise over 15 min a solution of 2-chloro-
acetyl chloride (0.1 mL) in toluene (2 mL). The reaction
mixture was filtered, and then the filtrate was washed
with brine. The organic layer was dried with sodium sul-
fate and the solvent evaporated in vacuo. The product
was purified by column chromatography (SiO,, hex-
ane:ethyl ether (9:1)). Yellow oil, yield 81%. '"H NMR:
0=4.34 (s, 2H), 2.62 (t, J=6.6 Hz, 2H), 2.12 (s, 3H),
2.05 (s, 3H), 2.01 (s, 3H), 1.88-1.74 (m, 2H), 1.61-1.48
(m, 3H), 1.47-1.35 (m, 4H), 1.36-1.21 (m, 11H), 1.19-
1.04 (m, 6H), 0.90-0.86 (m, 12H). *C NMR:
0=166.39, 150.19, 140.61, 126.84, 125.12, 123.70,
118.00, 75.61, 40.97, 40.74-12.19 (other methylic,
methylenic, and methynic carbons). IR: vy, = 2951,
2926, 2868, 1779, 1757, 1460, 1414, 1377, 1235, 1148,
1109, 1067 cm™'. Anal. (C5;Hs5;ClO;) C, H.

4.3. 2,5,7,8-Tetramethyl-2-(4,8,12-trimethyltridecyl)chro-
man-6-yl 2-nitrooxyacetate (4)

To a stirred solution of silver nitrate (340 mg, 2 mmol)
in acetonitrile (2.0 mL) protected from light, was added
dropwise compound 3 (100 mg, 0.2 mmol) in acetoni-
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trile. The reaction mixture was allowed to stir for 24 h at
room temperature, and then for 35 h at 80 °C. The mix-
ture was concentrated under reduced pressure and the
residue was treated with water. The precipitated AgCl
was removed by filtration, and the filtrate was extracted
with ethyl ether. The combined organic layers were dried
with sodium sulfate and evaporated in vacuo. The prod-
uct was purified by column chromatography (SiO,, hex-
ane/ethyl ether (95:5)). Yellow oil, yield 42%. "H NMR:
0=5.20 (s, 2H), 2.61 (t, J=6.7 Hz, 2H), 2.11 (s, 3H),
2.04 (s, 3H), 1.99 (s, 3H), 1.88-1.74 (m, 2H), 1.62-1.51
(m, 3H), 1.46-1.37 (m, 3H), 1.34-1.21 (m, 12H), 1.19-
1.06 (m, 6H), 0.90-0.86 (s, 12H). '3C NMR:
0=164.98, 150.36, 140.10, 126.78, 125.09, 123.83,
118.08, 75.66, 67.29, 39.78-12.19 (other methylic,
methylenic, and methynic carbons). IR: vy, = 2951,
2928, 2868, 1778, 1659, 1458, 1412, 1377, 1288, 1186,
1109, 1070, 841 cm™'. MS (IE, 70 eV): mlz (%) = 533
(M™, 1), 486 (37), 458 (9), 430 (100), 261 (7), 221 (28),
193 (7), 165 (42), 149 (8), 69 (6), 57 (11). Anal.
(C31H5NOg) C, H, N.

4.4. 5-Nitrooxymethyl-2,7,8-trimethyl-2-(4,8,12-trimeth-
yltridecyl)chroman-6-yl acetate (6)

The title compound was prepared from 5 (136 mg,
0.25 mmol) following the procedure used for the synthesis
of 4. Yellow oil, yield 28%. '"H NMR: d = 5.41 (s, 2H),
2.78 (t, J=6.7 Hz, 2H), 2.36 (s, 3H), 2.15 (s, 3H), 2.04
(s, 3H), 1.87-1.75 (m, 2H), 1.61-1.51 (m, 3H), 1.46-1.21
(m, 15H), 1.18-1.03 (m, 6H), 0.90-0.86 (s, 12H). '*C
NMR: 06=170.05, 150.31, 142.07, 131.24, 129.19,
128.49, 119.26, 76.11, 68.03, 39.78-12.72 (other methylic,
methylenic, and methynic carbons). MS (IE, 70 eV): m/z
(%) =533 (M*, 2), 445 (12), 71 (13), 57 (29), 43 (100).
Anal. (C31H51NO6) C, H, N.

4.5. 6-Acetoxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (9)

A mixture of Trolox® (500 mg, 2 mmol), pyridine (5.1
mL), and acetic anhydride (4.3 mL) was stirred for 2 h
at room temperature. The reaction mixture was diluted
with water (10.0 mL), and extracted several times with
ethyl ether. The combined organic layers were washed
with saturated copper sulfate solution and brine. It was
dried with sodium sulfate and the solvent evaporated in
vacuo to give 9 as a white solid, which was used without
further purification. The acetylation process was con-
firmed by '"H NMR.

4.6. 3-Nitrooxypropyl 6-acetoxy-2,5,7,8-tetramethyl-
chroman-2-carboxylate (11)

To a stirred solution of 9 (100 mg, 0.34 mmol) in dry
dichloromethane (2.0 mL) was added DCC (71 mg,
0.34 mmol). The reaction mixture was allowed to stir
for 1h in ice-water bath. Then, alcohol 12 (42 mg,
0.34 mmol) was added and allowed to stir at room tem-
perature. The reaction mixture was heated at reflux for
12 h, filtered, and then solvent evaporated under re-
duced pressure. The product was purified by column

chromatography (SiO,, hexane/ethyl ether (1:1)). Color-
less oil, yield 28%. '"H NMR: 6 = 4.28 (br s, 1H), 4.14 (br
s, 2H), 4.06 (br s, 1H), 2.69-2.45 (m, 3H), 2.33 (s, 3H),
2.18 (s, 3H), 2.05 (s, 3H), 1.95 (s, 3H), 1.91-1.85 (m,
3H), 1.65 (s, 3H). '3C NMR: 6=174.14, 169.74,
149.86, 141.92, 127.72, 125.64, 123.31, 117.47, 77.86,
69.65, 61.13, 31.96, 23.02, 21.26, 20.85, 14.46, 13.24,
12.35, 12.11. IR (KBr): v=2934, 1755, 1632, 1456,
1369, 1331, 1280, 1213, 1179, 1140, 1111cm™'. MS
(IE, 70 eV): mlz (%) =395 (M™, 8), 353 (17), 307 (9),
247 (11), 231 (10), 205 (35), 164 (3), 135 (3), 107 (3),
43 (100) Anal. (C19H25N08) C, H, N.

4.7. 2-(2-Chloroethylcarbamoyl)-2,5,7,8-tetramethylchro-
man-6-yl acetate (12)

To a stirred solution of trolox acetate 9 (150 mg,
0.5 mmol) in dry toluene (1.5mL), thionyl chloride
(0.06 mL, 0.8 mmol), and a drop of dry DMF were add-
ed. The mixture was heated at reflux for 90 min and
cooled to room temperature. Solvent and thionyl chlo-
ride excess was evaporated in vacuo and the residue
was dissolved in dry dichloromethane (1.0 mL). Then,
solutions of 2-chloroethylamine hydrochloride (58 mg,
0.34 mmol) and triethylamine (0.3 mL) in dichloro-
methane were added dropwise. The reaction mixture
was stirred at room temperature until the disappear-
ance of the reactant. It was washed with 10% sodium
bicarbonate solution and then with water. The organic
layer was dried with sodium sulfate and the solvent was
evaporated in vacuo. The product was purified by
column chromatography (SiO,, hexane/ethyl ether
(7:3)). Yellow oil, yield 28%. "H NMR: 6=6.92
(br s, 1H), 3.62-3.49 (m, 4H), 2.68-2.58 (m, 2H), 2.35
(s, 4H), 2.20 (s, 3H), 2.07 (s, 3H), 1.99 (s, 4H), 1.55
(s, 3H). '>C NMR: 6 = 174.80, 169.86, 148.36, 142.08,
127.80, 126.03, 122.94, 118.47, 79.00, 44.19, 41.13,
29.56, 27.75/26.71, 20.87, 20.67, 13.35, 12.49, 12.38.
MS (IE, 70 eV): miz (%) =355 (M*+2, 3), 353 (M,
8), 313 (9), 311 (27), 247 (11), 205 (71), 189 (7), 175
(3), 161 (3), 91 (8), 63 (9), 43 (100). Anal.
(Ci1gH»4CINOy) C, H, N.

4.8. 2,5,7,8-Tetramethyl-2-(2-nitrooxyethylcarbamoyl)-
chroman-6-yl acetate (13)

The title compound was prepared from 12 (50 mg,
0.14 mmol) following a similar procedure used for the
synthesis of 4. The reaction mixture was stirred for 24 h
at 80 °C. The product was purified by column chromatog-
raphy (SiO,, hexane/ethyl ether (7:3)). Yellow oil, yield
18%. '"H NMR: 6 = 7.20 (br s, 1H), 4.53-4.52 (m, 2H),
4.43-4.39 (m, 1H), 4.35-4.30 (m, 1H), 2.64-2.50 (m,
2H), 2.44-2.40 (m, 1H), 2.33 (s, 3H), 2.17 (s, 3H), 2.05
(s, 3H), 1.95 (s, 3H), 1.96-1.85 (m, 1H), 1.64 (s, 3H).
BC NMR: 6 = 173.8, 164.2, 149.8, 141.1, 127.6, 125.5,
123.6, 117.4, 77.60, 70.61, 61.02, 30.66, 25.69, 21.12,
20.88, 13.28, 12.38, 12.13. IR: vpnax = 2924, 2851, 1754,
1638, 1458, 1370, 1279, 1213, 1198, 1140, 1109. MS
(IE, 70 eV): m/z (%) =381(M" + 1, 20), 339 (41), 293
(27), 247 (31), 231 (27), 205 (100). Anal. (C13H,4N,07)
C, H, N.
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4.9. 4-Phenyl-3-[2,5,7,8-tetramethyl-2-(4,8,12-trimethylt-
ridecyl)chroman-6-oxyllmethyl-1,2,5-oxadiazole N*-oxide
as)

Catalytic amounts of 18-crown-6 were added to a stirred
solution of 1 (100 mg, 0.23 mmol) in dry THF (5.0 mL),
6 (58 mg, 0.28 mmol), and potassium carbonate (17 mg,
0.12 mmol). The mixture was heated at reflux until the
disappearance of the reactants. Then, the solvent was
evaporated in vacuo and the product was purified by
column chromatography (SiO,, hexane/ethyl ether
(8:2)). Yellow oil, yield 65%. '"H NMR: & = 7.78-7.76
(m, 2H), 7.58-7.51 (m, 3H), 4.81 (s, 2H), 2.58-2.56 (m,
2H), 2.14 (s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 1.99-1.88
(m, 2H), 1.87-1.34 (m, 15H), 1.30 (s, 3H), 1.18-1.00
(m, 6H), 0.92-0.87 (s, 12H). '*C NMR: & =157.88,
149.04, 147.71, 131.49, 129.49, 128.43, 128.09, 126.80,
126.28, 123.76, 118.23, 112.94, 75.38, 62.52, 40.98-
12.24 (other methylic, methylenic, and methynic car-
bons). TR: vy = 2926, 1601, 1458, 1248, 1082 cm .
MS (ES™): m/z (%) =560 (M*"—CH,(CH3),, 5), 417
(7), 342 (10), 247 (2). Anal. (C33HscN,O4) C, H, N.

4.10. 3-(3-Phenylsulfonyl-1,2,5-oxadiazole-4-oxyl)propyl
6-acetyloxy-2,5,7,8-tetramethylchroman-2-carboxylate
21

The title compound was prepared from 9 (100 mg,
0.34 mmol) and alcohol 19 (69 mg, 0.27 mmol) following
the procedure used for the synthesis of 12. The product
was purified by column chromatography (SiO, hexane/
ethyl ether (8:2)). Yellow oil, yield 7%. 'H NMR:
0=28.07 (d, J=8.6 Hz, 2H), 7.75 (t, J=7.5Hz, 1H),
7.62 (t, J=7.7Hz, 2H), 4.33-4.28 (m, 1H), 4.14-4.09
(m, 2H), 4.07 (br s, 1H), 2.66-2.61 (m, 1H) 2.49-2.43
(m, 2H), 2.31 (s, 3H), 2.16 (s, 3H), 2.03 (s+m, 5H), 1.90
(m, 4H), 1.64 (s, 3H). '>°C NMR: 6 =174.12, 169.95,
149.84 (two carbons), 149.17, 141.59, 138.39, 135.79,
130.04, 129.28, 127.72, 125.59, 123.30, 117.42, 70.09,
66.22, 60.82, 30.83-12.15 (other methylic, methylenic,
and methynic carbons). IR: vy, = 2934, 1752, 1574,
1213, 1198 cm™'. MS (ES*): m/z (%) =581 (M™+23,
40), 559 (M+'+l, 30) Anal. (C27H30N2095) C, H, N, S.

4.11. 3-(3-Phenylsulfonyl-N*-oxide-1,2,5-oxadiazole-4-
oxyl)propyl 6-acetyloxy-2,5,7,8-tetramethyl-chroman-2-
carboxylate (22)

The title compound was prepared from 9 (100 mg,
0.34 mmol) and alcohol 20 (102 mg, 0.34 mmol) follow-
ing the procedure used for the synthesis of 12. The prod-
uct was purified by column chromatography (SiO,
hexane/ethyl ether (8:2)). Yellow oil, yield 9%. 'H
NMR: 6 =8.04 (d, J = 8.6 Hz, 2H), 7.75 (t, J = 7.5 Hz,
1H), 7.61 (t, J = 8.2 Hz, 2H), 4.42-4.36 (m, 1H), 4.17-
4.11 (m, 2H), 4.02 (br s, 1H), 2.62-2.46 (m, 3H), 2.29
(s, 3H) 2.16 (s, 3H), 2.02 (s+m, 5H), 1.88 (s, 4H), 1.65
(s, 3H). '*C NMR: § = 174.23, 169.90, 155.05, 149.89,
141.80, 138.56, 135.92, 130.01, 128.91, 127.70, 125.89,
123.26, 117.47, 110.84, 80.20, 67.68, 60.84, 30.87-12.43
(other methylic, methylenic, and methynic carbons).
IR: 0y =2932, 1752, 1553, 1213, 1171cm™'. MS

(ESY): milz (%) = 597 (M*+23, 10), 575 (M*+1, 5), 513
(5) Anal. (C27H30N201()S) C, H, N, S.

4.12. 6-Acetyloxy-2,5,7,8-tetramethyl-/V-|2-(3-phen-
ylsulfonyl-/V--oxide-1,2,5-0xadiazole-4-oxyl)ethyl|chro-
man-2-carboxamide (24)

The title compound was prepared from 9 (100 mg,
0.34 mmol) and amine 25 (97 mg, 0.34 mmol) following
the procedure used for the synthesis of 21. The crude
product was purified by column chromatography (SiO,,
hexane/ethyl ether (2:8)). Colorless oil that crystallized
at 4°C, yield 88%. '"H NMR: 6 =8.04 (d, J=7.6 Hz,
2H), 7.75 (t, J=7.6 Hz, 1H), 7.58 (t, J = 8.0 Hz, 2H),
6.95 (br s, 1H), 4.48 (br s, 2H), 3.78-3.73 (m, 2H), 2.67-
2.59 (m, 2H), 2.36 (s, 3H), 2.23 (s, 3H), 2.06 (s, 3H), 2.00
(br s, 5H), 1.57 (s, 3H). '*C NMR: 6 = 175.22, 169.92,
159.15, 148.32, 142.16, 138.40, 136.05, 130.07, 128.90,
127.98, 126.00, 123.18, 118.46, 110.80, 79.08, 70.64,
38.46, 29.70, 25.0/24.1, 20.90, 20.71, 13.40, 12.53(2C).
IR: vmax = 3434, 2932, 1754, 1676, 1213, 1171 cm~'. MS
(ES™): miz (%) = 560 (M**+1, 30), 465 (32), 463 (35), 283
(60) Anal. (C26H29N309S) C, H, N, S.

4.13. 'NO release evaluation

The rate of ‘NO release was determined by measuring
the oxidation of oxyhemoglobin (HbO,) to methemo-
globin (MetHb) at 4 = 401 nm, at 37 °C using a Shimad-
zu spectrophotometer.?’” The reaction was started by
adding the tested compounds (6-100 uM in 50 mM
phosphate buffer) to a 10 uM HbO, solution in 50 mM
phosphate buffer, pH 7.4, in the presence of 5- to 20-fold
molar excess of cysteine. The initial rates were calculated
from the slope of the straight line portion of each curve.
Every NO-releasing rate is the average of at least five
determinations. The molar extinction coefficient
A& = e401metb — E401Hb0, Was determined by quantitative
oxidation of five different concentrations (1-10 uM) of
HbO, in pH 7.4 phosphate buffer with a 20 uM solution
of NOC-7 (I-hydroxy-2-oxo-3-(N-3-methyl-aminopro-
pyl)-3-methyl-1-triazene). The slope (A¢) of the straight
line (r=0.999) obtained plotting the increase of the
absorbance A4 at /. =401 nm a%ainst the HbO, concen-
trations was 57 = 2mM ' cm~'. The ability of these
compounds to inhibit platelet aggregation in vitro was
evaluated as previously described.?®

4.14. Vasorelaxation assays

Wistar rats (250-300 g) were anesthetized (40 mg kg™’
pentobarbital i.p.), and descending thoracic aorta was
excised and cut in rings (4 mm in length) (experimental
procedures approved by Comision Honoraria de Exper-
imentacion Animal, Universidad de la Republica). Tis-
sues were mounted under 2 g of passive tension in a
Radnoti tissue-organ bath system containing 30 mL of
tyrode solution, maintained at 37 °C and gassed with
95% 0,-5% CO,, pH 7.4. Aortic rings were allowed to
equilibrate for 1 h and a dose-dependent contraction
was obtained by their incubation in the presence of
1 puM noradrenaline (NA). Tested compounds were add-
ed after plateau, using a-tocopherol and Trolox as con-
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trols. Drug vehicle (DMSO) also served as control and
did not affect the experiments.The effect of 10 uM
HbO, on relaxation was evaluated by its addition to
the bath at least 10 min before compound addition.

4.15. Antioxidant properties

Human LDL (8 uM) obtained by ultracentrifugation
from healthy plasma donors as before,*® was incubated
for 15 min at 37 °C in 50 mM potassium phosphate buff-
er, pH 7.4, in the presence of 2 mM tested compound,
added in DMSO (<1% final). Then, the free compound
was removed by size exclusion HPLC. The LDL fraction
with compound of interest was then incubated in the pres-
ence of 5 mM ABAP and LDL oxidation was monitored
by oxygen consumption as before.*> Controls were done
using the same experimental conditions, but without
LDL and compound, and just without the compound.
The presence of the compounds in LDL fraction was
checked by RP-HPLC with UV detection after extraction
of the compounds from LDL with methanol and using the
compound as the standard for all chromatographic
purposes.

4.16. Data analysis

Data are expressed as mean = SEM or 95% confidence
interval. Statistical comparisons were carried out with
Fisher, ANOVA, Dunnett, or Student tests.
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Abstract—Cathepsin B (CatB) is a member of the papain superfamily of cysteine proteases and has been implicated in the pathology
of numerous diseases, including arthritis and cancer. Amentoflavone is found in a number of plants with medicinal properties,
including Ginkgo biloba and Hypericum perforatum (St. John’s Wort). Herein, we report the structure—activity relationship
(SAR) and binding mechanism of three biflavones, amentoflavone (AMF1), 4”-methylamentoflavone (AMF2) and 7”,4”'-dimethy-
lamentoflavone (AMF?3), isolated from Taxodium mucronatum by us as novel natural inhibitors of human CatB with strong inhib-
itory activities at 1Csy values of 1.75, 1.68 and 0.55 uM, respectively. Density functional theory (DFT) method was applied to
optimize the geometry structures of AMF1, AMF2 and AMF3 at the B3LYP/6-31G* level. FlexX was explored to dock the three
biflavones to the binding sites of CatB, and to get a better understanding of vital interactions between these biflavones and CatB. A
good correlation between the calculated quantum descriptors and the experimental inhibitory activities suggested that quantum
model of these potential inhibitors is reliable. Through geometry and electron structure analysis of AMFs, it was observed that
the CHj; substitute at 7” and 4" positions could not vary the difference in geometry structure significantly, but increase the electron
density of A-ring, HOMO energy, hydrophobic property, and improve inhibitory activity. Structural and energetic analysis of
AMFs and AMFs-CatB complexes showed that the electron-donor site is the A-ring, which shows the highest HOMO energy dis-
tribution, and the electron-acceptor site is the F-ring, which shows the highest LUMO energy distribution in AMFs, and the n—=n
interaction between A-ring and residue Trp221, two hydrogen bonds (O5 and Trp221; O4 and GIn23 ), hydrophobic interaction
between the C-ring and residue Cys29 and CHj substitutes at 7" and 4 might play a crucial role in the inhibition of AMFs on CatB.
Results indicated that AMFs are new natural reversible inhibitors that would be useful in developing potent inhibitors of CatB.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Human Cathepsin B (CatB, EC 3.4.22.1) is a lysosomal
cysteine protease of the papain family. Its functions in
intracellular protein catabolism and in certain situations
may also be involved in other physiological processes,
such as processing of antigens in the immune response,
hormone activation and bone turnover. There is also
evidence that CatB is implicated in the pathology of
chronic inflammatory diseases of airways and joints,
and in cancer and pancreatitis. CatB is a 30 kDa bilobal
protein. The active site and substrate-binding cleft are
located at the interface between the two lobes. Peptide
bond cleavage is catalysed by a cysteine residue Cys29

Keywords: Cathepsin B; Amentoflavone; FlexX docking; QSAR.
* Corresponding author. Tel.: +86 871 522 3800; fax: +86 871 522
3800; e-mail: nhtan@mail.kib.ac.cn

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.05.071

on the left lobe that interacts with a histidine residue
His199 on the right lobe. In the specialized environment
of the active site, the thiol and imidazole side chains of
Cys29 and His199 form an ion pair over the pH range
4.0-8.5. Cleavage of the substrate peptide bond is med-
iated by nucleophilic attack by S~ from Cys29 on the
carbonyl carbon atom, followed by proton donation
from His199. CatB plays a dual role as endopeptidase
and exopeptidase; in the latter the occluding loop is
responsible for this activity. Inhibitors of CatB include
endogenous inhibitors such as the cystatin superfamily
and low molecular weight natural and synthetic inhibi-
tors, i.e., leupeptin, E-64, CA030. Therefore, search
for new inhibitors of CatB, especially selective reversible
nonpeptidal inhibitors, should be given increased
emphasis.! 3

In the previous paper, we reported three biflavones,
namely amentoflavone (AMF1), 4”-methylamentoflav-
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OR;

AMF1: Amentoflavone: R,=R,=H
AMF?2: 4'"-methylamentoflavone: R,=H, R,=CH3

AMF3:7",4'"'-dimethylamentoflavone: R;=R,=CHj3

OH o

Figure 1. Structures of AMFI, 2, 3.

one (podocarpusflavone A, AMF2) and 7”,4”-dimethyl-
amentoflavone (4’, 7-dimethylamentoflavone, AMF?3)
(Fig. 1), as novel natural inhibitors of human CatB,
which were isolated from leaves and branches of
Taxodium  mucronatum and showed significant
inhibitory activities on CatB with 1Csq values of 1.75,
1.68 and 0.55uM, respectively.* Amentoflavone is
found in a number of plants with medicinal properties,
including Ginkgo biloba and Hypericum perforatum
(St. John’s Wort), which is a negative modulator GABA
at GABA ; a1 B,Y21 receptors expressed in Xenopus laevis
oocytes.’

This paper describes our initial efforts towards a struc-
ture—activity relationship (SAR) and binding mecha-
nism of AMFs with inhibitory activities on CatB using
density functional theory (DFT) method and FlexX pro-
gram by Sybyl6.9 package on Silicon Graphics R10000
workstation.

2. General modeling and docking strategies

The geometrical structures of AMFs were fully opti-
mized by DFT method at the B3LYP/6-31G* level of
theory. Then, the electron properties were obtained by
adding keywords pop=full at the B3LYP/6-311G** level
of theory.®® These calculations were carried out with
the program Gaussian98W.’

The protein models were constructed based on the X-ray
crystal structure of the 1CSB with the covalently bound
inhibitor EXO-EPO-Ile-Pro-OH (CA030) because it has
the highest resolution from all available human CatB
structures in the Brookhaven Protein Data Bank
(2.1 A).'%!1 The binding pocket of the Cathepsin B
was defined with the following amino acid residues:
GIn23, Cys29, Gly74, His110, His111, Vall76, Leul81,
Met]96, Gly198, Trp221 and Glu245 with a radius of
6.5 A around these amino acid residues.

Docking of ligands AMF1, AMF2 and AMF3 to the
active sites of the receptor proteins was performed using
FlexX (Tripos, St. Louis, MO), which is a fast, flexible
docking method using an incremental construction algo-

rithm to place ligands into an active site. Standard
parameters of the FlexX program as implemented in
Sybyl6.9 were used during docking. Docking produced
30 possible docked conformations for each of the three
ligands and the Cscore™ program of SYBYL scored
each conformation. Cscore™ is a consensus scoring
program that integrates multiple well known and exten-
sively applied scoring functions from the scientific liter-
ature, namely, RMSD values,'?> G_score,'® D_score, '
ChemScore,!> PMF _score!® and FlexX_score.!” Thus,
it can offer multiple approaches for the evaluation of
ligand-receptor interactions and the strengths of indi-
vidual scoring functions combine to produce a consen-
sus that is both more robust and more accurate than
any single approach currently in use. Among the 30 con-
formational solutions of three ligands, the ones with the
best FlexX_score (total_score) were chosen as the opti-
mal conformational pose in this study. The ranking
first-conformation showed the best binding interactions
compared to other solutions.

Ligplot!® was used to generate hydrogen bonds and
hydrophobic interactions between the best-docked con-
formational pose of the ligand and the amino acid resi-
dues in the active site of the protein.

Visual molecular dynamics (VMD) software!® was used
to visualize the binding mode of the docked protein—
ligand complexes by generating a connolly type surface
for hydrophobic residues of the active sites based on
the X-ray structure of 1CSB. The ligand geometry struc-
ture was performed on PC and docking on Silicon
Graphics R10000 workstations.

3. Results and discussion
3.1. Geometry structure

AMF1, AMF2 and AMF3 possess a similar skeleton
except for the difference in 7” and 4" substitutes, but they
have the similar geometry structure. Herein, the geome-
try structure of AMF1 was used to elucidate the charac-
teristics of AMFs structure in this section as one example
(Fig. 2). AMF1 is a dimer of apigenin linked at 5'-8” and
makes a dihedral angle of —114.4° (6,) between two api-
genin units which is a conjugated molecule because most
bond lengths of C-C are in the range of 1.34-1.49 A. All
corresponding bond distances and bond angles in two
apigenin units (I and II) are in good agreement except
for the difference in 0, and 65. Two benzopyranone moi-
eties (A—C-ring, D-F-ring) are nearly planar, which
become rigid for the result of two intramolecular hydro-
gen bonds O4-H5-O5 (1.69 A) and O4"-H5"-O5"
(1.68 A). Two rigid ring systems, i.e., phenyl and benzo-
pyranone moieties, make dihedral angles of 162.2° (0;)
and 155.4° (03), respectively. It can be seen that 6 is
not equal to 03 as a result of intramolecular 7—= interac-
tions between B-ring and E-ring.?*?! The most interest-
ing structural feature of AMF1 is the rigididity of
benzopyranone moiety as well as flexibility between
phenyl ring and benzopyranone because the torsional
angles 6, 0, and 65 can twist from 0° to 360°.
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Figure 2. Geometry of AMFs optimized by B3LYP/6-31G* (bond-
length in angstroms; 0; = Og-y—y-1; 02 = Oyr_grs-g; 03 = Ognymyroyn).

3.2. Atomic charge polarization

Our calculations of the Mulliken charges for AMFI,
AMF2 and AMF3 in the gas phase at the B3LYP/6-
31G* level are given in Table 1. The results demonstrat-
ed that the partial negative charge mainly located at
oxygens O1, 04, OS5, 07, 04/, O1”, 04", 05", O7" and
04", whereas positive ones lay at hydrogen directly
bonded to oxygen atom. The O7” charge (—0.3390) of
AMF3 is larger than the charge of O7” (—0.0845) for
AMF2 and the corresponding O7” atomic charge
(—0.0840) of the AMF1. In addition, the atomic charges
of corresponding oxygen atom have the similar in the
order of AMF3 > AMF2 > AMFI1. These results sug-
gested that the methoxyl substitutions at the 7”- and
4"-positions not only increase the corresponding oxygen
atom electrostatic value, but also influence the remote
electrostatic charges at the O1, O4, O5, O7, 04', O1”
and O5” position.

The electrostatic potentials for AMF1, AMF2 and
AMF3 have been calculated and corresponding 3-D
structures have been visually analyzed.?> In Figure 3,
we have given the electrostatic potential for the AMF1
ligand. We clearly observed the possibility of strong
interaction sites due to the oxygen atoms, indicated by
strong negative electrostatic potentials (red) which may
participate in electrostatic and/or hydrogen bonds. The

Table 1. HOMO, LUMO energy and most significant oxygen atomic
partial charges obtained from a Mulliken population analysis
(HLG = Enomo — ELumo)

Compound AMF1 AMEF2 AMF3

ErLumo (eV) —2.2300 —2.1990 —2.1598
HLG (eV) —3.8918 —3.9087 —3.9351
o7 —0.0986 —0.0988 —0.0989
05 —0.0907 —0.0909 —0.0912
o4’ —0.1014 —0.1009 —0.1012
07" —0.0840 —0.0845 —0.3390
05" —0.0794 —0.0800 —0.0786
04" —0.0947 —0.3381 —0.3384

Figure 3. The electrostatic potential for AMF1.

hydroxyl hydrogens H7 and H4" have a large positive
charge indicated by strong positive potentials (blue),
which can facilitate interaction with a nearby polar res-
idue from the receptor.

3.3. HOMO and LUMO energy

The orbital energies of both HOMO and LUMO, which
are the quantum-chemical descriptors correlated with
various biological activities, were calculated for the opti-
mal structures®® and are reported in Table 1. The AMF3
ligand has a higher HOMO (—6.0948 eV) and lower
LUMO (—2.1598 ¢V) energies than the other two
ligands (AMF2, with HOMO = —6.1076 eV and LU-
MO = —-2.1990 eV; AMF1, with HOMO = —6.1218 eV
and LUMO = —2.2300 eV). In particular, we noted that
the energy gap of HOMO-LUMO (HLG) of AMF3 is
smaller (—3.951 eV) than the corresponding HLG values
of the other two ligands (AMF2, with HLG =
—3.9087eV and AMFI1, with HLG = —-3.8918 eV).
More specifically, the HLG of AMFs is a negative value
which favors the distribution of electron density because
HLG is a critical parameter determining the molecular
admittance. It can be said that the larger the HLG value,
the more stable the molecule and, thus, the harder the
rearrangement of its electron density under the presence
of an external charge or external electric field.?* These
results also supported that the methoxyl substitutions
at the 7" and 4" positions are favorable for inhibitory
activity of AMFs.

A well-definite separation was evidenced in the distribu-
tion of HOMO and LUMO energies which are located
in two distinct parts of the molecule (Fig. 4). It can be
seen that the HOMO and LUMO are n-like orbitals.?
The HOMO energy lay mainly on the A-, B- and C-ring,
favoring a strong electrostatic or m—m stack interaction
with the residues of the receptor. On the other hand,
the LUMO energy mainly located on the D-, E- and
F-ring in which the negatively charged polar residues
of the receptor are favorable. These results demonstrat-
ed that the HOMO and LUMO energy distribution is
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Figure 4. The distribution of HOMO (a) and LUMO (b) energy.

essential for inhibitor activity of AMFs because the
most probably involved electron-donor site is the A-ring
which shows the highest HOMO energy distribution,
while the most important electron-acceptor site is the
F-ring which shows the highest LUMO energy
distribution.

3.4. Docking AMFs into CatB

AMF1, AMF2 and AMF3 were docked into CatB
using FlexX program implanted in Sybyl6.9 package,
which created 30 docked conformations for each inhib-
itor. Docked conformations for each inhibitor were
chosen on the basis of the FlexX total energy score,
which estimated the binding free energy of a docked
inhibitor. The predicted binding free energies of
AMF1, AMF2 and AMF3, which were calculated by
Cscore™ scoring functions, are listed in Table 2. A
correlation was found between the inhibitory activity
of AMFs and Cscore™ scoring functions, namely
FlexX_score (based on empirical functions),
PMF _score (based on statistical ligand-receptor
atom—pair interaction potentials), D_score (based on
both electrostatic and hydrophobic contributions to
the binding energy), G_score (based on hydrogen-
bonding interaction) as well as Chem_score (based on
a diverse training set of 82 receptor-ligand complexes).
It is observed that the produced scoring values for
AMF1, AMF2 and AMF3 have shown good correla-
tion with the respective inhibitory activities, i.e.,

Table 2. Cscore™ scoring values for complexes of the human
Cathepsin B receptor with optimal structure of AMFs ligands

Ligand AMF1 AMF2 AMF3

RMSD (A) 5.29 5.56 5.52
Total_score —47.74 —49.06 —-52.10
PMF_score —24.86 —25.34 —25.53
G_score —83.16 —106.89 —114.74
D_score —101.06 —103.23 —111.65
Chem_score —-22.18 —-22.76 —24.74

Lower scores indicate more favorable binding.

AMF3 has lower scoring values and higher inhibitory
activity than those of AMF2 and AMF1. This rather
good correlation demonstrated that the binding confor-
mations and binding models of AMFs to CatB are
reasonable.

To visualize the binding of three ligands within the ac-
tive sites, the whole X-ray structure and hydrophobic
surface of CatB were superimposed on the best-docked
conformations of ligands AMF1, AMF2 and AMF3,
respectively. As observed in Figure 5, AMFI, AMF2
and AMF3 were docked in the active site of CatB with
a significant different binding mode compared with
CAO030. Furthermore, Table 2 indicated that the heavy
atom root mean square deviation (RMSD) between
the docked AMFs and co-crystallized CA030 conforma-
tions was 5.29, 5.56 and 5.52 A, respectively. Those val-
ues are larger than the well-known value in theory
(RMSD <1 A), indicating that we have successfully dis-
covered the most probable binding mode for AMFs. In
the case of AMF2 and AMF3, there is not any signifi-
cant difference in the binding mode because the RMSD
values are close to each other ranging from 5.56 to
5.52 A. By contrast, differences in the binding mode
were observed for AMF1 and AMF2 because the
RMSD values are 5.29 and 5.56 A, respectively. As indi-
cated in Figure 5, the 4”-methoxyl substitution does not
favor AMFs binding to CatB due to the fact that AMF1
has a lower RMSD value than those of AMF2 and
AMPF3. This prediction is in agreement with the experi-
mental results that the residue Glu245 of CatB at the S3
position prefers OH group than CH; group.?® There-
fore, any large substitution at the 4”-position of AMFs
may lead to collision with residue Glu245 in the S3
pocket of CatB.

To further validate the binding mode of AMFs, the soft-
ware Ligplot was employed to study the hydrophobic
and hydrogen bond interactions between AMFs and
CatB. As depicted in Figure 6, there are hydrophobic
interactions between the residue Cys29 and the 3-posi-
tion at C-ring of AMFs, which is in agreement with
the inhibiting mechanism of irreversible inhibitors that
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4'""CH3

Figure 5. Docking results of the complexes between the AMFs ligands
and human CatB. (a) The binding conformations of CA030, AMFI1,
AMF2 and AMF3 displayed inside the active site of CatB. The
inhibitors are displayed in stick model representation with different
colors for each compound: Ca030 in gray, AMF1 in green, AMF2 in
red and AMF3 in blue. The hydrophobic surface is displayed in a
schematic representation in yellow. This figure was prepared using
VMD:; (b) Superposition of AMF1 (in sky-blue), AMF2 (in green) and
AMEF3 (in blue) onto known inhibitor CA030 (in red).

residue Cys29 plays a pivotal role in CatB catalyzed
mechanism. The hydrogen bonds between each AMF1,
AMF2, AMF3 and residue GIn23 with bond lengths
of 2.16, 2.40 and 2.39 A are a good evidence to support
the experimental conclusion that residue GIn23 is the S1’
active center of CatB. More attention should be paid to
the residue Trp221 because it not only interacts via n—n
stacking interaction with the A-ring of AMFs, but also
forms a hydrogen bond with the O5 of each AMF1,
AMF2, AMF3 with bond lengths of 2.60, 2.69 and
2.70 A. In the case of AMF1, the C-ring, B-ring, D-ring
and F-ring form hydrophobic interactions with the res-
idues His199, Gly73, Glyl97 and Glyl198, suggesting
that more hydrophobic substitutions on those rings
should improve AMF1 inhibitory activities. Interesting-
ly, there is one hydrogen bond between O4" of AMF1
and residue Glu245 (bond length is 2.44 A), but not in
AMF2 and AMF3, supporting the RMSD conclusion

that O4"” substitution should collide with the residue
Glu245. In AMF2 and AMF3, there is one hydrogen
bond between O1” and Gly198 (bond lengths are 3.24
and 3.18 A), and hydrophobic interactions between
F-ring and residues Gly197 and Met195. Surprisingly,
AMF?2 can form a hydrogen bond with the residue
His111 whose bond length is 3.21 A, supporting the con-
clusion that CatB has broad active sites. It is observed
that B-ring and O7"-CH; of AMF3 form hydrophobic
interactions with the residues His199, Trp30 and
Cys29 because O7”-CHj substitution should improve
inhibitory activities.

4. Conclusion

In this work, SAR analysis together with FlexX
docking was carried out to explore the binding mech-
anism of AMFs to human CatB, and to provide
important information about AMF-CatB interactions,
which is essential for the development of selective
and reversible biflavone inhibitors of CatB. Through
geometry and electron structure analysis of AMFs,
it was observed that the CHj; substitute at 7” and
4" positions could not vary the difference in the
geometry structure significantly, but increase the elec-
tron density of A-ring, HOMO energy and hydropho-
bic property. It is proposed that more CHj;
substitutes on the benzyl ring will easily facilitate
the electron structure and hydrophobic property,
and improve inhibitory activity. Our calculation re-
sults supported the experimental observation that
the inhibitory activity order is AMF3 > AMF2 >
AMF1 which is in agreement with the number of
methoxyl substitutions on AMFs.

Both the binding conformations of three biflavones and
their binding energies were determined and predicted by
molecular docking. The binding energies, estimated by
Cscore™ functions, were found to have a good correla-
tion with the experimental inhibitory potencies. Based
on the binding conformations from molecular docking,
the m-m interaction between A-ring and residue
Trp221, two hydrogen bonds (O5 and Trp221; O4 and
GIn23), hydrophobic interaction between the C-ring
and residue Cys29 and the CHj; substitutes at 7” and
4" might play a crucial role in the inhibition of AMFs
on CatB.

Full geometry optimization of the AMFs ligands and
analysis of Mulliken, electrostatic potential, frontier
orbitals, energy gap and FlexX can improve our com-
prehension on the behavior of these potential natural
inhibitors and give a reliable model. Our results con-
firmed that AMFs inhibitors have different binding pat-
terns and interaction modes compared with inhibitors of
CA030 analogs that mainly interact with the residues
His110, His111 and Cys29 of CatB. In summary, these
findings demonstrated that AMFs are new natural
reversible inhibitors and could have enormous benefits
for the development of new strategies for the rational
design and screen of such potent analog inhibitors of
CatB.
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Figure 6. Binding modes of the optimal conformation poses of AMFs ligands with the active sites of CatB receptor. Proposed interaction model of
inhibitors AMF1, AMF2 and AMF3 in the active sites of CatB was drawn using the Ligplot program. Broken lines represent hydrogen bonds and spiked

residues form van der Waals contacts with the inhibitors.
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Abstract—We have previously reported that Brazilian propolis extracts inhibited growth of HL-60 human myeloid leukemia cells,
which is partly attributed to the induction of apoptosis associated with granulocytic differentiation. In this study, we isolated three
compounds which induce granulocytic differentiation evaluated by nitroblue tetrazolium (NBT)-reducing assays from the water
extract of propolis and identified as 4,5-di-O-caffeoylquinic, 3,5-di-O-caffeoylquinic, and 3,4-di-O-caffeoylquinic acids by NMR
analysis. Cell growth inhibitory activity of these caffeoylquinic acids was found in HL-60 cell, which was mainly attributed to
the induction of apoptosis. Furthermore, the potency of caffeoylquinic acid derivatives to induce granulocytic differentiation was
examined in HL-60 cells. Caffeic, quinic, and chlorogenic acids had no effects on the NBT-reducing activity, while 3,4,5-tri-O-caf-
feoylquinic acid induced more than 30% of NBT-positive cells. These results suggest that the number of the caffeoyl groups bound to
quinic acid plays an important role in the potency of the caffeoylquinic acid derivatives to induce granulocytic differentiation. This is
the first report demonstrating that the caffeoylquinic acid derivatives induce granulocytic differentiation of HL-60 cells.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Cell differentiation is essential for normal growth and
homeostasis. Some cancer cells including leukemia cells
exhibit a defect in their capacity to mature to nonrepli-
cating adult cells, thereby remaining in a highly prolifer-
ative state and outgrowing their normal cellular
counterparts. The induction of terminal differentiation,
leading to the eventual elimination of tumorigenic cells
and reestablish normal cellular homeostasis, represents
an alternative approach to the treatment of cancer by
conventional antineoplastic agents.!-?

HL-60 human myeloid leukemia cell line is a promyelo-
cyte which proliferates continuously and is known to

Keywords: Caffeoylquinic acid derivatives; Differentiation, HL-60;
Propolis.

Abbreviations: ATRA, all-trans retinoic acid; 3,4-diCQA, 3,4-di-O-
caffeoylquinic acid; 3,4,5-triCQA, 3,4,5-tri-O-caffeoylquinic acid; 3,5-
diCQA, 3,5-di-O-caffeoylquinic acid; 4,5-diCQA, 4,5-di-O-caffeoylqui-
nic acid; NBT, nitro blue tetrazolium; WEP, water extract of propolis.
* Corresponding author. Tel.: +81 58 232 0838; fax: +81 58 294

8388; e-mail: suzuki-kazumichi@api3838.co.jp

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.05.044

differentiate into granulocytes or monocytes by variety
of compounds, such as butylate, dimethyl sulfoxide,
and vitamin D3.34 In particular, all-frans-retinoic acid
(ATRA) is a potent inducer of HL-60 cell differentiation
into granulocytes and used for clinical therapy for acute
promyelocytic leukemia.>® Furthermore, some flavo-
noids and polyphenol derivatives have been reported
to induce HL-60 cell differentiation.”® In these points,
we focused on propolis which has been shown to com-
prise more than 300 constituents, including benzoic
acids, flavonoids, and cinnamic acid derivatives.>1°

Propolis is a resinous substance collected by honeybees
from plant sources and thought to serve a protective role
against potential predators. Propolis has been used in
folk medicine and has been reported to possess a thera-
peutic or prophylactic effect against inflammation, heart
disease, diabetes mellitus, hepatotoxicity, and can-
cer.'!2 In recent years, it has become a common addi-
tive in health foods and beverages. We have previously
reported that the propolis extracts exerted growth-inhib-
itory effect on HL-60 cells, which is partly attributed to
the induction of apoptosis associated with granulocytic
differentiation.!? A better understanding of ingredients
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in propolis underlying the induction of granulocytic dif-
ferentiation could provide a useful clue for the develop-
ment of new candidate drugs and health food additives.
In this study, we isolated three compounds involved in
the induction of granulocytic differentiation from the
water extract of propolis (WEP), and identified as dica-
ffeoylquinic acids. Furthermore, the potency of caffeoyl-
quinic acid derivatives to induce granulocytic
differentiation was elucidated.

2. Results and discussion

2.1. Isolation of compounds having nitroblue tetrazolium
(NBT)-reducing activity from WEP

We have previously reported that WEP inhibited HL-60
cell growth, which is partly attributed to apoptosis asso-
ciated with granulocytic differentiation.!? In this study,
our interest was to identify the constituents involved in
the induction of granulocytic differentiation assessed
by NBT-reducing potency. For this purpose, we have
separated the active constituents from the WEP by using
stepwise chromatographies. As a result of the HPLC
separation in combination with the NBT-reducing as-
say, two major (b, ¢) and one minor (a) peaks were ob-
tained from the Fr. 2b and Fr. 2¢ (Fig. 1). These peaks
were individually collected and identified to be 4,5-di-O-
caffeoylquinic acid (4,5-diCQA) (peak a) and 3,5-di-O-
caffeoylquinic acid (3,5-diCQA) (peak b) in Fr. 2b,
and 3,4-di-O-caffeoylquinic acid (3,4-diCQA) (peak c)
in Fr. 2c, by NMR analysis which showed the spectra
consistent with those previously reported.'* The struc-
tures of these three compounds are shown in Figure 2,
and the proportional contents of 4,5-diCQA, 3,5-diC-
QA, and 3,4-diCQA contained in WEP were 0.8%,
4.9%, and 6.1%, respectively.!?

When HL-60 cells were exposed to 4,5-diCQA, 3,5-diC-
QA, and 3,4-diCQA at concentrations 40, 80, and
120 uM, the cell growth was suppressed in a dose-depen-
dent manner (Fig. 3A). No viable cells were observed
when HL-60 cells were treated with over 160 uM of
these compounds (data not shown). We then examined
their ability to induce granulocytic differentiation of
HL-60 cells using the NBT-reduction assay. The treat-
ment with 500 pg/mL WEP induced 11.8% NBT-posi-

Fr.2b

S

Fr.2c
b
\

a \ (‘

L —

Time Time

Figure 1. HPLC profile of Fr. 2b and Fr. 2c. Fractions indicated by
arrows (a, b, ¢) were individually collected and analyzed by NMR.
They were identified to be 4,5-di-O-caffeoylquinic acid (4,5-diCQA),
3,5-di-O-caffeoylquinic acid (3,5-diCQA), and 3,4-di-O-caffeoylquinic
acid (3,4-diCQA), respectively.
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Figure 2. Chemical structures of caffeoylquinic acids.

tive cells, while 4,5-diCQA, 3,5-diCQA, and 3,4-
diCQA induced 6.3%-11.3%, 7.0%-11.2%, and 5.3%—
10.7%, respectively, in a dose range of 40-120 uM.
These three compounds exhibited similar cytotoxic and
NBT-reducing activities. Considering much higher con-
tents of 3,5-diCQA and 3,4-diCQA relative to 4,5-diC-
QA, the former two compounds might be greater in
contribution to the overall activity.

To examine whether the granulocytic differentiation in-
duced by these dicaffeoylquinic acids leads to apoptosis
in HL-60 cells, the morphological observations were
made by fluorescence microscopy. When HL-60 cells
were treated with 4,5-diCQA, 3,5-diCQA, or 3,4-diCQA
for 72 h, we observed the typical morphological features
characteristic of apoptosis, such as nuclear condensation
and fragmentation in Hoechst 33342-stained HL-60
cells. More than 15% apoptotic cells were observed
when HL-60 cells were treated with 80 uM of 4,5-diC-
QA, 3,5-diCQA, or 3,4-diCQA (Table 1). Figure 4
showed typical apoptic cells treated with 3,4-diCQA,
and similar morphological changes were also observed
in HL-60 cells treated with 4,5-diCQA or 3,5-diCQA
(data not shown). These results suggest that these dica-
ffeoylquinic acids inhibit cell growth, which is partly
attributed to the granulocytic differentiation leading to
apoptosis.

2.2. Effects of caffeoylquinic acid derivatives in propolis on
cell growth and granulocytic differentiation in HL-60 cells

Besides 4,5-diCQA, 3,5-diCQA, and 3,4-diCQA, propo-
lis contains caffeoylquinic acid derivatives such as mon-
ocaffeoylquinic acid (chlorogenic acid)'®!3 and 3,4,5-tri-
O-caffeoylquinic acid (3,4,5-triCQA)'> (Fig. 2). Chloro-
genic acid, diCQAs, and triCQA are esters of quinic acid
and 1, 2, and 3 caffeic acids (Fig. 2). Yoshimoto et al.'®
isolated several kinds of caffeoylquinic acid derivatives
from sweet potato leaf and showed their antimutagenic
activity, which is 3,4,5-triCQA > 4,5-diCQA = 3,5-diC-
QA = 3,4-diCQA > chlorogenic acid in this order. Mat-
sui et al.!” isolated caffeoylquinic acid derivatives from
propolis as constituents involved in a-glucosidase inhib-
itory activity and demonstrated that 3,4,5-triCQA has
the most potent activity among them including their
moieties (quinic and caffeic acids). These studies suggest
that an increasing number of caffeoyl groups promotes
the potential functions of caffeoylquinic acid derivatives.
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Figure 3. Effects of dicaffeoylquinic acids on the cell growth (A) and NBT-reducing activity (B). HL-60 cells were treated with dicaffeoylquinic acids
(4,5-diCQA, 3,5-diCQA, and 3,4-diCQA) for 72 h at indicated concentrations. Living cells were counted by the Trypan Blue exclusion method, and
NBT-reducing activities were determined and shown as the percentage of NBT-positive cells in 200 cells. The mean values with standard deviations

from three experiments were shown.

Table 1. Percentage of apoptic cells

Caffeoylquinic acid Concentration Apoptic cells (%)
WEP 500 pg/mL 155+1.8
Control — 40£0.5
4,5-diCQA 80 uM 178+ 1.6
3,5-diCQA 80 pM 17.2£0.8
3,4-diCQA 80 uM 18.7+14
3,4,5-triCQA 120 uM 175+ 1.5

HL-60 cells were treated with water extract of propolis (WEP) or each
caffeoylquinic acid for 72 h and stained with Hoechst 33342. Typical
apoptic cells showing nuclear condensation and fragmentation were
counted in 200 cells by a fluorescence microscope. The mean values
with standard deviations from three experiments were shown.

Figure 4. Microscopic observations of HL-60 cells after the treatment
with dicaffeoylquinic acid (3,4-diCQA). HL-60 cells were treated with
80 uM of 3,4-diCQA for 72 h, stained with Hoechst 33342, and
observed by the fluorescence microscopy. (A) Control and (B) 3,4-
diCQA-treated cells.

In this context, besides 4,5-diCQA, 3,5-diCQA, and 3,4-
diCQA, we have examined the effects of caffeoylquinic
acid derivatives (quinic, caffeic, and chlorogenic acids
and 3,4,5-triCQA) on the growth and granulocytic dif-
ferentiation of HL-60 cells.

3,4,5-TriCQA, which was found to be contained at very
small level in WEP, inhibited the cell growth of HL-60
and induced NBT-reducing ability in a dose-dependent

manner (Fig. 5). Maximal response was obtained with
a concentration of 160 uM, which produced NBT-posi-
tive cells in 32% of viable cells, equivalent to approxi-
mately threefold potent than 4,5-diCQA, 3,5-diCQA,
and 3,4-diCQA. Typical morphological changes charac-
teristic of apoptosis were observed in 3,4,5-triCQA-
treated cells (Table 1), suggesting that 3,4,5-triCQA also
inhibited HL-60 cell growth, partly due to the granulo-
cytic differentiation leading to apoptosis. Chlorogenic
and caffeic acids also inhibited the growth of HL-60 cells
in which no apoptotic characters were observed, but did
not induce the marked NBT-reducing activity (Fig. 5).
Caffeic acid had marked growth-inhibitory activity at a
concentration of 16 uM, which may be direct cytotoxic-
ity mediated via its antioxidative activity.'® When HL-
60 cells were treated with quinic acid, neither growth-in-
hibitory nor NBT-reducing activities were observed
(Fig. 5). Thus, these results lead us to assume that there
would be some relationships between the number of caf-
feoyl groups bound to quinic acid and the potency to in-
duce differentiation in HL-60 cells.

In the current study, we isolated 4,5-diCQA, 3,5-diCQA,
and 3,4-diCQA from WEP as constituents involved in
the induction of granulocytic differentiation of HL-60
cells. Furthermore, 3,4,5-triCQA was also shown to be
a potent inducer for granulocytic differentiation among
caffeoylquinic acid derivatives. This is the first report
describing the granulocytic differentiation-inducing
activity of the caffeoylquinic acid derivatives. We have
previously reported that, besides WEP, the ethanol ex-
tract of propolis has the ability to induce granulocytic
differentiation of HL-60 cells. Thus, 3,4,5-triCQA could
be one of the constituents in the ethanol extract of prop-
olis, because this compound was found to be more
abundant in the ethanol extract than WEP (data not
shown). The granulocytes are the most numerous and
most important cellular component in the innate im-
mune response. Caffeoylquinic acid derivatives have
been reported to enhance spreading and mobility of
macrophages, which precede macrophage infiltration
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Figure 5. Effects of caffeoylquinic acid derivatives on the cell growth (A) and NBT-reducing activity (B). HL-60 cells were treated with chlorogenic
acid, 3,4,5-triCQA, quinic acid, or caffeic acid at indicated concentrations. After 72 h, living cells were counted by the Trypan Blue exclusion method,
and NBT-reducing activities were determined and shown as the percentage of NBT-positive cells in 200 HL-60 cells. The mean values with standard

deviations from three experiments were shown.

into tissues affected by injury or infection.'* Further
understanding of caffeoylquinic acid derivatives under-
lying the effects on immune response as well as on cancer
cells would provide a scientific basis for the better ther-
apeutic application or dietary supplement.

3. Experimental section
3.1. Materials

Brazilian propolis was collected in Minas Gerais state.!
Five volumes of water was added to 50 g of propolis and
stirred for 4 h at 45 °C. Following the removal of insol-
ubles by centrifugation, the supernatant was freeze—
dried. The resultant powder (10 g) was designated as
WEP. 3.4,5-TriCQA was isolated from propolis as de-
scribed previously.!> NBT, phorbol 12-myristate 13-ace-
tate, and ATRA were purchased from Sigma-Aldrich
(St. Louis, MO, USA); chlorogenic acid was from Nac-
alai Tesque (Kyoto, Japan); caffeic acid (3,4-dihydroxy-
cinnamic acid) and bD-(—)-quinic acid (hexahydro-
1,3,4,5-tetrahydroxy-benzoic acid) were from Tokyo
Kasei Kogyo (Tokyo, Japan).

3.2. Isolation of active compounds from WEP

WEP was dissolved in water, applied to a column
(70 x 400 mm) of ODS (Fuji Silysia Chemical, Aichi, Ja-
pan) equilibrated with 25% methanol and successively
eluted with 1000 mL of 25% methanol, 3000 mL of
50% methanol, and 1500 mL of 99% methanol. Each
fraction denoted as Fr. 1, Fr. 2, and Fr. 3 for eluate with
25% methanol, 50% methanol, and 99% methanol,
respectively, was taken to dryness. The NBT-reducing
activity was detected in Fr. 2. Fr. 2 was dissolved in a
solvent containing 98% acetonitrile and 2% acetic acid
and applied to an HPLC system (Model PU-980 and
UV-970; JASCO, Japan) with a Capcell Pak ACR
(Shiseido, Tokyo, Japan) C18 column (20 x 250 mm),
and the column was eluted 1000 mL of the same solvent.
The three fractions denoted as Fr. 2a, Fr. 2b, and Fr. 2¢

were collected to dryness to assay for the NBT-reducing
activity. The activity was detected in Fr. 2b and Fr. 2c.
Each active fraction was dissolved in 98% acetonitrile
and 2% acetic acid and applied on an HPLC system
(Model 600S and 486, Waters) with a Capcell Pak
AG-120 (Shiseido) C18 column (4.6 x 250 mm). The
mobile phase consisted of 1% acetic acid in water (A)
and 1% acetic acid in acetonitrile (B), and the column
was eluted using a gradient of 10% B (0-10 min), 10—
15% B (10-25 min), 15-75% B (25-80 min), and 70%
(80-90 min) at a flow rate of 1.0 mL/min. As a result
of detection at a wavelength of 325 nm, two major and
one minor peaks were obtained from the Fr. 2b and
Fr. 2c, respectively (Fig. 1). Each fraction was applied
again to an HPLC system with a Capcell Pak ACR with
the same conditions described above, and the observed
peaks were individually collected.

3.3. Cell culture and NBT assay

HL-60 cells were purchased from Health Science Re-
search Resources Bank (Osaka, Japan) and maintained
in RPMI-1640 (Sigma) containing 10% heat-inactivated
FBS (Sigma) at 37 °C in a 5% CO, atmosphere. For cell
growth and differentiation assays, cells were seeded in
12-well plates at a density of 200,000 cells/2 mL/well
and incubated with each sample. Samples were dissolved
in water and used in a 1:100 dilution in the medium. As
a control, cells were also cultured with water alone. Cell
number was counted by the Trypan Blue exclusion
method at 3 days after the treatments. NBT-reducing
activity was determined by the method described previ-
ously as a marker of granulocytic differentiation.!” In
each experiment, we always confirmed when HL-60 cells
were exposed to 1-10 uM ATRA, NBT-positive cells
were observed in over 70% of total cell population (data
not shown), which is consistent with a previous report.'3

3.4. NMR

'"H NMR and "*C NMR and H-H COSY, HSQC, and
HMBC spectra were recorded with the MERCUR Yplus
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Abstract—A series of novel bicyclic pyrimidine derivatives was prepared as part of a search for NK; antagonist aimed at the treat-
ment of urinary incontinence. Among them, 3g, a pyrimido[4,5-b][1,5]oxazocine derivative, bearing a 4-acetylpiperazinyl group and
a 2-methylphenyl group, was shown to have potent NK, antagonist activity with a Kp value of 0.105 nM and markedly increased the
effective bladder capacity of guinea pigs (59.4% at 0.3 mg/kg iv and 62.8% at 3 mg/kg id). Furthermore, the effect of 3g on bladder
function appeared to differ from that of tolterodine, another classical anti-pollakiuria agent, as determined by the distention-induced
rhythmic bladder contraction assay using a urethane-anesthetized guinea pig model. Compound 3g is expected to be a promising

agent for the treatment of urinary incontinence.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Tachykinin, a peptide neurotransmitter that was subse-
quently characterized as the undecapeptide Arg-Pro-
Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH»,!  binds
to a series of three neurokinin receptors, NK;, NK,,
and NKj3, which have selective affinity for substance P
(SP), neurokinin A, and neurokinin B, respectively.?
Among them, SP is known to exhibit a wide variety of
biological responses® both centrally and peripherally.
Through binding to the NK; receptor, SP has been
implicated in the transmission of pain and stress signals,
inflammation, and the contraction of smooth muscle.
Therefore, NK; antagonists may be efficacious for the
clinical treatment of a wide range of diseases. Among
them, we were interested in the relationship between
tachykinin and the activation of micturition-related
reflexes,* with a view to possible application in the treat-
ment of pollakiuria and urinary incontinence. The
disclosure by Pfizer of the first two non-peptide NK;
antagonists, CP-96345 and CP-99994,° has spurred

Keywords: NK; antagonist; Pyrimido[4,5-b][1,5]oxazocine; Effective

bladder capacity; KRP-103.

* Corresponding author. Tel.: +81 280 56 2201; fax: +81 280 57
1293; e-mail: shigeki.seto@mb.kyorin-pharm.co.jp

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/.bmc.2005.06.015

intensive research in this field. During the last few years,
several other structural classes of NK, receptor antago-
nists have been reported, such as L-733060,° MK-869,”
and TAK-637.8 (Fig. 1) The areas of neurokinin antag-
onist development have been extensively reviewed.”!?

Recently, we reported the design and synthesis of pyri-
do[4,3-b]-1,5-0xazocine 1a and pyrido[2,3-b]-1,5-0xazo-
cine 2a as potent NK, antagonists,'3* which were
derived from the arylpyridinecarboxamide derivative
made up by incorporating the 2-[3,5-bis(trifluorometh-
yl)benzyloxy]-1-phenylethylamine fragment'# into the
pyridine ring. In these studies, we found that the com-
pounds 1a and 2a each similarly exhibited potent NK,
antagonist activity (in vitro), although the in vivo activ-
ity of 2a is superior to that of 1a. These two compounds
differ structurally in (1) the position of the nitrogen
atom in the pyridine ring and (2) the atropisomerism
about the biaryl bond due to the difference in nature
at the 8-position (la, N; 2a, CH); the rotation about
the biaryl bond of 1a would be free, whereas that of
2a would be partially restricted on the NMR time sca-
le.!3b15 This property of 2a would affect the stacking
conformation that is important for NK; receptor recog-
nition.®'%!7 However, to avoid substantial analytical
complications during manufacture and drug develop-
ment, it is necessary to ensure either inseparable rapid



mailto:shigeki.seto@mb.kyorin-pharm.co.jp



5718 S. Seto et al. | Bioorg. Med. Chem. 13 (2005) 5717-5732

CP-99994 L-733060

Figure 1. Chemical structures of the standard NK; antagonists.
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interconversion of isomers or a completely separable
rigid conformation.

On the basis of these results, pyrimido[4,5-b][1,5]oxazo-
cine 3a was synthesized as a hybrid compound of 1a and
2a.'3* Compound 3a was found to possess both features
of 1a and 2a; 3a showed potent in vivo activity similar to
2a, and free rotation about the biaryl bond similar to 1a
(Fig. 2).

To further examine the structural requirements for
activity, the compounds shown in Figure 3 were synthe-
sized and examined for their NK; antagonist activity
and effects on bladder function. Herein, we report the
synthesis and NK; antagonist activity of novel pyrimi-
do[4,5-b][1,5]oxazocine derivatives and its analogue,
leading to the identification of a candidate drug for
the treatment of urinary incontinence.

Figure 3. General formula of target compounds.

3a

2. Chemistry

As shown in Scheme 1, we synthesized pyrimido[4,5-b]-
[1,5]oxazocine derivatives 3 and pyrimido[5,4-f][1,4] oxaze-
pine derivatives 4 following the procedure for synthesizing
3a reported in our earlier paper.!3® Compound 7,'® which
was prepared from 4,6-dichloro-2-(methylthio)pyrimidine,
was treated with SOCl,, followed by condensation with
3-[[3,5-bis(trifluoromethyl)benzylJamino]-1-propanol® and
cyclization using potassium carbonate to afford the bicyclic
compound 8. Suzuki coupling reaction of 8 with various
substituted phenylboronic acids afforded the correspond-
ing biaryl compounds 10 in good yield. Oxidation of sul-
fide 10 with mCPBA afforded sulfone 12. The synthesis
of compound 3 was achieved by nucleophilic amination
of 12 with the corresponding amine nucleophiles. When
N-protected diamine was used as a nucleophile, subse-
quent deprotection with hydrogen chloride and condensa-
tion with acetic anhydride or methylsulfonyl chloride
were accomplished. The synthesis of 4, which contains
the oxazepine ring, was carried out in a manner similar
to that of 3.

The synthesis of pyrimido[4,5-b][1,5]diazocine deriva-
tives 5 and pyrimido[4,5-¢][1,4]diazepine derivatives 6
is shown in Scheme 2. The bicyclic compound 14 was
also synthesized from the acid chloride of 7 by reacting
with  N-[[3,5-bis(trifluoromethyl)benzyllamino]-N’-Boc-
1,3-propanediamine and subsequent deprotection with
hydrochloric acid and intramolecular cyclization with
potassium carbonate. Suzuki coupling reaction of 14
followed by oxidation of sulfide and substitution with
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1-acetylpiperazine provided 5a. Synthesis of 6, which
contains the diazepine ring, was carried out in a manner
similar to that of 5a. Synthesis of 5b and 5S¢ was accom-
plished by alkylation with methyl iodide or acylation
with acetic anhydride, respectively.

As shown in Scheme 3, we synthesized pyrido[4,3-b]-1,5-
oxazocine derivative 1b and pyrido[2,3-b]-1,5-0xazocine
derivatives 2b,c following the procedure for synthesizing
1a and 2a reported in our earlier paper.'33!% 2-Chloro-4-

iodopyridine-3-carboxylic acid 21 was prepared from 2-
chloro-3-iodopyridine 20?° by a known method?! with
slight modification. Treatment of 2-chloro-3-iodopyri-
dine 20 with LDA, followed by quenching with carbon
dioxide, and then hydrolysis with hydrochloric acid gave
2-chloro-4-iodopyridine-3-carboxylic acid 21 in a good
yield. Subsequent treatment with thionyl chloride, fol-
lowed by condensation with 3-[[3,5-bis(trifluorometh-
yl)benzyl]amino]-1-propanol afforded the alcohol 22.
Conversion of the alcohol 22 to bicyclic compounds 23
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2c: X=CH, Y=N, R=H

(@]
S
X_ - CF3

CF3
29: X=N, Y=CH, R=Me
30a: X=CH, Y=N, R=Me
30b: X=CH, Y=N, R=H

Scheme 3. Reagents: (a) (1) LDA, THF, (2) CO,, (3) HC1; (b) (1) SOCI1,, DMF, (2) 3-[[3,5-bis(trifluoromethyl)benzyl]amino]-l-propanol, THF;
(c) K,COs, EtOH; (d) NaH, THF; (e) 2-methylphenylboronic acid, 10 mol% Pd(PPh;)4, 2 M Na,COs;, toluene, dioxane; (f) mCPBA, CH,Cl5;

(g) POCl3; (h) acethylpiperazine, 1,4-dioxane.

and 24 was accomplished in a regionselective manner.'®

Suzuki coupling reaction of 23 and 24 with arylboronic
acids yielded 7-aryl-3,4,5,6-tetrahydro-2 H-pyrido[2,3-b]-
and [4,3-b]-1,5-oxazocin-6-ones (25 and 26%) in good
yield. Formation of chlorides 29 and 30 via the Meisen-
heimer reaction?> was accomplished by treatment of 25
and 26 with mCPBA followed by rearrangement with
POCI;. Coupling of intermediates 29 and 30 with 1-acet-
ylpiperazine under heat afforded the desired compounds
1 and 2, respectively.

3. Results and discussion
3.1. NK, antagonist activity
The NK; antagonist activities of the present series of
compounds are summarized in Tables 1-3. The NK;
antagonist activity is displayed as the Ky value measured

by the guinea pig ileum contraction assay.?>2*

To determine the effects of substituents at the C-2 posi-
tion on the pyrimido[4,5-b][1,5]oxazocine ring, the re-

sults of the NK; antagonist assay for pyrimido[4,5-
b][1,5]oxazocine 3a and the newly synthesized derivatives
3b—k are summarized in Table 1. The pyrimido[4,5-
b][1,5]oxazocine 3a bearing a 4-(pyrrolidinyl)piperidino
moiety exhibited potent NK; antagonist activity. Com-
pounds 3b and 3e, carrying an aromatic amine moiety
or an ester moiety instead of the aliphatic amine moiety
of 3a, showed a 7- to 10-fold reduction of activity. The
NK;, antagonist activities of 3¢, 3d, and 3f, which have
a substituted imidazolyl group, a morpholino group, or
a 4-carbamoylpiperidino group, were slightly less potent
than that of 3a. The 4-acetylpiperazinyl derivative 3g
showed excellent activity comparable to that of 3a. The
strong NK antagonist activity of 3g tended to decrease
slightly when the position of the acetamide group was
changed (3h, i). The NK; antagonist activities of 3j and
3k, which have a substituted dioxothiomorpholino
group or a methylsulfonylpiperazinyl group, were com-
parable to that of 3a, with Ky values within the range
0f 0.0501-0.0794 nM. Among the compounds with cyclic
amino groups, which are substituted at the terminal
heteroatom or group at the 2-position on the pyrimido-
oxazocine ring, 4-(pyrrolidinyl)piperidine 3a, 4-acetyl-
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Table 1. NK, antagonist activity of pyrimido[4,5-b][1,5]oxazocine

derivatives
R&_N_ O
Wl/ AN
N CF3
N
Me (e}
CF3
Compound R? NK, antagonist

activity® Kg (nM)

3a CN@N— 0.166

N

3b 7 NN N— 113

3c Né\N— 0.459°
=

3d 0 N— 0.354
_/

o)
3e >—<:/\N— 1.82
EtO
o)
3f >—<:/\N— 0.341
H,N

O
3¢ >\—N N— 0.105
Mé __/
o)
3h Me)J\N/\\N 0.308
ot
3i \C 0.440
Me o
O,/ \
3 s N— 0.0794
o/
Q. /T
3k Me—S—N N— 0.0501
g

#Data present the mean of Kp value of guinea pig ileum contraction
assay (n = 3-5). The values of schild plot slope exhibited in 0.81-1.20.
®The value of schild plot slope exhibited in 0.44.

piperazine 3g, dioxothiomorpholine 3j, and methylsulfo-
nylpiperazine 3k possessed the most potent activity.

The effects of substituents at the ortho position on the
phenyl ring, which might affect the stacking conforma-
tion,®1%17 are shown in Table 2. All compounds exhib-
ited potent activities, with Ky values within the range
0f 0.0584-0.236 nM. The observed effects of introducing
substituents at the ortho position on the phenyl ring
were not significant.

The NK, antagonist activities of the bicyclic pyrimidine
derivatives (3g, 4, Sa—c, and 6) together with the bicyclic
pyridine derivatives (1b and 2b) are shown in Table 3. In
general, shortening of the tether length to two methyl-

Table 2. NK; antagonist activity of pyrimido[4,5-b][1,5]oxazocine
derivatives

0]

Me)J\N/\
K/NYN\ 0
Nl/ j CF3
N
R! o

CF;
Compound R! NK; antagonist activity®
Kp (nM)
31 H 0.236
3g Me 0.105
3m OMe 0.100
3n F 0.0584°

#Data present the mean of Ky value of guinea pig ileum contraction
assay (n = 3-5). The values of schild plot slope exhibited in 0.81-1.20.

enes (n = 1) caused a slight loss of activity; an 8-mem-
bered ring in the core scaffold was favorable for potent
NK, antagonist activity in comparison with a 7-mem-
bered ring (3g vs 4, 5a vs 6). As for the position shown
as Z on the 8-membered ring, the NK; antagonist activ-
ities of 3g and Sa, in which the C-10 position shown as Z
was substituted by an oxygen atom and a nitrogen atom,
respectively, were equal. In contrast to the case of 5b,
the additional methyl group on the nitrogen atom of
5a slightly debilitated the NK; antagonist activity.

3.2. Effect on bladder function

Selected compounds with potent NK; antagonist activi-
ty were examined for their effect on effective bladder

Table 3. NK,; antagonist activity of bicyclic derivatives bearing
4-acetylpiperazinyl moiety

o}

M
Me N/\ ]
kNWI/Y\ ﬂ%n CF,

CF;

=
N
B

Compound X NK, antagonist

activity® Ky (nM)

3g N N 0 2 0.105
4 N N 0 1 0465
5a N N NH 2 0.148
6 N N NH 1 0.480
5b N N NMe 2 0324
5c N N NAc 2 0.0794
1b N CH O 20275
2b CH N 0 2 0.0888

#Data present the mean of Ky value of guinea pig ileum contraction
assay (n = 3-5). The values of schild plot slope exhibited in 0.81-1.20.





5722 S. Seto et al. | Bioorg. Med. Chem. 13 (2005) 5717-5732

capacity in guinea pigs>® together with the results for
TAK-637,%¢ a representative NK; antagonist aimed at
the treatment of bladder function disorders. The results
are shown in Table 4. The augmentative effects on effec-
tive bladder capacity approximately paralleled the corre-
sponding NK, antagonist activity. Although the reason
is not clear, 3k, 3m, and 5c exhibited significantly weaker
augmentative effects in comparison with their corre-
sponding NK; antagonist activities. Compounds 3g,
3j, and 5a showed potent increasing effects. Preliminary
pharmacokinetic studies were conducted for compounds
3g, 3j, and 5a. The bioavailability (BA) of 3j in rats was
dramatically low (0%), probably due to its low water
solubility (0 pg/mL). Compounds 3g and 5a exhibited
good BA values (41% for 3g; 38% for 5a), and therefore
they were evaluated for their efficacies in guinea pigs

after intraduodenal (id) administration. The augmenta-
tive effect of 3g was more potent than that of Sa
(62.8% vs 29.0%), and the values were comparable to
those after iv administration. On the basis of these re-
sults, 3g was selected as a candidate for further
evaluation.

On the basis of the study described above, we selected
compound 3g and evaluated its effect on bladder func-
tion in comparison with a representative anti-pollakiuria
agent, tolterodine (Figs. 4 and 95).

The effect of iv-injected 3g on distention-induced rhyth-
mic bladder contraction in urethane-anesthetized guinea
pigs was examined. Figure 4 shows the percentage
contractile frequency and the contractile intravesical

Table 4. Water solubility, effective bladder capacity, and bioavailability of selected compounds

Compound NK; antagonist activity® Water solubility® (ug/mL) Effective bladder capacity® BA (%)?
Kg (nM) increasing ratio (%)
iv id
2b 0.0888 0 32.3+135
26b 433 0 16°
2c 2.21 0 11.9+10.8
3a 0.166 1453 334+ 11.0
3d 0.354 0 21.3+347
3g 0.105 6.42 594+ 123 62.8 +12.0 41
3h 0.308 8.70 36.8 £ 11.6
3i 0.440 28.3 25.6 £3.73
3§ 0.0794 0 40.4 + 6.65 0
3k 0.0501 0 243+124
3m 0.100 25.4 253%11.6
5a 0.148 3.04 430+ 154 29.0 £0.343 38
5b 0.324 0 34.3 £ 5.46
5¢ 0.0794 4.53 242 +9.41
TAK-637 0.270 12.0 +5.86

#Data present the mean of Ky value of guinea pig ileum contraction assay (7 = 3-5). Compounds were screened for antagonist activity on guinea pig
ileum as described in the text.

> Water solubility value determined by a single experiment run in duplicate.

¢ Data present the mean of increasing ratio (%) of effective bladder capacity measured as the volume of saline injected into spinalized guinea pigs at
0.3 mg/kg (iv) (n = 4-5) and 3 mg/kg (id) (n = 5-6).

9BA = (AUCy_g) po/(AUC, s) iv. AUC values were determined in rats following single intravenous (10 mg/kg, PET solution) or oral (10 mg/kg,
CMC Na suspension) administrations (n = 2-5) of the compounds.

¢ The value determined by a single experiment at 1 mg/kg (iv).

20—

Contractile frequency
® 39
m Tolterodine

Intravesical pressure
O 39
O Tolterodine

% change from baseline

-100 T T
0 0.2 0.4
Concentration (mg/kg iv)

Figure 4. Reductions in contractile frequency and intravesical pressure on distention-induced rhythmic bladder contractions in urethane-anesthetized
guinea pigs with ascending concentrations. 3g (doses: 0.03, 0.1, and 0.3 mg/kg iv); tolterodine (doses: 0.1, 0.2, and 0.4 mg/kg iv).
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Figure 5. Increasing effect of the effective bladder capacity in spinal-
ized guinea pigs with ascending concentrations. 3g (doses: 0.03, 0.1,
and 0.3 mg/kg iv); tolterodine (doses: 0.1, 0.2, and 0.3 mg/kg iv).

pressure for 3g in contrast to the predrug value, together
with the corresponding data for tolterodine.

In this assay, 3g decreased the frequency of rhythmic
bladder contraction in a dose-dependent manner at dos-
es of 0.03, 0.1, and 0.3 mg/kg, without affecting the con-
tractile intravesical pressure. On the other hand,
tolterodine decreased the contractile pressure dose-de-
pendently, without affecting the frequency.

The effect of 3g on effective bladder capacity was mea-
sured as micturition volume in terms of the volume of
saline injected into spinalized guinea pigs. Figure 5
shows the ratio of the increase in effective bladder capac-
ity induced by 3g compared with the predrug value,
together with the corresponding data for tolterodine.
Compound 3g increased the effective bladder capacity
dose-dependently at 0.03, 0.1, and 0.3 mg/kg. On the
other hand, tolterodine was not efficient at doses of
0.1, 0.2, and 0.4 mg/kg.

These results suggested that compound 3g would not af-
fect the stage of urine storage, but rather the stage of
micturition, and would therefore have a low risk of
causing urinary retention, one of the side effects of
anti-cholinergic agents.

Table 5 shows the binding affinity for the three subtypes
of neurokinin receptor in human CHO cells.?® Com-
pound 3g showed potent NK; antagonist activity, not
only in the guinea pig contraction assay, but also in
the hNK; receptor binding assay (K;=0.0657 nM),
and exhibited high selectivity for the NK; receptor.

Compound 3g showed only a single peak on high-per-
formance liquid chromatography using a chiral column,
as far as we were able to ascertain. In addition, C-4
phenyl restricted rotation of 3g was not observed from

Table 5. Neurokinin receptor selectivity

Compound Binding affinity K; (nm)
hNK, hNK, hNK;
3g 0.0657 >1000 >1000

the NMR spectrum; and a high-temperature NMR
study indicated that the atropisomer induced by oxazo-
cine ring inversion would not be separable at room tem-
perature.!3%1327 From these results, it was expected that
the chemical properties related to the atropisomerism of
3g would not create an obstacle for further development.

4. Conclusion

As described previously, we have succeeded in synthesiz-
ing and evaluating a series of novel bicyclic pyrimidine
derivatives as a part of a search for NK; antagonists
aimed at the treatment of urinary incontinence. Among
the diverse chemical modifications performed on the
bicyclic pyrimidines, 3g, a pyrimido[4,5-b][1,5]oxazocine
derivative bearing a 4-acetylpiperazinyl group and a 2-
methylphenyl group, showed potent NK; antagonist
activity with a Ky value of 0.105 nM, and also exhibited
the greatest augmentative effect on effective bladder
capacity in guinea pigs (59.4% at 0.3 mg/kg iv and
62.8% at 3 mg/kg id). Furthermore, the effect of 3g on
bladder function appeared to differ from that of toltero-
dine, another classical anti-pollakiuria agent; 3g de-
creased the frequency, but not the amplitude of
distention-induced rhythmic bladder contraction using
a urethane-anesthetized guinea pig model. Compound
3g, namely KRP-103, is expected to be a promising com-
pound for the treatment of urinary incontinence. Fur-
ther investigation of the pharmacological profiles of 3g
is currently in progress.

5. Experimental
5.1. Chemistry

Melting points were determined using a Yamato MP-
500 melting point apparatus and are uncorrected. 'H
NMR spectra were measured in CDCl; or DMSO-d;
with TMS and the solvent peak as internal standards,
on a JEOL ECA-400 (400 MHz) spectrometer. Mass
spectra (MS) were obtained on a Hitachi M-2000 mass
spectrometer. Column chromatography was carried
out on Merck silica gel 60. Analytical thin-layer chroma-
tography (TLC) was performed on Merck precoated sil-
ica gel 60F254 plates, and the compounds were
visualized by UV illumination (254 nm) or by heating
after spraying with phosphomolybdic acid in ethanol.
The data for elemental analysis are within + 0.4% of the-
oretical values and were determined by a Yanaco CHN
corder MT-5.

5.1.1. 4,6-Dichloro-2-(methylthio)pyrimidine-5-carboxylic
acid (7). To a solution of LDA [prepared by reaction of
diisopropylamine (3.0 mL, 21.4 mmol) in THF (25 mL)
and n-butyllithium (13.6 mL, 1.52 M, 20.7 mmol) at
—20 °C for 30 min] was added a solution of 4,6-dichlo-
ro-2-(methylthio)pyrimidine (2.70 g, 13.8 mmol) in THF
(5mL) at —78 °C. The mixture was stirred at the same
temperature for 3 h, and then CO, gas was introduced
for 10 min. After the reaction had been quenched by addi-
tion of water (12 mL) and 2 N HCI (25 mL), the mixture
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was extracted with ethyl acetate. The combined extracts
were dried over anhydrous Na,SQO,, filtered, and then
concentrated in vacuo. The residue was recrystallized
from toluene to afford 7 as a pale yellow solid (1.93 g,
58%). mp: 160-163 °C. "H NMR (400 MHz, CDCls): ¢
2.61 (1H, s). HRMS (EI) calcd for C¢H4CI,N,0,S (M™)
237.9371; found, 237.9383. Anal. Caled for
C¢H4CILN,0,S: C, 30.14; H, 1.69; N, 11.72. Found: C,
30.07; H, 1.57; N, 11.60.

5.1.2. 6-3,5-Bis(trifluoromethyl)benzyl]-4-chloro-2-meth-
ylthio-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-b][1,5]oxazocin-
5-one (8). To a mixture of 7 (14.0 g, 58.6 mmol) and
thionyl chloride (40 mL) was added three drops of
DMF and the mixture was refluxed for 2 h and then
concentrated. A solution of the residue in THF
(80 mL) was added dropwise to a solution of 3-[[3,5-
bis(trifluoromethyl)benzyl]amino]-1-propanol  (18.5 g,
61.4mmol) and triethylamine (40mL) in THF
(100 mL) at 0°C. The mixture was stirred for 1h at
0 °C and then for 2 h at room temperature. After con-
centration in vacuo, to a solution of the residue in
DMF (60 mL) was added potassium carbonate (24.3 g,
0.176 mol) and the mixture was stirred for 1h at
80 °C. The resulting mixture was diluted with ethyl ace-
tate, then washed with water and brine. The organic
layer was dried over anhydrous Na,SQ,, filtered, and
then concentrated in vacuo. Flash chromatography
(AcOEt:hexane = 1:1) of the residue gave 8 as a pale yel-
low solid (17.8 g, 63%). mp: 140-143°C. 'H NMR
(400 MHz, CDCl3): ¢ 2.00-2.12 (1H, m), 2.20-2.30
(1H, m), 2.60 (3H, s), 3.35 (1H, dd, J=15.3 and
4.3 Hz), 3.63-3.74 (1H, m), 4.08 (1H, d, J=15.3 Hz),
4.46-4.58 (2H, m), 5.63 (1H, d, J=15.3 Hz), 7.88 (3H,
s). HRMS (EI) caled for C;gH;4CIFgN30,S (M™)
485.0399; found, 485.0358. Anal. Calcd for
C18H14C1F6N302S: C, 4450, H, 290, N, 8.65. Found:
C, 44.44; H, 2.79; N, 8.54.

5.1.3. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-chloro-2-meth-
ylthio-5,6,7,8-tetrahydro-pyrimido[5,4-f][1,4]oxazepin-5-
one (9). The compound 9 (5.15g, 52%) was prepared
from 7 (5.00 g, 20.9 mmol) and 2-[[3,5-bis(trifluorometh-
yl)benzyl]amino]-1-ethanol (6.30 g, 21.9 mmol) in a
manner similar to that described for the preparation of
8. mp: 135-137°C. '"H NMR (400 MHz, CDCl;): ¢
2.58 (3H, s), 3.64 (2H, t, J=4.9 Hz), 4.50 (2H, t,
J=49Hz), 492 (2H, s), 7.81 (2H, s), 7.86 (1H, s).
HRMS (EI) caled for C;7H>,CIF¢N;0,S (M™)
471.0243; found, 471.0236. Anal. Caled for
C|7H|2C1F6N3OZS: C, 4328, H, 256, N, 8.91. Found:
C, 43.14; H, 2.48; N, 8.68.

5.1.4. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-chloro-2-meth-
ylthio-5,6,7,8,9,10-hexahydropyrimido[4,5-b][1,5]diazocin-
5-one (14). To a mixture of 7 (15.0 g, 62.7 mmol) and
thionyl chloride (45 mL) was added DMF (0.50 mL)
and the mixture was refluxed for 2 h. The mixture was con-
centrated. The solution of the residue in THF (100 mL)
was added dropwise to a solution of 3-[[3,5-bis(trifluo-
romethyl)benzyl]amino]-1-(Boc-amino)propane (25.6 g,
63.9 mmol) and triethylamine (40.0 mL, 0.287 mol) in
THF (100 mL) at 0 °C. The mixture was stirred for 1 h

at 0 °C and then for 2 h at room temperature. The result-
ing mixture was diluted with ethyl acetate, then washed
with water and brine. The organic layer was dried over
anhydrous Na,SQOy, filtered, then concentrated in vacuo.
Flash chromatography (hexane:AcOEt = 3:1) of residue
was dissolved in 20% (w/w) HCI-EtOH (50 mL) and
stand for 2 h at room temperature. After concentration
in vacuo, to a solution of the residue in DMF (60 mL)
was added potassium carbonate (16.5 g, 0.119 mol) and
the mixture stirred for 1 h at 80 °C. The resulting mixture
was diluted with ethyl acetate, then washed with water
and brine. The organic layer was dried over anhydrous
Na,SOy, filtered, then concentrated in vacuo. Flash chro-
matography (AcOEt:hexane = 1:1) of residue gave 14 as a
pale yellow foam (23.4 g, 81%). '"H NMR (400 MHz,
CDCls): 6 1.80-2.02 (2H, m), 2.49 (3H, s), 3.23-3.36
(2H, m), 3.38-3.49 (1H, m), 3.67-3.78 (1H, m), 3.92
(1H, d, J=15.3Hz), 5.59 (1H, d, J=15.3 Hz), 5.84
(1H, t, J=7.3 Hz), 7.82 (1H, s), 7.84 (2H, s). HRMS
(EI) calcd for C18H15C1F6N4OS (M+) 4840559, fOllIld,
484.0598. Anal. Calcd for C;3H;sCIFsN,4OS: C, 44.59;
H, 3.12; N, 11.56. Found: C, 44.56; H, 3.04; N, 11.46.

5.1.5. trifluoromethyl)benzyl]-4-chloro-2-methylthio-6,7,8,9-
tetrahydro-5 H-pyrimido|4,5-¢][1,4]diazepin-5-one (15). The
compound 15 (6.22g, 68%) was prepared from 7
(5.00 g, 20.9 mmol) and 2-[[3,5-bis(trifluoromethyl)ben-
zylJamino]-1-(Boc-amino)ethane (8.24 g, 21.3 mmol) in
a manner similar to that described for the preparation
of 14. Foam. 'H NMR (400 MHz, CDCls): 6 2.54 (3H,
s), 3.59-3.68 (4H, m), 4.90 (2H, s), 5.66 (1H, br), 7.84
(2H, s), 7.88 (1H, s). HRMS (EI) calcd for C;;H;3CIF4
N4OS (M*) 470.0403; found, 470.0385. Anal. Calcd for
C7H3CIFgN4OS: C, 43.37; H, 2.78; N, 11.90. Found:
C,43.29; H, 2.69; N, 11.84.

5.1.6. 6-[3,5-Bis(trifluoromethyl)benzyl]-2-methylthio-4-
phenyl-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-b][1,5]oxazocin-
5-one (10a). To a mixture of 8 (2.43 g, 5.00 mmol) and
phenylboronic acid (732 mg, 6.00 mmol) in toluene
(15mL) and 1,4-dioxane (8 mL) were added 2 M
Na,COj3 (15 mL) and Pd(PPhs)4 (289 mg, 0.250 mmol),
and the mixture was stirred under reflux for 6 h. The
reaction mixture was cooled to room temperature, and
diluted with ethyl acetate, then washed with 2 M
Na,CO3; and brine, and dried over Na,SO,, filtered,
then concentrated in vacuo. Flash chromatography
(AcOEt:hexane = 1:1) of the residue gave 10a as a pale
yellow solid (2.28 g, 86%). mp: 143-146 °C. '"H NMR
(400 MHz, CDCls): 6 2.02-2.22 (2H, m), 2.58 (3H, s),
3.43-3.52 (1H, m ), 3.84-3.94 (1H, m), 4.24 (1H, d,
J=153Hz), 439446 (2H, m), 536 (1H, d, J=
15.3 Hz), 7.25-7.32 (2H, m), 7.37-7.46 (3H, m), 7.76
(2H, s), 7.87 (1H, s). HRMS (EI) caled for Cr4H oF¢
N;0,S (M™) 527.1102; found, 527.1130. Anal. Calcd
for C24H19F6N3OZSZ C, 5465, H, 363, N, 7.97. Found:
C, 54.64; H, 3.64; N, 7.70.

5.1.7. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-
2-methylthio-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-b][1,5]oxa-
zocin-5-one (10b). The compound 10b (5.12 g, 95%) was
prepared from 8 (4.86 g, 10.0 mmol) in a manner similar
to that described for the preparation of 10a. mp: 144—
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145°C. "H NMR (400 MHz, CDCly): § 1.95-2.07 (1H,
m), 2.14-2.26 (1H, m), 2.23 (3H, s), 2.56 (3H, s), 3.33
(1H, dd, J = 15.3 and 4.9 Hz), 3.71-3.81 (1H, m), 3.87
(IH, d, J=14.7 Hz), 4.37-4.48 (2H, m), 5.31 (1H, d,
J=147Hz), 6.92 (1H, d, J=7.3Hz), 7.04 (1H, dd,
J=73 and 7.3 Hz), 7.20-7.25 (2H, m), 7.56 (2H, s),
7.82 (IH, S). HRMS (EI) caled for C25H21F6N3OQS
(M") 541.1259; found, 541.1241. Anal. Calcd for
C,sH,,F¢N;0,S: C, 55.45; H, 3.91; N, 7.76. Found: C,
55.39; H, 3.78; N, 7.56.

5.1.8.  6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methoxyl-
phenyl)-2-methylthio-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-
bl[1,5]oxazocin-5-one (10c). The compound 10c¢ (1.96 g,
88%) was prepared from 8 (1.95 g, 4.01 mmol) in a man-
ner similar to that described for the preparation of 10a.
mp: 164-165°C. '"H NMR (400 MHz, CDCl5): 6 1.97—
2.14 (2H, m), 2.56 (3H, s), 3.32-3.43 (1H, m), 3.39 (3H,
s), 3.77-3.88 (1H, m), 4.05 (1H, d, J = 14.7 Hz), 4.34—
449 (2H, m), 5.19 (1H, d, J=14.7 Hz), 6.74 (1H, d,
J=79Hz),7.01 (1H, dd, J=7.9 and 7.9 Hz), 7.34 (2H,
dd, J=7.9and 7.9 Hz), 7.69 (2H, s), 7.83 (1H, s). HRMS
(EI) calcd for C25H21F6N303S (M+) 5571208, found,
557.1216. Anal. Calcd for C,sH, 1 FgN3O5S: C, 53.86; H,
3.80; N, 7.54. Found: C, 53.49; H, 3.63; N, 7.28.

5.1.9. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-fluorophen-
yl)-2-methylthio-6,7,8, 9-tetrahydro-5 H-pyrimido[4,5-
b][1,5]oxazocin-5-one  (10d). The compound 10d
(245 mg, 90%) was prepared from 8 (243 mg,
0.501 mmol) in a manner similar to that described for
the preparation of 10a. mp: 154-156°C. '"H NMR
(400 MHz, CDCly): 6 2.01-2.17 (2H, m), 2.58 (3H, s),
3.33-3.43 (1H, m), 3.75-3.86 (1H, m), 4.02 (1H, d,
J=153Hz), 438452 (2H, m), 537 (1H, d,
J=153Hz), 690-697 (1H, m), 7.22 (1H, ddd,
J =73, 7.3, and 1.2 Hz), 7.33-7.41 (1H, m), 7.51 (1H,
ddd, J=17.3, 7.3, and 1.8 Hz), 7.74 (2H, s), 7.84 (1H,
S). HRMS (FAB+) calcd for C24H19F7N302S (M++1)
546.1086; found, 546.1108. Anal. Caled for
CyoyH sF7N30,S: C, 52.85; H, 3.33; N, 7.70. Found: C,
52.87; H, 3.29; N, 7.39.

5.1.10. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphen-
yl)-2-methylthio-5,6,7,8-tetrahydropyrimido|5,4-f][1,4]oxa-
zepin-5-one (11). The compound 11 (2.13 g, 81%) was
prepared from 9 (2.36 g, 5.00 mmol) in a manner similar
to that described for the preparation of 10a. mp: 209-
211°C. '"H NMR (400 MHz, CDCl;): § 2.30 (3H, s),
2.59 (3H, s), 3.69 (2H, t, J=49Hz), 460 (2H, t,
J=49Hz), 476 (2H, s), 7.08 (1H, dd, J=7.3 and
1.2Hz), 7.21 (1H, t, J=7.3Hz), 7.27-7.37 (2H, m),
7.66 (2H, s), 7.84 (1H, s). HRMS (EI) calcd for
C24H19F6N3OQS (M+) 5271102, found, 527.1130. Anal.
Calcd for C24H19F6N302S . éHzOZ C, 5428, H, 361, N,
7.91. Found: C, 54.23; H, 3.64; N, 7.54.

5.1.11. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(4-fluoro-2-
methylphenyl)-2- methylthio-5,6,7,8,9,10-hexahydropyrim-
ido[4,5-b][1,5]diazocin-5-one (16). The compound 16
(540 mg, 99%) was prepared from 14 (485 mg,
1.00 mmol) in a manner similar to that described for
the preparation of 10a. Foam. '"H NMR (400 MHz,

CDCl;): 6 1.77-2.00 (2H, m), 2.15-2.36 (3H, m), 2.48
(3H, s), 3.23-3.42 (3H, m), 3.74 (1H, d, J=15.3 Hz),
3.77-3.88 (1H, m), 5.34 (1H, d, J=15.3 Hz), 5.77 (1H,
t, J=73Hz), 6.85-7.08 2H, m), 7.15-7.24 (2H, m),
7.55 (2H, s), 7.80 (1H, s). HRMS (EI) Calcd for
C,sH,FeNL,OS (M) 540.1419; found, 540.1390. Anal.
Calcd for C,5H,,FgN4OS: C, 55.55; H, 4.10; N, 10.37.
Found: C, 55.28; H, 4.06; N, 10.19.

5.1.12. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphe-
nyl)-2-methylthio-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-¢][1,4]-
diazepin-5-one (17). The compound 17 (2.63 g, 99%) was
prepared from 15 (2.36 g, 5.01 mmol) in a manner simi-
lar to that described for the preparation of 10a. mp: 248—
250 °C. "H NMR (400 MHz, CDCls): 6 2.34 (3H, s), 2.52
(3H, ), 3.64 (4H, brs), 4.69 (2H, brs), 5.59 (1H, brs), 7.11
(1H,dd, J=7.3 and 1.2 Hz), 7.19 (1H, ddd, J = 7.3, 7.3,
and 1.2 Hz), 7.23-7.32 (2H, m), 7.63 (2H, s), 7.81 (1H,
s). HRMS (EI) calcd for C,4H,FgN,OS (M) 526.1262;
found, 526.1232. Anal. Calcd for C,4H, F¢N4OS: C,
54.75; H, 3.83; N, 10.64. Found: C, 54.57; H, 3.68; N,
10.46.

5.1.13.  6-[3,5-Bis(trifluoromethyl)benzyl]-2-methylsulfo-
nyl-4-phenyl-6,7,8,9- tetrahydro-5H-pyrimido[4,5-b][1,5]-
oxazocin-5-one (12a). To a solution of 10a (2.15¢g,
4.08 mmol) in THF (8 mL) was added mCPBA (2.12 g,
12.3 mmol) portion-wise under ice cooling. The mixture
was stirred for 30 min at 0 °C and then for 3 h at room
temperature. The resulting mixture was diluted with ethyl
acetate, then washed with saturated sodium hydrogen
carbonate. The organic layer was dried over anhydrous
Na,SOy, filtered, and then concentrated in vacuo. Flash
chromatography (AcOEt) of the residue gave 12a as a col-
orless solid (17.8 g, 63%). mp: 239-241°C. 'H NMR
(400 MHz, CDCl;): 6 2.10-2.32 (2H, m), 3.36 (3H, s),
3.52-3.61 (1H, m), 3.78-3.88 (1H, m), 4.10 (1H, d,
J=153Hz), 448459 (2H, m), 536 (1H, d,
J=153Hz), 7.29 (2H, dd, J=7.9 and 7.9 Hz), 7.42-
7.50 (3 H, m), 7.77 (2H, s), 7.90 (1H, s). HRMS (EI) calcd
for Cy4H 9F¢N304S (M) 559.1000; found, 559.0974.
Anal. Calcd for C,sH | 9F¢N3O,4S: C, 51.52; H, 3.42; N,
7.51. Found: C, 51.39; H, 3.32; N, 7.29.

5.1.14. 6-|3,5-Bis(trifluoromethyl)benzyl]-2-methylsulfonyl-
4-(2-methylphenyl)-6,7,8,9-tetrahydro-5S H-pyrimido[4,5-b]-
[1,5]oxazocin-5-one (12b). The compound 12b (4.98 g,
100%) was prepared from 10b (4.50 g, 8.31 mmol) in a
manner similar to that described for the preparation of
12a. mp: 211-212°C. '"H NMR (400 MHz, CDCly): ¢
2.03-2.14 (1H, m), 2.23 (3H, s), 2.17-2.33 (1H, m), 3.34
(3H, s), 3.44 (1H, dd, J=15.3 and 5.5 Hz), 3.66-3.77
(1H, m), 391 (1H, d, J=14.7 Hz), 4.48-4.60 (2H, m),
5.29 (1H, d, J=14.7 Hz), 6.88 (1H, d, J =7.3 Hz), 7.02
(1H, dd, J=7.3 and 7.3 Hz), 7.22-7.32 (2H, m), 7.57
(2H, s), 7.84 (1H, s). HRMS (EI) caled for
C25H21F6N3O4S (M+) 5731157, fOLll’ld, 573.1144. Anal.
Calcd for C25H21F6N3O4SZ C, 5236, H, 369, N, 7.33.
Found: C, 52.40; H, 3.52; N, 7.05.

5.1.15. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methoxyl-
phenyl)-2-methylsulfonyl-6,7,8,9-tetrahydro-5 H-pyrimi-
do[4,5-b][1,5]oxazocin-5-one (12¢). The compound 12¢
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(1.75g, 85%) was prepared from 10c (1.80g,
3.23 mmol) in a manner similar to that described for
the preparation of 12a. mp: 202-206°C. 'H NMR
(400 MHz, CDCly): ¢ 2.06-2.23 (2H, m), 3.35 (6H, s),
3.41-3.48 (1H, m), 3.72-3.82 (2H, m), 4.05 (1H, d,
J=14.7Hz), 4.45-4.60 (2H, m), 5.52 (IH, d,
J=14.7Hz), 6.73 (1H, d, J=7.3 Hz), 7.04 (1H, dd,
J =73 and 7.3 Hz), 7.35-7.43 (2H, m), 7.69 (2H, s),
7.86 (1H, s). HRMS (EI) caled for C,sH,FgN3OsS
(M™) 589.1106; found, 589.1082. Anal. Calcd for
C25H21F6N3OSS: C, 5094, H, 359, N, 7.13. Found:
C, 50.77; H, 3.43; N, 6.90.

5.1.16. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-fluorophen-
yl)-2-methylsulfonyl-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-
b][1,5]oxazocin-5-one (12d). The compound 12d (215 mg,
92%) was prepared from 10d (221 mg, 0.405 mmol) in a
manner similar to that described for the preparation of
12a. mp: 202-205°C. '"H NMR (400 MHz, CDCls): §
2.07-2.26 (2H, m), 3.36 (3H, s), 3.43-3.53 (1H, m),
3.71-3.82 (1H, m), 4.06 (1H, d, J = 14.7 Hz), 4.50-4.62
(2H, m), 5.36 (1H, d, J = 14.7 Hz), 6.90-6.97 (1H, m),
7.25 (1H, ddd, J=73, 7.3, and 1.2 Hz), 7.39-7.47
(1H, m), 7.55 (1H, ddd, J=7.3, 7.3, and 1.8 Hz), 7.75
(2H, s), 7.87 (1H, s). HRMS (FAB") caled for
CoyH [ oF;N;0,8 (MF+1) 578.0985; found, 578.1015.
Anal. Calcd for Co4sHsF7N30,4S: C, 49.92; H, 3.14; N,
7.28. Found: C, 49.91; H, 3.07; N, 7.17.

5.1.17. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphen-
yl)-2-methylsulfonyl-5,6,7,8-tetrahydropyrimido|S,4-£][1,4]-
oxazepin-5-one (13). The compound 13 (1.73 g, 84%) was
prepared from 11 (1.95 g, 3.70 mmol) in a manner simi-
lar to that described for the preparation of 12a. mp:
197-200 °C. '"H NMR (400 MHz, CDCl5): § 2.33 (3H,
s), 3.37 (3H, s), 3.77 (2H, t, J=49 Hz), 4.71 (2H, t,
J=49Hz), 479 (2H, s), 7.05 (1H, brd, J=7.3 Hz),
7.23 (1H, t, J=7.3Hz), 7.33 (1H, d, J=7.3 Hz), 7.40
(1H, ddd, J=7.3, 7.3, and 1.2 Hz), 7.68 (2H, s), 7.88
(1H, S). HRMS (EI) caled for C24H19F6N3O4S (M+)
559.1000; found, 559.1016. Anal. Calcd for
C24H19F6N3O4S'II—OHQOI C, 5136, H, 341, N, 7.49.
Found: C, 51.02; H, 3.39; N, 7.19.

5.1.18. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphen-
yl)-2-methylsulfonyl-5,6,7,8,9,10-hexahydropyrimido[4,5-b]-
[1,5]diazocin-5-one (18). The compound 18 (335 mg, 65%)
was prepared from 16 (490 mg, 0.907 mmol) in a manner
similar to that described for the preparation of 12a. mp:
276-279 °C. "H NMR (400 MHz, CDCl5): & 1.87-2.07
(2H, m), 2.24 (3H, s), 3.27 (3H, s), 3.33-3.46 (3H, m),
3.71-3.83 (1H, m), 3.78 (1H, d, /= 15.3 Hz), 5.32 (1H,
d, J=153Hz), 641 (1H, t, J=7.3Hz), 6.85-6.94
(1H, br), 7.02 (1H, t, J=7.3 Hz), 7.20-7.28 (2H, m),
7.55 (2H, s), 7.82 (1H, s). HRMS (EI) calcd for
CssH5,FgN4O3S (M™) 572.1317; found, 572.1290. Anal.
Calcd for C25H22F5N4038 . %HzOZ C, 5236, H, 387, N,
9.77. Found: C, 52.73; H, 3.85; N, 9.37.

5.1.19. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphen-
yl)methylsulfonyl-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-
¢][1,4]diazepin-5-one (19). The compound 19 (410 mg,
15%) was prepared from 17 (2.50 g, 4.75 mmol) in a

manner similar to that described for the preparation of
12a. mp: 307-310 °C. "H NMR (400 MHz, DMSO-d):
0 2.23 (3H, s), 3.30 (3H, s), 3.51-3.58 (2H, m), 3.76-
3.87 (2H, br), 4.62-4.74 (2H, br), 7.05 (1H, t,
J=17.3Hz), 7.17-7.24 (2H, m), 7.27 (1H, ddd, J = 7.3,
7.3, and 1.2 Hz), 7.84 (2H, s), 8.06 (1H, s), 8.68-8.73
(IH, bI') HRMS (EI) calcd for C24H20F6N403S (M+)
558.1160; found, 558.1156. Anal. Caled for
CosHyoFgN4O3S: C, 51.61; H, 3.61; N, 10.03. Found:
C, 51.38; H, 3.45; N, 9.95.

5.1.20. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphen-
yl)-2-[4-(1- pyrrolodinyl)piperidino]-6,7,8,9-tetrahydro-5H-
pyrimido|4,5-b][1,5]oxazocin-5-one (3a). To a solution of
12b (1.50 g, 2.62 mmol) in 1,4-dioxane (10 mL) were
added diisopropylethylamine (1 mL) and 4-(pyrrolidi-
nyl)piperidine (485 mg, 3.14 mmol) at room temperature
and the mixture was refluxed for 3 h. The resulting mix-
ture was diluted with ethyl acetate, then washed with
water and brine. The organic layer was dried over anhy-
drous Na,SOy, filtered, and then concentrated in vacuo.
Flash chromatography (AcOEt:MeOH = 3:1) of the res-
idue gave 3a as a colorless foam (1.08 g, 64%). '"H NMR
(400 MHz, CDCl3): 6 1.45-1.58 (2H, m), 1.75-1.87 (4H,
m), 1.87-2.05 (4H, m), 2.05-2.18 (2H, m), 2.18-2.37
(1H, m), 2.25 (3H, s), 2.57-2.69 (3H, m), 2.90-3.01
(2H, m), 3.23-3.32 (1H, m), 3.76-3.89 (1H, m), 3.84
(1H, d, J=153Hz), 427441 (2H, m), 4.67-4.80
(1H, m), 5.32 (1H, d, J = 15.3 Hz), 6.92-6.98 (1H, m),
7.02-7.08 (1H, m), 7.18-7.25 (2H, m), 7.57 (2H, s),
7.80 (1H, s). HRMS (EI) calcd for C;33H3sF¢NsO,
(M™) 647.2695; found, 647.2707. Anal. Caled for
C33H35F6N502 . %HzO: C, 6086, H, 542, N, 10.75.
Found: C, 60.47; H, 5.40; N, 10.47.

5.1.21. 6-3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphen-
yDpyridyl)-1-piperazinyl]-6,7,8,9-tetrahydro-5 H-pyrimi-
do[4,5-b][1,5]oxazocin-5-one (3b). The compound 3b
(77.1 mg, 88%) was prepared from 12b (86.0 mg,
0.150 mmol) in a manner similar to that described for
the preparation of 3a. Foam. 'H NMR (400 MHz,
CDCl3): 6 1.92-2.03 (1H, m), 2.08-2.20 (1H, m), 2.27
(3H, s), 3.29 (1H, dd, J=15.3 and 4.3 Hz), 3.53-3.66
(4H, m), 3.78-3.89 (1H, m), 3.85 (1H, d, J = 15.3 Hz),
3.92-4.03 (4H, m), 4.30-4.43 (2H, m), 5.33 (1H, d,
J=153Hz), 6.63-6.69 (2H, m), 6.93-6.99 (1H, m),
7.02-7.08 (1H, m), 7.20-7.28 (2H, m), 7.46-7.53 (1H,
m), 7.57 (2H, s), 7.80 (1H, s), 8.20 (1H, dd, /=4.9
and 1.2 HZ) HRMS (EI) caled for C33H30F6N602
(M¥) 656.2334; found, 656.2310. Anal. Calcd for
C33H30F6N602: C, 6036, H, 461, N, 12.80. Found: C,
60.25; H, 4.63; N, 12.92.

5.1.22. 6-[3,5-Bis(trifluoromethyl)benzyl]-2-(1-imidazolyl)-
4-(2-methylphenyl)-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-b]-
[1,5]oxazocin-5-one (3c). The compound 3c (53.8 mg,
64%) was prepared from 12b (86.0 mg, 0.150 mmol) in
a manner similar to that described for the preparation
of 3a. Foam. '"H NMR (400 MHz, CDCLy): ¢ 2.01-2.12
(1H, m), 2.21-2.32 (4H, m), 3.41 (1H, dd, J=15.6 and
4.9 Hz), 3.74-3.85 (1H, m), 391 (1H, d, J=14.6 Hz),
4.45-4.57 (2H, m), 5.32 (1H, d, J=14.6 Hz), 6.94 (1H,
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d, J=7.8Hz), 7.07 (1H, dd, J=7.8 and 7.8 Hz), 7.14
(1H, d, J=1.0Hz), 7.27-7.33 (2H, m), 7.59 (2H, s),
7.84 (1H, s), 7.86 (1H, d, J=1.0Hz), 8.58 (1H, s).
HRMS (EI) calcd for C27H21F6N502 (M+) 5611599,
found, 561.1597. Anal. Caled for C,7H, F¢NsO,: C,
57.76; H, 3.77; N, 12.47. Found: C, 57.53; H, 3.69; N,
12.31.

5.1.23. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphen-
yDmorpholino-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-b][1,5]-
oxazocin-5-one (3d). The compound 3d (50.4 mg, 87%)
was prepared from 12b (57.4 mg, 0.100 mmol) in a man-
ner similar to that described for the preparation of 3a.
Foam. 'H NMR (400 MHz, CDCl3): § 1.91-2.03 (1H,
m), 2.08-2.19 (1H, m), 2.25 (3H, s), 3.28 (1H, dd,
J =153 and 4.3 Hz), 3.68-3.76 (4H, m), 3.76-3.89 (6H,
m), 4.30-4.42 (2H, m), 5.32 (1H, d, J=15.3 Hz), 6.92—
6.97 (1H, m), 7.01-7.08 (1H, m), 7.19-7.27 (2H, m),
7.57 (2H, s), 7.80 (1H, s). HRMS (EI) caled for
C28H26F6N4O3 (M+) 5801909, fOlll’ld, 580.1948. Anal.
Caled for CygHosFsN4O3: C, 57.93; H, 4.51; N, 9.65.
Found: C, 57.80; H, 4.41; N, 9.52.

5.1.24. 6-[3,5-Bis(trifluoromethyl)benzyl]-2-[4-(ethoxy-
carbonyl)piperidino]-4-(2-methylphenyl)-6,7,8,9-tetrahy-
dro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3e). The
compound 3e (64.6 mg, 68%) was prepared from 12 b
(86.0 mg, 0.150 mmol) in a manner similar to that de-
scribed for the preparation of 3a. Foam. 'H NMR
(400 MHz, CDCl3): 6 1.25 (3H, t, J=7.3 Hz), 1.62-
1.75 (2H, m), 1.87-2.01 (4H, m), 2.07-2.17 (1H, m),
2.26 (3H, s), 2.50-2.60 (1H, m), 3.00-3.11 (2H, m),
3.27 (1H, dd, J = 14.7 and 4.3 Hz), 3.77-3.88 (1H, m),
3.84 (1H, d, J=15.3Hz), 4.14 (2H, q, J=7.3Hz),
4.28-4.40 (2H, m), 4.60-4.72 (2H, m), 5.32 (1H, d,
J=153Hz), 6.93-6.98 (1H, m), 7.02-7.08 (1H, m),
7.18-7.28 (1H, m), 7.57 (2H, s), 7.80 (1H, s). HRMS
(ED) caled for CsH3,FgN,O4 (MY) 650.2328; found,
650.2351. Anal. Calced for C5,H3,FgN4O4: C, 59.07; H,
4.96; N, 8.61. Found: C, 58.82; H, 5.00; N, 8.55.

5.1.25. 2-(4-Carbamoylpiperidino)-6-|3,5-bis(trifluorom-
ethyl)benzyl]-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5 H-
pyrimido[4,5-b][1,5]oxazocin-5-one (3f). The compound
3f (70.0 mg, 75%) was prepared from 12b (86.0 mg,
0.150 mmol) in a manner similar to that described for
the preparation of 3a. Foam. 'H NMR (400 MHz,
CDCl3): 6 1.62-1.77 (2H, m), 1.86-2.02 (3H, m), 2.07-
2.18 (1H, m), 2.25 (3H, s), 2.37-2.47 (1H, m), 2.90-
3.02 (2H, m), 3.28 (1H, dd, J=15.3 and 4.9 Hz), 3.77-
3.89 (1H, m), 3.85 (1H, d, J = 15.3 Hz), 4.28-4.42 (2H,
m), 4.77-4.88 (2H, m), 5.32 (1H, d, J = 15.3 Hz), 5.38—
5.49 (2H, brs), 6.92-6.99 (1H, m), 7.01-7.09 (1H, m),
7.19-7.25 (2H, m), 7.57 (2H, s), 7.80 (1H, s). HRMS
(EI) calcd for C30H29F6N503 (M+) 6212175, found,
621.2142. Anal. Caled for C30H29F6N5O3'%H202 C,
57.14; H, 4.64; N, 11.11. Found: C, 57.18; H, 4.61; N,
11.02.

5.1.26. piperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-
(2-methylphenyl)-6,7,8,9-tetrahydro-5 H-pyrimido|[4,5-5]-
[1,5]oxazocin-5-one (3g). The compound 3g (60.7 mg,
65%) was prepared from 12b (86.0 mg, 0.150 mmol) in

a manner similar to that described for the preparation
of 3a. mp: 162-164 °C. "H NMR (400 MHz, CDCl5):
0 1.92-2.04 (1H, m), 2.10-2.20 (1H, m), 2.13 (3H, s),
2.25 (3H, s), 3.30 (IH, dd, J=15.1 and 4.4 Hz), 3.50
(2H, dd, J = 4.4 and 4.4 Hz), 3.63-3.70 (2H, m), 3.76—
395 (6H, m), 4.30-4.43 (2H, m), 5.32 (1H, d,
J=15.1Hz), 6.95 (IH, br d, J=7.3 Hz), 7.05 (1H, br
dd, J=7.3 and 7.3 Hz), 7.20-7.25 (2H, m), 7.57 (2H,
s), 7.81 (1H, s). HRMS (EI) calcd for C3gH,9F¢N5O3
(M™) 621.217500; found, 621.2192. Anal. Calcd for
C30H29F6N503Z C, 5797, H, 470, N, 11.27. Found: C,
57.90; H, 4.70; N, 11.33.

5.1.27. 2-(4-Acetamido-1-homopiperazinyl)-6-[3,5-bis(tri-
fluoromethyl)benzyl]-4-(2-methylphenyl)-6,7,8,9-tetrahy-
dro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3h). To a
solution of 12b (86.0 mg, 0.150 mmol) in 1,4-dioxane
(1 mL) were added diisopropylethylamine (0.1 mL) and
4-(tert-butoxycarbonylamino)homopiperazine (36.1 mg,
0.180 mmol) at room temperature and the mixture was
refluxed for 5 h. The resulting mixture was diluted with
ethyl acetate, then washed with water and brine. The
organic layer was dried over anhydrous Na,SO,, fil-
tered, and then concentrated in vacuo. To the resulting
residue was added 3 M HCI-AcOEt (1 mL) under ice
cooling. The mixture was stirred for 30 min at 0 °C
and then for 1 h at room temperature. The resulting
mixture was concentrated in vacuo. To a solution of
the residue in THF (1 mL) were added triethylamine
(0.1 mL) and acetic anhydride (0.05 mL) portion-wise
under ice cooling. The mixture was stirred for 30 min
at 0°C. The resulting mixture was diluted with ethyl
acetate, then washed with water. The organic layer
was dried over anhydrous Na,SQy, filtered, and then
concentrated in vacuo. Flash chromatography (AcOEt)
of the residue gave 3h as a pale yellow foam (39.5 mg,
41%). "H NMR (400 MHz, CDCls):  1.83-2.06 (4H,
m), 2.12 (3H, s), 2.25 (3H, d, J=3.9Hz), 3.29 (1H,
dd, J=15.1 and 4.4 Hz), 3.33-4.15 (10H, m), 4.29-
4.42 (2H, m), 5.31 (1H, d, J = 15.1 Hz), 6.91-6.98 (1H,
m), 7.01-7.08 (1H, m), 7.19-7.25 (2H, m), 7.57 (2H, s),
7.80 (IH, S). HRMS (EI) caled for C31H31F6N503
(M") 635.2331; found, 635.2313. Anal. Calcd for
C51H;,F¢NsO5: C, 58.58; H, 4.92; N, 11.02. Found: C,
58.25; H, 4.81; N, 10.72.

5.1.28. 2-(3-Acetamido-1-pyrrolidinyl)-6-[3,5-bis(trifluo-
romethyl)benzyl]-4-(2-methylphenyl)-6,7,8,9-tetrahydro-
5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3i). The com-
pound 3i (65.0mg, 70%) was prepared from 12b
(86.0 mg, 0.150 mmol) in a manner similar to that de-
scribed for the preparation of 3a. mp: 134-137 °C. 'H
NMR (400 MHz, CDCl3): 6 1.90-2.03 (5H, m), 2.07—
2.19 (1H, m), 2.19-2.32 (4H, m), 3.28 (1H, dd,
J=15.1 and 49Hz), 349 (1H, dd, J=11.7 and
4.4 Hz), 3.69 (2H, dd, J=6.8 and 6.8 Hz), 3.74-3.91
(3H, m), 4.29-4.42 (2H, m), 4.52-4.62 (1H, m), 5.32
(1H, d, J=14.6 Hz), 5.63 (1H, br s), 6.91-6.98 (1H,
m), 7.01-7.08 (1H, m), 7.18-7.26 (2H, m), 7.57 (2H, s),
7.80 (IH, S). HRMS (EI) caled for C30H29F6N503
(M") 621.2175; found, 621.2173. Anal. Caled for
C;30Ho9F¢NsO3-H,O: C, 56.34; H, 4.57; N, 10.95.
Found: C, 56.64; H, 4.62; N, 10.96.
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5.1.29. 6-[3,5-Bis(trifluoromethyl)benzyl]-2-(1,1-dioxo-
thiomorpholino)-4-(2-methylphenyl)-6,7,8,9-tetrahydro-
5H-pyrimido|4,5-b][1,5]oxazocin-5-one (3j). The com-
pound 3j (12.5mg, 13%) was prepared from 12b
(86.0 mg, 0.150 mmol) in a manner similar to that de-
scribed for the preparation of 3a. mp: 227-230 °C.
'H NMR (400 MHz, CDCl5): § 1.94-2.05 (1H, m),
2.11-2.21 (1H, m), 2.23 (3H, s), 3.00-3.09 (4H, m),
3.29-3.37 (1H, m), 3.75-3.83 (1H, m), 3.86 (1H, d,
J=14.6 Hz), 4.33-444 (6H, m), 5.31 (1H, d,
J=14.6 Hz), 6.93 (1H, d, J=6.8 Hz), 7.06 (1H, dd,
J=06.8 and 6.8 Hz), 7.21-7.30 (2H, m), 7.57 (2H, s),
7.81 (IH, S). HRMS (EI) caled for C28H26F6N4O4S
(M™) 628.1579; found, 628.1523. Anal. Calcd for
CosHosFsN4O4S H,O: C, 52.01; H, 4.05; N, 8.66.
Found: C, 52.34; H, 4.11; N, 8.80.

5.1.30. 6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphe-
nyl)-2-[4-(methylsulfonyl)-1-piperazinyl]-6,7,8,9-tetrahy-
dro-5H-pyrimido|4,5-b][1,5]oxazocin-5-one  (3k). The
compound 3k (54.6 mg, 55%) was prepared from 12b
(86.0 mg, 0.150 mmol) in a manner similar to that de-
scribed for the preparation of 3h. Foam. 'H NMR
(400 MHz, CDCl3): ¢ 1.92-2.04 (1H, m), 2.07-2.20
(1H, m), 2.24 (3H, s), 2.79 (3H, s), 3.20-3.33 (5H, m),
3.73-3.84 (1H, m), 3.85 (1H, d, J=15.3 Hz), 3.96-4.03
(4H, m), 4.31-4.43 (2H, m), 5.31 (1H, d, J = 15.3 Hz),
6.92-6.97 (1H, m), 7.03-7.08 (1H, m), 7.19-7.25 (2H,
m), 7.56 (2H, s), 7.80 (1H, s). HRMS (EI) calcd for
CroH»oF¢NsO,4S (M™) 657.1844; found, 657.1843. Anal.
Calcd for C29H29F6N504SI C, 5296, H, 444, N, 10.65.
Found: C, 52.77; H, 4.32; N, 10.46.

5.1.31. 2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluorometh-
yl)benzyl]-4-phenyl-6,7,8,9-tetrahydro-5 H-pyrimido|[4,5-b]-
[1,5]oxazocin-5-one (31). The compound 31 (53.7 mg, 59%)
was prepared from 12a (84.0 mg, 0.150 mmol) in a man-
ner similar to that described for the preparation of 3a.
mp: 215-218 °C. '"H NMR (400 MHz, CDCls): § 1.97-
2.20 (2H, m), 2.14 (3H, s), 3.40-3.48 (1H, m), 3.48-3.54
(2H, m), 3.65-3.71 (2H, m), 3.84-4.00 (5H, m), 4.03
(1H, d, J=153Hz), 4.33-4.40 (2H, m), 5.36 (1H, d,
J=153Hz), 7.24-7.31 (2H, m), 7.35-7.43 (3H, m),
7.76 (2H, s), 7.86 (1H, s). HRMS (EI) caled for
C29H27F6N503 (M+) 6072018, found, 607.2049. Anal.
Calcd for C29H27F6N503I C, 5733, H, 448, N, 11.53.
Found: C, 56.99; H, 4.36; N, 11.49.

5.1.32.  2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluorom-
ethyl)benzyl]-4-(2-methoxyphenyl)-6,7,8,9-tetrahydro-5S H-
pyrimido[4,5-b][1,5]oxazocin-5-one (3m). The compound
3m (86.2 mg, 90%) was prepared from 12¢ (88.5 mg,
0.150 mmol) in a manner similar to that described for
the preparation of 3a. Foam. 'H NMR (400 MHz,
CDCl3): 6 1.93-2.12 (2H, m), 2.13 (3H, s), 3.28-3.37
(1H, m), 3.41 (3H, s), 3.48-3.53 (2H, m), 3.63-3.70
(2H, m), 3.82-3.94 (5H, m), 4.04 (1H, d, J = 14.7 Hz),
4.28-4.43 (2H, m), 5.17 (1H, d, J = 14.7 Hz), 6.76 (1H,
d, J=7.3Hz), 7.01 (1H, dd, J=7.3 and 7.3 Hz), 7.27-
7.37 (2H, m), 7.69 (2H, s), 7.82 (1H, s). HRMS (EI) calcd
for C30H29F6N504 (M+) 6372124, found, 637.2085.
Anal. Calcd for C30H29F6N5O4-%H20: C, 55.73; H,
4.52; N, 10.83. Found: C, 55.49; H, 4.47; N, 10.87.

5.1.33. 2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluorometh-
yl)benzyl]-4-(2-fluorophenyl)-6,7,8,9-tetrahydro-5 H-pyrim-
ido[4,5-b][1,5]oxazocin-5-one (3n). The compound 3n
(65.7mg, 88%) was prepared from 12d (68.5 mg,
0.119 mmol) in a manner similar to that described for the
preparation of 3g. Foam. 'H NMR (400 MHz, CDCls):
0 1.97-2.12 (2H, m), 2.14 (3H, s), 3.30-3.38 (1H, m), 3.52
(2H, t, J = 5.5 Hz), 3.65-3.72 (2H, m), 3.80-3.94 (5H, m),
3.99(1H, d, J = 15.3 Hz), 4.33-4.45 (2H, m), 5.36 (1H, d,
J =153 Hz), 6.92-6.98 (1H, m), 7.19 (1H, ddd, J=17.3,
7.3, and 1.2 Hz), 7.32-7.38 (1H, m), 7.46 (1H, ddd,
J=17.3,7.3,and 1.8 Hz),7.73 (2H, s), 7.82 (1H, s). HRMS
(FAB+) calcd for C29H27F7N503 (M++ 1) 6262002, found,
626.2012. Anal. Calcd for CyyHyF;NsO3 -%HZO: C,
55.36;H,4.17;N, 11.13. Found: C, 54.96; H,4.11; N, 10.88.

5.1.34. 2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluorometh-
yl)benzyl]-4-(2-methylphenyl)-5,6,7,8-tetrahydropyrimido-
[5,4-f1[1,4]oxazepin-5-one (4). The compound 4 (62.2 mg,
68%) was prepared from 13 (84.0 mg, 0.150 mmol) in a
manner similar to that described for the preparation of
3a. mp: 231-234°C. '"H NMR (400 MHz, CDCls): §
2.15 (3H, s), 2.31 (3H, s), 3.52 (2H, t, J=4.9 Hz),
3.64-3.73 (4H, m), 3.86-3.98 (4H, m), 4.54 (2H, t,
J=49Hz), 473 (2H, s), 7.10 (1H, dd, J=7.3 and
1.2Hz), 7.22 (1H, t, J=7.3 Hz), 7.27 (1H, d,
J=17.3Hz), 7.32 (1H, ddd, J=7.3, 7.3, and 1.2 Hz),
7.65 (2H, s), 7.82 (1H, s). HRMS (EI) caled for
CyoH,7F¢NsO; (M™¥) 607.2018; found, 607.2026. Anal.
Calcd for CyoH,7F¢NsOs5: C, 57.33; H, 4.48; N, 11.53.
Found: C, 57.13; H, 4.38; N, 11.41.

5.1.35. 2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluoro-
methyl)benzyl]-4-(2-methylphenyl)-5,6,7,8,9,10-hexahydro-
pyrimidol|4,5-b][1,5]diazocin-5-one (5a). The compound 5a
(70.0 g, 75%) was prepared from 18 (85.9 mg, 0.150
mmol) in a manner similar to that described for the prep-
aration of 3a. Foam. 'H NMR (400 MHz, CDCls): ¢
1.73-1.85 (1H, m), 1.85-1.97 (1H, m), 2.12 (3H, s), 2.18—
2.38 (3H, br), 3.18-3.38 (3H, m), 3.42-3.49 (2H, m),
3.59-3.68 (2H, m), 3.69-3.94 (6H, m), 5.36 (1H, d,
J=15.3Hz), 547 (1H, t, J = 7.3 Hz), 6.85-7.10 (2H, m),
7.16-7.24 (2H, m), 7.79 (2H, s), 8.02 (1H, s). HRMS (EI)
caled for Ci)H3FgNgO> (M") 620.2334; found,
620.2319. Anal. Calcd for C30H30F6N602 . %HzO: C,
57.73;H,4.84; N, 13.46. Found: C, 57.40; H,4.82; N, 13.22.

5.1.36. 2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluorometh-
yDbenzyl]-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5 H-pyrimi-
do[4,5-¢][1,4]diazepin-5-one (6). The compound 6 (43.8 g,
46%) was prepared from 19 (83.8 mg, 0.150 mmol) in a
manner similar to that described for the preparation of
3a. mp: 171-173°C. '"H NMR (400 MHz, CDCls): ¢
2.14 (3H, s), 2.34 (3H, s), 3.48 (2H, dd, J=5.5 and
5.5Hz), 3.61 (4H, s), 3.65 (2H, dd, J=5.5 and
5.5Hz), 3.82 (2H, dd, J=5.5 and 5.5 Hz), 3.88 (2H,
dd, J=15.5 and 5.5Hz), 4.68 (2H, br), 5.29 (1H, s),
7.14 (1H, dd, J=7.3 and 1.2Hz), 7.20 (1H, ddd,
J=1723, 7.3, and 1.2 Hz), 7.23-7.31 (2H, m), 7.63 (2H,
S), 7.80 (IH, S). HRMS (EI) caled for C29H23F6N602
(M™) 606.2178; found, 606.2166. Anal. Calcd for
CyHxFeNgO, - 1H,0: C, 56.58; H, 4.58; N, 13.65.
Found: C, 56.28; H, 4.53; N, 13.26.
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5.1.37.  2-(4-Acetyl-1-piperazinyl)-6-|3,5-bis(trifluorom-
ethyl)benzyl]-10-methyl- 4-(2-methylphenyl)-5,6,7,8,9,10-
hexahydropyrimido[4,5-b][1,5]diazocin-5-one (5b). To a
solution of 5a (25.0 mg, 40.3 pmol) in DMF (0.5 mL)
was added sodium hydride (2.5 mg, 62.5 umol, 60% oil
suspension) portion-wise under ice cooling. The mixture
was stirred for 30 min at room temperature, and then
iodomethane (4.0 pl, 64.3 pmol) was added and stirred
for 1 h at room temperature. The resulting mixture
was diluted with ethyl acetate, then washed with water.
The organic layer was dried over anhydrous Na,SOy, fil-
tered, then concentrated in vacuo. Flash chromatogra-
phy (AcOEt) of the residue gave 5b as a colorless
foam (10.8 mg, 42%). '"H NMR (400 MHz, CDCls): 6
1.74-1.90 (2H, m), 2.13 (3H, s), 2.35 (3H, br s), 3.13-
3.24 (2H, m), 3.26 (3H, s), 3.58 (2H, dd, J=4.9 and
4.9 Hz), 3.53-3.92 (9H, m), 5.25 (1H, d, J=14.7 Hz),
6.75-7.00 (2H, br), 7.14-7.25 (2H, m), 7.58 (2H, br s),
7.78 (1H, S). HRMS (EI) caled for C31H32F6N602
(M™) 634.2491; found, 634.2451. Anal. Calcd for
C3iHFgNgO, - 5 H,0: C, 58.50; H, 5.07; N, 13.21.
Found: C, 58.17; H, 5.02; N, 13.01.

5.1.38.  10-Acetyl-2-(4-acetyl-1-piperazinyl)-6-[3,5-bis-
(trifluoromethyl)benzyl]-4-(2-methylphenyl)-5,6,7,8,9,10-
hexahydropyrimido[4,5-b][1,5]diazocin-5-one (5c¢). To a
solution of 5a (25.0 mg, 40.3 pmol) in 1,4-dioxane
(0.5 mL) were added pyridine (0.1 mL) and acetic anhy-
dride (0.2 mL) at room temperature. The mixture was
stirred for 3h at 100 °C. The resulting mixture was
diluted with ethyl acetate, and then washed with water.
The organic layer was dried over anhydrous Na,SQOy,
filtered, and then concentrated in vacuo. Flash chroma-
tography (AcOEt) of the residue gave 5c as a colorless
foam (26.0 mg, 97%). '"H NMR (400 MHz, CDCl5): §
1.51-1.64 (1H, m), 1.93 (3H, s), 2.16 (3H, s), 2.22—
2.33 (1H, m), 2.28 (3H, s), 3.02-3.12 (1H, m), 3.24—
3.33 (1H, m), 3.53-3.66 (3H, m), 3.68-3.78 (2H, m),
3.86-4.00 (5H, m), 4.61-4.69 (1H, m), 5.36 (1H, d,
J=159 Hz), 698 (1H, d, J=7.3Hz), 7.11 (1H, t,
J=17.3Hz), 7.27-7.35 (2H, m), 7.49 (2H, s), 7.78 (1H,
S). HRMS (EI) caled for C32H32F6N603 (M+)
662.2440; found, 662.2435. Anal. Calcd for
C;3,H3,FgNgO3 H,O: C, 56.47; H, 4.74; N, 12.35.
Found: C, 56.76; H, 4.79; N, 12.55.

5.1.39. 2-Chloro-4-iodo-3-pyridinecarboxylic acid (21).
The compound 21 (22.7 g, 81%) was prepared from 20
(23.8 g, 99.3 mmol) in a manner similar to that described
for the preparation of 7. mp: 159-161 °C. 'H NMR
(400 MHz, CDCl;): 6 7.76 (1H, d, J=5.4 Hz), 8.09
(1H, d, J = 5.4 Hz). HRMS (EI) caled for C¢H;CIINO,
(M") 282.8897; found, 282.8896. Anal. Calcd for
CeH5CIINO,: C, 25.42; H, 1.07; N, 4.94. Found: C,
25.36; H, 0.97; N, 4.71.

5.1.40. N-[3,5-Bis(trifluoromethyl)benzyl]-2-chloro-/N-(3-
hydroxypropyl)-4-iodo-3-pyridinecarboxamide (22). To a
mixture of 21 (8.40 g, 29.6 mmol) and thionyl chloride
(20 mL) was added three drops of DMF and the mixture
was refluxed for 2 h, then concentrated. A solution of
the residue in THF (150 mL) was added dropwise to a
solution of 3-[[3,5-bis(trifluoromethyl)benzylJamino]-1-

propanol (10.7 g, 35.5mmol) and triethylamine
(20 mL) in THF (50 mL) at 0 °C. The mixture was stir-
red for 1 h at 0 °C and then for 2 h at room temperature.
The resulting mixture was diluted with ethyl acetate,
then washed with water and brine. The organic layer
was dried over anhydrous Na,SQ,, filtered, and then
concentrated in vacuo. Flash chromatography
(AcOEt:hexane = 3:1) of the residue gave 22 as a color-
less solid (15.4g, 92%). mp: 99-102°C. 'H NMR
(400 MHz, CDCl3): ¢ 1.20-1.30 (1H, m), 1.70-1.90
(2H, m), 3.20-3.85 (4H, m), 4.54 (0.6H, s), 4.90 (0.7H,
d, J=15.3Hz), 499 (0.7H, d, J=15.3 Hz), 7.70-8.08
(SH, I’l’l) HRMS (EI) caled for C18H14C1F6IN202
(M™) 565.9693; found, 565.9731. Anal. Calcd for
CisH14CIFIN,O,: C, 38.15; H, .2.49; N, 4.94. Found:
C, 37.95; H, 2.35; N, 5.01.

5.1.41. 5-[3,5-Bis(trifluoromethyl)benzyl]-7-chloroe-3.4,5,6-
tetrahydro-2H-pyrido[4,3-b]-1,5-0xazocin-6-one (23). To a
solution of 22 (1.74 g, 3.07 mmol) in EtOH (30 mL) was
added K,COj3 (2.12 g, 15.3 mmol), and the mixture was
stirred under reflux for 6 h. The resulting mixture was
extracted with ethyl acetate, and the extract was washed
with brine, then dried over Na,SQOy. The solvent was evap-
orated, and the residue was purified by silica gel chroma-
tography (AcOEt:hexane = 2:1 v/v) to give compound 23
(950 mg, 71%). mp: 197-200 °C. '"H NMR (400 MHz,
CDCl;): 0 1.97-2.18 (2H, m), 3.23-3.32 (1H, m), 3.63—
3.74 (1H, m), 4.06 (1H, d, J=15.3 Hz), 4.22-4.30 (1H,
m), 4.44-4.53 (1H, m), 5.64 (1H, d, J=15.3 Hz), 6.80
(1H, d, J=5.5Hz), 7.84 (1H, s), 7.88 (2H, s), 8.17 (1H,
d, J=55 HZ) HRMS (EI) caled for C18H13C1F6N202
(M") 438.0570; found, 438.0571. Anal. Caled for
C18H13C1F6N202 H20: C, 4733, H, 287, N, 6.13. Found:
C,47.17; H, 2.88; N, 6.33.

5.1.42. 5-[3,5-Bis(trifluoromethyl)benzyl]-7-iodo-3,4,5,6-
tetrahydro-2 H-pyrido[2,3-b]-1,5-0xazocin-6-one (24). To
a solution of 22 (6.86 g, 12.1 mmol) in THF (60 mL)
was added NaH (581 mg, 14.5 mmol) at 0 °C, and the
mixture was stirred for 0.5 h and then at room temper-
ature for 1 h. The reaction mixture was cooled at 0 °C,
and water was added. The subsequent work-up proce-
dure as described above afforded compound 24 (7.69 g,
42%). mp: 203-206 °C. '"H NMR (400 MHz, CDCl5): 6
1.73-1.81 (1H, m), 2.21-2.34 (1H, m), 3.18-3.27 (1H,
m), 3.40-3.50 (1H, m), 4.14 (1H, d, J = 15.6 Hz), 4.22—
430 (1H, m), 4.46-4.68 (1H, m), 571 (1H, d,
J=15.6Hz), 7.69 (1H, d, J=5.3Hz), 7.83 (1H, 5),
7.94 (2H, s), 8.01 (1H, d, J = 5.3 Hz). HRMS (EI) calcd
for C]gH13F61N202 (M+) 5299926, fOUl’ld, 529.9907.
Anal. Calcd for C;gH3FsIN>O,: C, 40.78; H, 2.47; N,
5.28. Found: C, 40.88; H, 2.30; N, 5.19.

5.1.43. 5-[3,5-Bis(trifluoromethyl)benzyl]-7-(2-methylphe-
nyl)-3,4,5,6-tetrahydro-2 H-pyrido[4,3-b]-1,5-0xazocin-6-
one (25). The compound 25 (330 mg, 98%) was pre-
pared from 23 (300 mg, 0.684 mmol) in a manner simi-
lar to that described for the preparation of 10a. mp:
151-154 °C. "TH NMR (400 MHz, CDCl5): § 1.95-2.12
(2H, m), 2.18 (3H, s), 3.24-3.32 (1H, m), 3.75-3.85
(1H, m), 3.91 (1H, d, J=15.3 Hz), 4.19-4.27 (1H, m),
4.38-4.46 (1H, m), 5.33 (1H, d, J = 15.3 Hz), 6.85 (1H,
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d, J=5.5Hz), 6.92-7.09 (2H, m), 7.18-7.25 (2H, m),
7.57(2H,s),7.81(1H,s),8.44(1H,d,J = 5.5 Hz). HRMS
(EI) caled for C,sHy0F¢N,O, (M*) 494.1429; found,
494.1443. Anal. Calcd for C25H20F6N202'%H202 C,
60.29; H, 4.05; N, 5.62. Found: C, 60.01; H, 4.07; N, 5.40.

5.1.44. 5-[3,5-Bis(trifluoromethyl)benzyl]-7-(2-methylphe-
nyl)-3,4,5,6-tetrahydro-2 H-pyrido|2,3-b]-1,5-0xazocin-6-
one (26a). The compound 26a (278 mg, 99%) was pre-
pared from 24 (300 mg, 0.566 mmol) in a manner sim-
ilar to that described for the preparation of 10a. mp:
138-142 °C. "H NMR (400 MHz, CDCl5): 6 1.75-1.97
(2H, m), 2.17-2.34 (3H, brs), 3.17-3.32 (1H, m), 3.50-
3.73 (1H, m), 4.02 (1H, d, J=15.3 Hz), 4.31-4.41
(1H, m), 4.60-4.68 (1H, m), 5.44 (1H, d, J=15.3 Hz),
6.73-7.70 (5H, m), 7.02 (1H, d, J=4.9 Hz), 7.78
(1H, s), 8.40 (1H, d, J=49Hz). HRMS (EI) for
CysHy0FgN,O,  (M™):  caled, 494.1429; found,
494.1441. Anal. calcd for C25H20F6N202: C, 6073, H,
4.08; N, 5.67. Found: C, 60.88; H, 4.01; N, 5.32.

5.1.45. 5-[3,5-Bis(trifluoromethyl)benzyl]-7-phenyl-3,4,5,6-
tetrahydro-2 H-pyrido|2,3-b]-1,5-oxazocin-6-one (26b).
The compound 26b (729 mg, 80%) was prepared from
24 (1.00 g, 1.89 mmol) in a manner similar to that de-
scribed for the preparation of 10a. mp: 185-186 °C. 'H
NMR (400 MHz, CDCl;): 6 1.73-1.82 (1H, m), 2.26—
2.39 (1H, m), 3.32-3.40 (1H, m), 3.69-3.78 (1H, m),
4.17 (1H, d, J = 15.3 Hz), 4.27-4.37 (1H, m), 4.63-4.70
(1H, m), 5.51 (IH, d, J=15.3Hz), 7.16 (1H, d,
J=5.5Hz), 7.25-7.70 (5H, m), 7.71 (2H, s), 7.83 (1H,
s), 841 (1H, d, J=5.5Hz). HRMS (EI) calcd for
CosH 3sFsN,O, (M™) 480.1272; found 480.1286. Anal.
Calcd for C24H18F6N2021 C, 6000, H, 378, N, 5.83.
Found: C, 59.83; H, 3.71; N, 5.76.

5.1.46. 5-3,5-Bis(trifluoromethyl)benzyl]-7-(2-methylphe-
nyl)-8-0x0-3,4,5,6-tetrahydro-2 H-pyrido|4,3-b]-1,5-oxazo-
cin-6-one (27). To a solution of 25 (360 mg, 0.728 mmol)
in dichloromethane (2 mL) was added mCPBA (251 mg,
1.45 mmol) portion-wise under ice cooling. The mixture
was stirred for 30 min at 0 °C and then for 24 h at room
temperature.  Flash  chromatography  (AcOEt:-
MeOH = 5:1 v/v) of the mixture gave 27 as a colorless
solid (259 g, 70%). mp: 175-177°C. 'H NMR
(400 MHz, CDCls): 6 1.95-2.15 (2H, m), 2.36 (3H, s),
1.31-3.38 (1H, m), 3.77-3.86 (1H, m), 3.94 (1H, d,
J=14.7Hz), 4.12-4.20 (1H, m), 4.44-4.51 (IH, m),
5.25 (1H, d, J=14.7Hz), 6.79 (1H, d, J=7.3 Hz),
6.94 (1H, d, J=7.3 Hz), 7.01-7.07 (1H, m), 7.24-7.37
(3H, m), 7.53 (2H, s), 7.82 (1H, s), 8.24 (1H, d,
J=173 HZ) HRMS (EI) caled for C25H20F6N203 (M+)
510.1378; found, 510.1413. Anal. Calcd for
C25H20F6N203'H20: C, 5682, H, 381, N, 5.30. Found:
C, 57.00; H, 3.83; N, 5.27.

5.1.47. 5-[3,5-Bis(trifluoromethyl)benzyl]-7-(2-methylphe-
nyl)-10-o0x0-3,4,5,6-tetrahydro-2 H-pyrido[2,3-b]-1,5-0xa-
zocin-6-one (28a). The compound 28a (231 mg, 83%)
was prepared from 26a (270 mg, 0.546 mmol) in a man-
ner similar to that described for the preparation of 27.
mp: 188-191 °C. "H NMR (400 MHz, CDCl5): 6 1.75-
1.84 (1H, m), 1.90-2.44 (4H, m), 3.27-3.38 (1H, m),

3.57-3.75 (1H, m), 4.06 (1H, d, J = 15.3 Hz), 4.28-4.39
(1H, m), 4.73-4.81 (1H, m), 5.45 (1H, d, J=15.3 Hz),
6.68-7.33 (4H, m), 7.01 (1H, d, J=6.7 Hz), 7.52 (2H,
s), 7.79 (1H, s), 831 (1H, d, J=6.7Hz). HRMS
(FAB+) caled for C25H21F6N203 (M++1) 5111456,
found, 511.1469. Anal. Calcd for CysH,F¢N,Oj;-
'gHzO: C, 58.41; H, 3.92; N, 5.45. Found: C, 58.03; H,
3.79; N, 5.38.

5.1.48. 5-[3,5-Bis(trifluoromethyl)benzyl]-10-0x0-7-phen-
yl-3,4,5,6-tetrahydro-2 H-pyrido|2,3-b]-1,5-0xazocin-6-one
(27b). The compound 27b (411 mg, 54%) was prepared
from 26b (729 mg, 1.52 mmol) in a manner similar to
that described for the preparation of 27. mp: 207-
210 °C. '"H NMR (400 MHz, CDCls): 6 1.77-1.84 (1H,
m), 2.35-2.48 (1H, m), 3.46 (1H, dd, J=15.9 and
6.1 Hz), 3.79 (1H, dd, J =159 and 11.6 Hz), 4.19 (1H,
d, J=15.3 Hz), 430 (1H, ddd, J=12.8, 12.8, and
3.7Hz), 4.79 (1H, dd, J=12.8 and 5.5 Hz), 5.51 (1H,
d, J=153Hz), 7.16 (1H, d, J=6.7 Hz), 7.24-7.69
(5H, m), 7.71 (2H, s), 7.85 (1H, s), 8.35 (1H, d, /= 6.7
HZ). HRMS (FAB+) calcd for C24H19F6N203 (M++1)
497.1300; found 497.1291. Anal. Caled for
C24H18F6N203 . %HzO: C, 5703, H, 359, N, 5.54.
Found: C, 57.43; H, 3.54; N, 5.39.

5.1.49. 5-[3,5-Bis(trifluoromethyl)benzyl]-9-chloro-7-(2-
methylphenyl)-3,4,5,6- tetrahydro-2 H-pyrido|4,3-b]-1,5-
oxazocin-6-one (29). A mixture of 27 (243 mg,
0.476 mmol) and phosphorus oxychloride (2 mL) was
refluxed for 1 h. After concentration in vacuo, the resi-
due was poured into H,O and filtered in vacuo to give
29 as a yellow foam (252mg, 99%). 'H NMR
(400 MHz, CDCly): 6 1.94-2.31 (2H, m), 2.20 (3H, s),
3.28-3.36 (1H, m), 3.72-3.83 (1H, m), 3.89 (1H, d,
J=153Hz), 427-4.33 (1H, m), 4.39-4.48 (1H, m),
5.27 (1H, d, J = 15.3 Hz), 6.92-6.99 (2H, m), 6.99-7.07
(1H, m), 7.17-7.25 (2H, m), 7.54 (2H, s), 7 81 (1H, s).
HRMS (EI) calcd for C25H19C1F6N202 (M+) 5281039,
found, 528.1013. Anal. Calcd for C,5H[9CIF¢N,O,7-
H,0: C, 45.84; H, 2.92; N, 4.28. Found: C, 46.17; H,
3.28; N, 4.14.

5.1.50. 5-[3,5-Bis(trifluoromethyl)benzyl]-9-chloro-7-(2-
methylphenyl)-3,4,5,6-tetrahydro-2 H-pyrido[2,3-5]-1,5-
oxazocin-6-one (30a). The compound 30a (1.80 g, 98%)
was prepared from 28a (1.77 g, 3.47 mmol) in a manner
similar to that described for the preparation of 29.
Foam. 'H NMR (400 MHz, CDCl;): 6 1.81-1.94 (1H,
m), 2.14-2.34 (4H, m), 3.20-3.33 (1H, m), 3.40-3.73
(1H, m), 3.98 (1H, d, J=15.3 Hz), 4.32-4.42 (1H, m),
4.56-4.65 (1H, m), 5.40 (1H, d, J = 15.3 Hz), 6.68-7.38
(5H, m), 7.52 (2H, s), 7.78 (1H, s). HRMS (EI) calcd
for C25H19C1F6N202 (M+) 5281039, found, 528.1063.
Anal. Calcd for C25H19C1F6N202'3H201 C, 5151, H,
3.29; N, 4.81. Found: C, 51.38; H, 3.43; N, 4.74.

5.1.51. 5-[3,5-Bis(trifluoromethyl)benzyl]-9-chloro-7-
phenyl-3,4,5,6-tetrahydro-2 H-pyrido[2,3-b]-1,5-0xazocin-
6-one (30b). The compound 30b (440 mg, 99%) was pre-
pared from 28b (400 mg, 0.806 mmol) in a manner sim-
ilar to that described for the preparation of 29. mp: 177—
178 °C. '"H NMR (400 MHz, CDCls): 6 1.78-1.88 (1H,





S. Seto et al. | Bioorg. Med. Chem. 13 (2005) 5717-5732 5731

m), 2.23-2.36 (1H, m), 3.33-3.42 (1H, m), 3.69-3.79
(1H, m), 4.12 (1H, d, J=15.3 Hz), 4.28-4.37 (1H, m),
4.60-4.68 (1H, m), 5.46 (1H, d, J=15.3 Hz), 7.19 (1H,
s), 7.23-7.47 (5H, m), 7.69 (2H, s), 7.83 (1H, s). HRMS
(EI) caled for Co4H;7CIFgN,O, (M™) 514.0883; found,
514.0865. Anal. Calcd for C,4H;7CIF¢N,O,: C, 55.99;
H, 3.33; N, 5.44. Found: C, 55.98; H, 3.24; N, 5.25.

5.1.52. 9-(4-Acetylpiperazinyl)-5-[3,5-bis(trifluorometh-
yl)benzyl]-7-(2-methylphenyl)-3,4,5,6-tetrahydro-2 H-pyr-
ido[4,3-b]-1,5-0xazocin-6-one (1b). A mixture of 29
(79.4 mg, 0.150 mmol) and 1-acetylpiperazine (38.5 mg,
0.300 mmol) was heated at 150 °C for 5 h. The resulting
mixture was diluted with ethyl acetate, then washed with
water and brine. The organic layer was dried over anhy-
drous Na,SO,, filtered, and then concentrated in vacuo.
Flash chromatography (AcOEt:MeOH =10:1) of the
residue gave 1b as a colorless foam (51.4 mg, 55%). 'H
NMR (400 MHz, CDCl3): 6 1.90-2.10 (2H, m), 2.13
(3H, s), 2.23 (3H, s), 3.21-3.29 (1H, m), 3.45-3.62
(4H, m), 3.62-3.78 (4H, m), 3.78-3.89 (1H, m), 3.92
(1H, d, J=153Hz), 4.10-4.18 (1H, m), 4.36-4.44
(1H, m), 5.34 (1H, d, /=153 Hz), 6.11 (1H, s), 6.92—
7.01 (1H, m), 7.01-7.08 (1H, m), 7.17-7.24 (2H, m),
7.57 (2H, s), 7.79 (1H, s). HRMS (EI) caled for
C31H30FgN,O5 (M™) 620.2222; found, 620.2244. Anal.
Calcd for C31H30F6N403 . %HzO: C, 5965, H, 484, N,
8.98. Found: C, 59.27; H, 4.72; N, 8.76.

5.1.53. 9-(4-Acetylpiperazinyl)-5-[3,5-bis(trifluorometh-
yl)benzyl]-7-(2-methylphenyl)-3,4,5,6-tetrahydro-2 H-pyr-
ido[2,3-h]-1,5-0xazocin-6-one (2b). The compound 2b
(44.6 mg, 38%) was prepared from 30a (100 mg,
0.189 mmol) in a manner similar to that described for
the preparation of 1b. Foam. 'H NMR (400 MHz,
CDCl;): 6 1.81-1.95 (2H, m), 2.05-2.20 (4H, m), 2.27-
2.35 (2H, m), 3.15-3.23 (1H, m), 3.52-3.62 (4H, m),
3.62-3.82 (5SH, m), 3.93 (1H, d, J = 15.3 Hz), 4.28-4.36
(1H, m), 4.42-4.52 (1H, m), 5.31-5.43 (1H, m), 6.24
(1H, s), 6.75-7.33 (4H, m), 7.52 (2H, s), 7.77 (1H, s).
HRMS (EI) caled for C3;H30F¢N4O3 (M™) 620.2222;
found, 620.2224. Anal. Calcd for Cs H;3gF¢N4O;5: C,
60.00; H, 4.87; N, 9.03. Found: C, 59.69; H, 4.73; N, 8.90.

5.1.54. 5-[3,5-bis(trifluoromethyl)benzyl]-9-morpholino-7-
phenyl-3,4,5,6-tetrahydro-2 H-pyrido[4,3-b]-1,5-0xazocin-
6-one (2¢). The compound 2¢ (47.3 mg, 57%) was pre-
pared from 30b (75.0 mg, 0.146 mmol) in a manner sim-
ilar to that described for the preparation of 1b. Foam.
'H NMR (400 MHz, CDCl;): 6 1.84-1.93 (1H, m),
2.07-2.20 (1H, m), 3.35-3.43 (1H, m), 3.50-3.63 (4H,
m), 3.76-3.83 (4H, m), 3.92-4.01 (1H, m), 4.03-4.10
(1H, m), 4.13 (1H, d, J = 15.3 Hz), 4.40-4.52 (1H, m),
5.40 (1H, d, J =15.3 Hz), 6.14 (1H, s), 7.24-7.37 (3H,
m), 7.41-7.47 (2H, m), 7.78 (2H, s), 7.84 (1H, s). HRMS
(EI) caled for C,sH,sFgN;O5; (M™) 565.1800; found
565.1761. Anal. Calcd for Cr3H,sFgN3O5: C, 59.47; H,
4.46; N, 7.43. Found: C, 59.45; H, 4.50; N, 7.19.

5.2. Biology

5.2.1. NK; receptor antagonist test.>> Guinea pigs were

stunned by a blow on the head and then exsanguinated

from the carotid artery and the ileum was isolated. The
ileum was mounted in an organ bath containing Tyr-
ode’s solution, which was maintained at 32 °C and
gased with 95% O, and 5% CO,. The ileum was sub-
jected to a resting tension of 1 g and allowed to equil-
ibrate for 20 min before the experiment was started.
As a control, a concentration—response curve for sub-
stance P obtained in the absence of test compounds
was used. The NK; receptor antagonist activity of
each test compound was determined from a concentra-
tion-response curve obtained by pretreatment with at
least three concentrations of a test compound in
DMSO solution for 10 min and subsequently applying
substance P in a cumulative manner. The activity was
expressed as a Ky value determined by the Schild
method.?*

5.2.2. Water solubility test. A sample solution of test
compound (10 g/mL) was prepared by adding a test
compound (2.0-4.0mg) in dimethylsulfoxide (0.2—
0.4 mL). The solution was added to aqueous buffer solu-
tion, pH 6.8, and the mixture was shaken vigorously for
15 min at room temperature, followed by filtering off the
precipitate using a 96-well filterplate. An HPLC
equipped with a photodiode array detector was used
to measure the concentration of the sample solution.
5.2.3. Cystometry test?>. Guinea pigs were anesthetized
with halothane and the spinal cord was cut at the
tenth cervical vertebra level in each animal. After
restriction in a Ballman cage for more than 2h,
room-temperature saline was injected through a blad-
der catheter into the bladder at a rate of 6 mL/h to
conduct a cystometry test. After the effective bladder
capacity had stabilized, a DMSO solution of a test
compound was administered intravenously from the
jugular vein. The effective bladder capacity was defined
as the volume of saline injected from the time of one
micturition to the next. The effect of each test com-
pound was regarded as the increase in the average
bladder volume, determined by taking the difference
between the average bladder volume measured 30 min
prior to administration of the test compound and that
measured every 30 min after administration of the test
compound.

5.2.4. Rhythmic bladder contraction test. Rhythmic blad-
der contraction was observed when saline (1-2 mL) was
injected into a balloon placed in the bladder of ure-
thane-anesthetized guinea pigs. After rhythmic bladder
contraction had stabilized, a DMSO solution of a test
compound was administered by iv injection. The effect
on rhythmic bladder contraction was evaluated in terms
of frequency and amplitude of contraction.
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The "H NMR spectrum of 3g showed an AB pattern for
the benzylic and oxazocine ring methylene protons at
room temperature. Each pair of methylene protons
deteriorated to a very broad peak at 100 °C and collapsed
to one peak but with distinct fission patterns at 150 °C.
These results indicate that attempts to isolate the atrop-
isomers about the oxazocine ring would give only racemic
products due to rapid interconversion.
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		6-[3,5-Bis(trifluoromethyl)benzyl]-4-chloro-2-methylthio-5,6,7,8,9,10-hexahydropyrimido[4,5-b][1,5]diazocin-	5-one (14)

		trifluoromethyl)benzyl]-4-chloro-2-methylthio-6,7,8,9-tetrahydro-5H-pyrimido[4,5-e][1,4]diazepin-5-one (15)

		6-[3,5-Bis(trifluoromethyl)benzyl]-2-methylthio-4-phenyl-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (10a)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-2-methylthio-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (10b)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methoxylphenyl)-2-methylthio-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (10c)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-fluorophenyl)-2-methylthio-6,7,8, 9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (10d)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-2-methylthio-5,6,7,8-tetrahydropyrimido[5,4-f][1,4]oxazepin-5-one (11)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(4-fluoro-2-methylphenyl)-2- methylthio-5,6,7,8,9,10-hexahydropyrimido[4,5-b][1,5]diazocin-5-one (16)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-2-methylthio-6,7,8,9-tetrahydro-5H-pyrimido[4,5-e][1,4]-	diazepin-5-one (17)

		6-[3,5-Bis(trifluoromethyl)benzyl]-2-methylsulfonyl-4-phenyl-6,7,8,9- tetrahydro-5H-pyrimido[4,5-b][1,5]-	oxazocin-5-one (12a)

		6-[3,5-Bis(trifluoromethyl)benzyl]-2-methylsulfonyl-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b]-	[1,5]oxazocin-5-one (12b)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methoxylphenyl)-2-methylsulfonyl-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (12c)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-fluorophenyl)-2-methylsulfonyl-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (12d)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-2-methylsulfonyl-5,6,7,8-tetrahydropyrimido[5,4-f][1,4]-	oxazepin-5-one (13)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-2-methylsulfonyl-5,6,7,8,9,10-hexahydropyrimido[4,5-b]-	[1,5]diazocin-5-one (18)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)methylsulfonyl-6,7,8,9-tetrahydro-5H-pyrimido[4,5-e][1,4]diazepin-5-one (19)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-2-[4-(1- pyrrolodinyl)piperidino]-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3a)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)pyridyl)-1-piperazinyl]-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3b)

		6-[3,5-Bis(trifluoromethyl)benzyl]-2-(1-imidazolyl)-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b]-	[1,5]oxazocin-5-one (3c)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)morpholino-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]-	oxazocin-5-one (3d)

		6-[3,5-Bis(trifluoromethyl)benzyl]-2-[4-(ethoxycarbonyl)piperidino]-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3e)

		2-(4-Carbamoylpiperidino)-6-[3,5-bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3f)

		piperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-	(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b]-	[1,5]oxazocin-5-one (3g)

		2-(4-Acetamido-1-homopiperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3h)

		2-(3-Acetamido-1-pyrrolidinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3i)

		6-[3,5-Bis(trifluoromethyl)benzyl]-2-(1,1-dioxothiomorpholino)-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3j)

		6-[3,5-Bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-2-[4-(methylsulfonyl)-1-piperazinyl]-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3k)

		2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-phenyl-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b]-	[1,5]oxazocin-5-one (3l)

		2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-(2-methoxyphenyl)-6,7,8,9-tetrahydro-5H-	pyrimido[4,5-b][1,5]oxazocin-5-one (3m)

		2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-(2-fluorophenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-b][1,5]oxazocin-5-one (3n)

		2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-5,6,7,8-tetrahydropyrimido-	[5,4-f][1,4]oxazepin-5-one (4)

		2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluoro-	methyl)benzyl]-4-(2-methylphenyl)-5,6,7,8,9,10-hexahydropyrimido[4,5-b][1,5]diazocin-5-one (5a)

		2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-4-(2-methylphenyl)-6,7,8,9-tetrahydro-5H-pyrimido[4,5-e][1,4]diazepin-5-one (6)

		2-(4-Acetyl-1-piperazinyl)-6-[3,5-bis(trifluoromethyl)benzyl]-10-methyl- 4-(2-methylphenyl)-5,6,7,8,9,10-hexahydropyrimido[4,5-b][1,5]diazocin-5-one (5b)

		10-Acetyl-2-(4-acetyl-1-piperazinyl)-6-[3,5-bis-	(trifluoromethyl)benzyl]-4-(2-methylphenyl)-5,6,7,8,9,10-hexahydropyrimido[4,5-b][1,5]diazocin-5-one (5c)

		2-Chloro-4-iodo-3-pyridinecarboxylic acid (21)

		N-[3,5-Bis(trifluoromethyl)benzyl]-2-chloro-N-(3-hydroxypropyl)-4-iodo-3-pyridinecarboxamide (22)

		5-[3,5-Bis(trifluoromethyl)benzyl]-7-chloro-3,4,5,6-tetrahydro-2H-pyrido[4,3-b]-1,5-oxazocin-6-one (23)

		5-[3,5-Bis(trifluoromethyl)benzyl]-7-iodo-3,4,5,6-tetrahydro-2H-pyrido[2,3-b]-1,5-oxazocin-6-one (24)

		5-[3,5-Bis(trifluoromethyl)benzyl]-7-(2-methylphenyl)-3,4,5,6-tetrahydro-2H-pyrido[4,3-b]-1,5-oxazocin-6-one (25)

		5-[3,5-Bis(trifluoromethyl)benzyl]-7-(2-methylphenyl)-3,4,5,6-tetrahydro-2H-pyrido[2,3-b]-1,5-oxazocin-6-one (26a)

		5-[3,5-Bis(trifluoromethyl)benzyl]-7-phenyl-3,4,5,6-tetrahydro-2H-pyrido[2,3-b]-1,5-oxazocin-6-one (26b)

		5-[3,5-Bis(trifluoromethyl)benzyl]-7-(2-methylphenyl)-8-oxo-3,4,5,6-tetrahydro-2H-pyrido[4,3-b]-1,5-oxazocin-6-one (27)

		5-[3,5-Bis(trifluoromethyl)benzyl]-7-(2-methylphenyl)-10-oxo-3,4,5,6-tetrahydro-2H-pyrido[2,3-b]-1,5-oxazocin-6-one (28a)

		5-[3,5-Bis(trifluoromethyl)benzyl]-10-oxo-7-phenyl-3,4,5,6-tetrahydro-2H-pyrido[2,3-b]-1,5-oxazocin-6-one (27b)

		5-[3,5-Bis(trifluoromethyl)benzyl]-9-chloro-7-(2-methylphenyl)-3,4,5,6- tetrahydro-2H-pyrido[4,3-b]-1,5-oxazocin-6-one (29)

		5-[3,5-Bis(trifluoromethyl)benzyl]-9-chloro-7-(2-methylphenyl)-3,4,5,6-tetrahydro-2H-pyrido[2,3-b]-1,5-oxazocin-6-one (30a)

		5-[3,5-Bis(trifluoromethyl)benzyl]-9-chloro-7-phenyl-3,4,5,6-tetrahydro-2H-pyrido[2,3-b]-1,5-oxazocin-6-one (30b)

		9-(4-Acetylpiperazinyl)-5-[3,5-bis(trifluoromethyl)benzyl]-7-(2-methylphenyl)-3,4,5,6-tetrahydro-2H-pyrido[4,3-b]-1,5-oxazocin-6-one (1b)

		9-(4-Acetylpiperazinyl)-5-[3,5-bis(trifluoromethyl)benzyl]-7-(2-methylphenyl)-3,4,5,6-tetrahydro-2H-pyrido[2,3-b]-1,5-oxazocin-6-one (2b)

		5-[3,5-bis(trifluoromethyl)benzyl]-9-morpholino-7-phenyl-3,4,5,6-tetrahydro-2H-pyrido[4,3-b]-1,5-oxazocin-6-one (2c)
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		Water solubility test
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Abstract—We describe the design, synthesis, and biological properties of a novel series of 7-substituted 6-nitro-3-oxoquinoxaline-2-
carboxylic acids. After designing, studying the structure-activity relationships, and evaluating the properties of various compounds,
we found that 7-heterocyclic-6-nitro-3-oxoquinoxaline-2-carboxylic acids that contain a substituted phenyl group linked through
urethane at the 7 position possess good a-amino-3-hydroxy-5-methylisoxazole propionate receptor (AMPA-R) antagonistic activity.
Among the compounds tested, compound 29p (GRA-293), which has a 4-carboxy group on the terminal phenyl moiety, exhibited
high potency and selectivity for the AMPA-R in vitro and good neuroprotective efficacy in vivo. It also showed good aqueous

solubility.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Glutamic acid, an excitatory amino acid (EAA), is a
major excitatory neurotransmitter in the mammalian
central nervous system. Postsynaptic EAA receptors
can be divided into two main subtypes, namely
ionotropic glutamate receptors (iGlu-Rs), such as N-
methyl-pD-aspartate  (NMDA), o-amino-3-hydroxy-5-
methylisoxazole propionate (AMPA) and kinate
(KA), and metabotropic glutamate receptors (mGlu-
Rs). The iGlu-Rs are associated with integral cation-
specific ion channels, which modulate cell excitability
by gating the flow of calcium and sodium ions into
the cell.! However, overstimulation of postsynaptic
receptors by EAA is known to worsen neurodegenera-
tion in conditions such as ischemic stroke, epilepsy,
Huntington’s disease, head trauma, Parkinson’s dis-
ease, and Alzheimer’s disease.?®

Since the discovery of NBQX,? a potent and selective
AMPA receptor (AMPA-R) antagonist, many quinoxal-

Keywords: Excitatory amino acid; Competitive AMPA-R antagonist;

3-Oxoquinoxaline-2-carboxylic acid; Cerebral ischemia.

* Corresponding author. Tel.: +81 280 56 2201; fax: +81 280 57
1293; e-mail: yasuo.takano@mb.kyorin-pharm.co.jp

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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inedione compounds with competitive AMPA-R antag-
onistic activity have been synthesized and tested against
each of the EAA receptor subtypes. Although the
AMPA-R antagonists do not produce side effects such
as schizophrenia,® and effectively protect against neuro-
nal death even in postischemic animal models,? none of
these compounds have yet been marketed as therapeutic
agents for conditions such as acute cerebral ischemia.
The previously described AMPA-R antagonistic quin-
oxalinedione derivatives can be divided into first gener-
ation agents (e.g., NBQX and YM-90K'%!") and second
generation agents (e.g., YM-872 [zonampanel]'>'3).
Both the first and second generation agents are potent,
selective AMPA-R antagonists, and have been shown
to exhibit good neuroprotective effects in animal models
of global and focal cerebral ischemia (Fig. 1).>!l:!13
Unfortunately, the first-generation compounds caused
renal toxicity as a result of their physicochemical prop-
erties, particularly very low solubility in water,'* and
were thus rejected after reaching clinical trials. In second
generation agents such as YM-872, these undesirable
physicochemical properties have been ameliorated by
introducing a hydrophilic functional group (such as ace-
tic acid) into the quinoxalinedione skeleton. Because of
its good aqueous solubility, YM-872 has not caused
renal toxicity and, together with tissue plasminogen
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Figure 1. Known competitive AMPA-R antagonists.

activator (t-PA), is the only agent for the treatment of
cerebral ischemia to have reached the clinical trial stage.
When we started to search for AMPA-R antagonists,
other researchers had already advanced the development
of several improved quinoxalinediones with good solu-
bility, and therefore there appeared to be little scope
for developing new second generation AMPA-R anta-
gonists based on chemical modifications of the quinoxal-
inedione structure. Thus, we refocused our research
efforts on designing and synthesizing novel third gener-
ation compounds, which would not have a quinoxaline-
dione skeleton, but would have potent AMPA-R
affinity, strong neuroprotective effects in vivo and be
water soluble, thus allowing them to be administered
by injection.

In an AMPA-R pharmacophore model, three important
interaction units have already been identified for the
binding of quinoxalinediones, namely (1) the 2,3-dione
moiety of quinoxalinedione is needed to form a coulom-
bic interaction between the tautomeric 2-oxo moiety and
the AMPA-R, (2) a hydrogen bond donor at 4 position
of the quinoxalinedione molecule is needed to interact
with the AMPA-R, and (3) the nitro group at 6 position
undergoes a specific interaction with the AMPA-R.!°
However, it also appeared to us that the acetic acid
group introduced into the quinoxalinedione skeleton
of YM-872 resulted in improved affinity for the
AMPA-R compared with YM-90K. We therefore decid-
ed that an acetic acid group on the quinoxaline skeleton
would affect the ability of the compound to interact with
the AMPA-R as well as improve the water solubility.
With these attributes in mind, we concluded that 3-oxo-
quinoxaline-2-carboxylic acids bearing a hydrophilic
group on a quinoxaline nucleus, instead of a quinoxalin-
edione structure with a hydrophilic group, would pro-
vide a good nucleus for a new generation of AMPA-R
antagonists with both good AMPA-R activity and solu-
bility. Consequently, we designed and synthesized a ser-

FI{a
L =
O.N N" O
H

Figure 2. Synthetic targets for a new generation of AMPA-R
antagonists.
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ies of new compounds based on 7-substituted-6-nitro-3-
oxo-quinoxaline-2-carboxylic acids (Fig. 2). In this pa-
per, we describe the design and synthesis of these novel
7-substituted 6-nitro-3-oxoquinoxaline-2-carboxylic
acid derivatives and their biological effects.

2. Chemistry

The 7-halogeno-6-nitro-3-oxoquinoxaline-2-carboxylic
acid derivatives were prepared using two methods (routes
A and B), as shown in Scheme 1. In the case of the 7-chloro
compound produced via route A, 4-chloro-1,2-phenylen-
ediamine (1) was condensed with diethyl ketomalonate,
then separated by column chromatography to give ethyl
7-chloro-3-oxoquinoxaline-2-carboxylate (2a) and its iso-
mer (3). The esters 2a and 3 were converted to the 6- and 7-
nitro compounds (4a and 5) by selective nitration (2a,
fuming HNO3, AcOH; 3, KNOj3, concd H,SO,) followed
by hydrolysis to give 6- and 7-nitro carboxylic acids (6a
and 7, respectively). Compound 6a could also be synthe-
sized from 4-chloro-2-nitroaniline (8a) using an improve-
ment of the standard procedure,'® as shown in route B.
The nitroaniline 8a was treated with ethyl 3-chloro-3-oxo-
propionate, followed by intramolecular cyclization and
deoxygenation to give ethyl 7-chloro-3-oxoquinoxaline-
2-carboxylate 322); the chemical shift and coupling con-
stants seen on ' H NMR spectroscopy indicated that this
product was consistent with compound 2a, as obtained
from 4-chloro-1,2-phenylenediamine (1) and diethyl
ketomalonate via route A. In the case of the 7-fluoro
and 7-bromo derivatives, quinoxalines 2b and ¢ were pre-
pared from 4-fluoro- and 4-bromo-2-nitroaniline (8b and
¢) as shown, following the same procedures used to
produce ethyl 7-chloro-3-oxoquinoxaline-2-carboxylate
(2a) from 8a. These intermediates were then converted
to the nitro compounds 4b and ¢ by selective nitration
(fuming HNO3, AcOH) at the 6 position, followed by
hydrolysis to give the 7-fluoro and 7-bromo carboxylic
acids (6b and c, respectively).

A quinoxaline methylated at the 4 position (14) was pre-
pared from the 6-nitro compound 4b by methylation
with iodomethane, followed by hydrolysis of the ester
group. The 6-amino compound 15 and 2-carboxamide
compound 16 were prepared from the imino ether 11a,
which reacted with the 7-F ester 4b and iodomethane
in the presence of silver(I) oxide. Hydrogenation or ami-
dation of the imino ether 11a followed by hydrolysis
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<route A >
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16 ; X=F, R'=NO,, R?=NH,, R®*=H

Scheme 1. 7-Halogeno-6-nitro-3-oxoquinoxaline-2-carboxylic acid derivatives. Reagents: (a) Diethyl ketomalonate, EtOH and then separation by
chromatography; (b) fuming HNO3, AcOH; (c) KNO3, concd H,SOy4; (d) 1 N KOH, EtOH; (e) ethyl 3-chloro-3-oxopropionate, toluene or Et;N-
DMF; (f) KO'Bu, DMF; (g) PBrs, DMF; (h) NaH, Mel, DMF; (i) Mel or EtBr, Ag,0, toluene; (j) H,, 10% Pd—C, EtOH; (k) NH,OH, MeOH; (1) I N
NaOH, EtOH followed by 48% HBr, AcOH; (m) 48% HBr or concd HCI, AcOH.

gave compounds 15 and 16. Treatment of the 7-F ester
4b with bromoethane instead of iodomethane in the
presence of silver(I) oxide yielded the imino ether 11b.

The syntheses of the novel 7-heterocyclic-6-nitro-3-oxo-
quinoxaline-2-carboxylic acid derivatives are outlined in
Scheme 2. The imino ethers 11a or 11b, derived from the
7-fluoro ester 4b, were reacted with commercially avail-
able amines (R,-NH) such as dialkyl, alicyclic, and het-
erocyclic amines in THF, MeCN, or DMF to produce
nucleophilic substitution of the fluoro group at the 7
position, followed by hydrolysis to form the 7-dialkyl,

]@N COzEt a
O2N O Ra
11a ; Ra=Me
11b ; Ra=Et

(From 11b)\ f
PMB— NJ@[ ICOzEt
N~ "OEt

g, h HQNQN 002 i

alicyclic, and heterocyclic amino substituted derivatives
19a-1. The imino ether 11b was also treated with 4-meth-
oxybenzylamine in THF, followed by deprotection of
both the 4-methoxybenzyl (PMB) group and the imino
ether, then hydrolyzed to give the 7-amino compound
21. The 7-pyrrolyl compound 22 was prepared
from the 7-amino compound 21 using 2,5-dimeth-
oxytetrahydrofuran in AcOH.

Next, 4-urethane linked imidazole derivatives (28a—f,
29a-y, and 30a-—c) were prepared from the key inter-
mediate 7-[4-(hydroxymethyl)imidazolyllquinoxaline (18k),

:©: Jv\COZEt borcordore LCOZH

17a-h ; Ra=Me 19a- |
18i-1 ; Ra=Et

N NICOZH
ZN: C :N 0
H

Scheme 2. 7-Heterocyclic-6-nitro-3-oxoquinoxaline-2-carboxylic acid derivatives. Reagents: (a) (R,-NH), Et;N or none, THF or MeCN or DMF;
(b) concd HCI; (¢) KOH or NaOH, EtOH-H,O followed by 3 N HCI or 48% HBr; (d) concd HCI or 48% HBr, AcOH; (e) concd HCl, AcOH
followed by LiOH, H,O; (f) 4-methoxybenzyl amine, Et;N, THF; (g) CF3CO,H, anisole; (h) 1 N NaOH, EtOH followed by concd HCI, EtOH; (i)

2,5-dimethoxytetrahydrofuran, AcOH.
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Scheme 3. 4-Urethane linked imidazole derivatives. (a) 4-[HO(CH,),Jimidazole, Et;N, MeCN or DMA; (b) R*-NCO, CH,Cl, or benzene or MeCN;
(c) R*CO,H, DPPA, Et;N, benzene; (d) 48% HBr or concd HCI, AcOH; (e) concd HCI, AcOH followed by 1 N LiOH or 2 N NaOH; (f) 1 N KOH,

EtOH followed by 48% HBr.
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37a,b

O X
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O,N N” SOEt
36

H
35

R4/ \jij D[ COzH
O,;N
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Scheme 4. 3-Urethane linked pyridone derivatives. (a) n-BuLi, iPr,NH, THF followed by DMF; (b) NaBH,4, EtOH; (c) NaOH, H,O; (d) compound
11b, DMF; (e) R*-NCO, CH,Cl; (f) consd HCI, AcOH; (g) concd HCI, AcOH followed by LiOH, H,O.

which was synthesized from imino ether 11b and 4-
(hydroxymethyl)imidazole. Treatment with various
isocyanates followed by hydrolysis provided the corre-
sponding 4-urethane linked derivatives shown in Scheme
3. Compound 31 was also prepared from 7-[4-(2-
hydroxyethyl)imidazolyl]quinoxaline (23), which was
obtained from imino ether 11b using 4-(2-hydroxyeth-
yl)imidazole'” instead of 4-(hydroxymethyl)imidazole
in the above procedure.

The 3-urethane linked pyridone derivatives 38a and b
were prepared from 7-[3-(hydroxymethyl)-4-pyridon-1-
yl]quinoxaline (36) as the key intermediate following
the same procedure as for the imidazole derivatives. 3-
(Hydroxymethyl)-4-pyridone (35), the starting material
for the heterocycle at the 7 position, was synthesized
by hydroxylation of 3-(hydroxymethyl)-4-chloropyri-
dine (34) with NaOH solution. This was in turn pre-
pared by lithiation of 4-chloropyridine (32) followed
by treatment with N,N-dimethylformamide and reduc-
tion with sodium borohydride (Scheme 4).

3. Results and discussion

The structures and characteristics of the 7-substituted-6-
nitro-3-oxoquinoxaline-2-carboxylic acid derivatives are
shown in Tables 1-6.

3.1. 7-Halogeno derivatives

The structures and AMPA-R affinities of the 7-halo-
geno compounds are shown in Table 1. Previous stud-
ies on quinoxalinedione compounds with known
AMPA-R antagonistic activity'®!'? have indicated that
a nitro group at the 6 position on the quinoxalinedione
nucleus confers high affinity for the AMPA-R. To pro-
vide initial confirmation that the 3-oxoquinoxaline-2-

Table 1. 7-Halogenated derivatives

R N_ CO - R®
L

R1

|

RS
Compound R R! R R?> AMPA-R affinity®>-°

K; (nM)

6a Cl NO, OH H 1300
7 NO, I OH H 6700
4a Cl  NO, OEt H >10,000
6b F NO, OH H 2000
6¢ Br NO, OH H 690
14 F NO, OH Me >10,000
15 F NH, OH H  >10,000
16 F NO, NH, H  >10,000
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carboxylic acid nucleus would be suitable for the gen-
eration of AMPA-R antagonists, we introduced a nitro
group by carrying out electron-withdrawing at the 6 or
7 position in the 3-oxoquinoxaline-2-carboxylic acid.
Accordingly,  3-oxoquinoxaline-2-carboxylic  acid,
which has a nitro group at the 6 position (6a), exhibit-
ed good AMPA-R affinity. However, 6-chloro-7-nitro-
3-oxoquinoxaline-2-carboxylic acid (7), which contains
anti-substituted compounds at the 6 and 7 positions,
was approximately 5-fold less potent than the parent
compound 6a. These binding-affinity results can be
ascribed to the presence of a chloro group, a weak elec-
tron-withdrawing group, rather than a nitro group at
the 6 position. On the other hand, replacing the halo-
gen atoms at the 7 position (fluorine [6b] or bromine
[6¢]) produced nearly the same activity as in 6a. An
electron-donating group such as an amino group (15)
at the 6 position in the 3-oxoquinoxaline-2-carboxylic
acid also resulted in loss of AMPA-R affinity. In par-
ticular, in the 3-oxoquinoxaline-2-carboxylic acids with
a nitro group at the 6 position, conversion of the car-
boxyl group to an ester group (4a) or an amide group
(16) and replacement of the intramolecular amide moi-
ety by a methyl group (14) resulted in markedly de-
creased AMPA-R affinity. These results confirmed
that potent AMPA-R affinity depended on the presence

Table 2. 7-Substituted amino and 7-heterocyclic 2-quinoxalinecarb-
oxylic acid derivatives

RKINICOZH
O,N N0
H

AMPA-R affinity*>-*®

Compound R

K; (nM)

19a (CHs),N— 910

19 ( N— 3800

19¢ g N— 2000
_/

19d HOCN_ 2500
(O N

19¢ - 3700
>~N N

19¢ F N N— 2600

_/

19g O:CN* 330
N

19h "L/N— 560

2 CN* 920

of a strong electron-withdrawing group at the 6
position, a carboxyl group at the 2 position, and a
hydrogen atom at the 4 position of the 3-oxoquinoxa-
line-2-carboxylic acid.

3.2. 7-Dialkyl, alicyclic, and heterocyclic amino
derivatives

As the next approach, based on the results obtained with
the 7-halogeno-3-oxoquinoxaline-2-carboxylic deriva-
tives, we selected a compound with a nitro group at the
6 position and performed chemical modifications which
introduced a variety of amines (such as dialkyl, alicyclic,
and heterocyclic amines) at the 7 position. The structures
and AMPA-R affinities of these 7-(substituted)amino
compounds are shown in Table 2. The dialkyl and alicy-
clic amino derivatives (19a—f) showed similar AMPA-R
affinity to the 7-halogeno derivatives. However, introduc-
tion of a heterocyclic amine, as in the 4-pyridon-1-yl (19g),
imidazol-1-yl (19h), and pyrrol-1-yl (22) compounds con-
siderably enhanced AMPA-R binding affinity. Conse-
quently, substitution of a flat heterocyclic structure
bearing n-electrons at the 7 position on the 6-nitro-3-oxo-
quinoxaline-2-carboxylic acid appears to be essential for
increasing AMPA-R affinity.

3.3. 7-(Substituted)imidazole derivatives and their molec-
ular modeling

Next, we compared the effects of substitution onto the
imidazole moiety on AMPA-R affinity using commer-
cially available imidazoles. Compared to a nonsubstitut-
ed imidazole, AMPA-R affinity was reduced by the
introduction of substituents at the 2 or 4 position on
the imidazole moiety (19h vs 19i-191). Substitution at
the 2 position produced a particularly marked decrease
in AMPA-R affinity. Among the compounds with sub-
stituents at the 4 position, however, the carboxymethyl
compound 191 maintained AMPA-R affinity equal to
that of the nonsubstituted imidazole compound 19h.
Compounds 19j and 19k showed decreased activity com-
pared to 19h. Interestingly, the AMPA-R affinity of
compound 19j was increased by introducing a carboxy
group onto the 4-methyl group on the imidazole ring.
From these results, we concluded that a carboxymethyl
group on the imidazole moiety may facilitate interaction

Table 3. 7-Substituted imidazole derivatives

R3
N=
R~ |

JC[NICOZH
O,N NSO

H

Compound R? R? AMPA-R affinity®>-2
Ki (nM)

1%h H H 560

19i H CH; >10,000

19§ CH; H 1300

19k CH,OH H 2600

191 CH,COH H 530
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Figure 3. Modeled structure of AMPA-R bound to ligands. (a) The bound conformation of 19h in the active site of the modeled AMPA-R. (b) The
bound conformation of compound 191 in the active site of modeled AMPA-R.

with the AMPA-R, and that a carboxyl group would be
needed as a proton acceptor and/or donor to interact
with the AMPA-R (Table 3).

Based on the binding-affinity results, we studied the
impact of structural conformation on molecular model-
ing. We divided the structure of compound 19h into three
parts (Fig. 3a). The first part was the 3-oxo-2-carboxylic
acid moiety of the 6-nitro-3-oxoquinoxaline-2-carboxyl-
ic acid. This interacts with the AMPA-R through two
potential hydrogen bonds to Thr504 and Thr506, and
an ion pair to Arg509. The second part consists of the
amide nitrogen of 19h, which forms a hydrogen bond
with the backbone carbonyl group of Pro502. The third
part consists of the 6-nitro group on the quinoxaline
ring, which forms a hydrogen bond with the side chains
of Tyr756 and Asn733. These modeling results convinced
us that the three individual parts of the molecule were
essential for interaction of the AMPA-R with 6-nitro-
3-oxoquinoxaline-2-carboxylic acids. In the model, the
7-imidazole ring of compound 19h lies near the side chain
of Thr707, and the nitrogen atom at the 3 position on the
7-imidazole ring could form a weak hydrogen bond with
the hydroxyl group of Thr707.

We next attempted a docking study, in which compound
191 (which possesses a carboxymethyl group at the 4
position on the imidazole ring) was superimposed on
the modeled AMPA-R structure (Fig. 3b). Because com-
pound 191 had greater AMPA-R affinity compared to
compounds 19k and 19j, we concluded that the carbonyl
oxygen of its carboxymethyl group produced the most
favorable interaction with the side chain of Thr707.
Moreover, we believed that it would be possible to in-
crease the AMPA-R affinity of compound 191 by intro-
ducing substituents at the 4 position on the imidazole
ring directed toward another interaction site, which in-
cludes Val714, Leu728, and Tyr735. Because this region
is predominantly hydrophobic in nature, lipophilic
groups joined through various links with hydrogen

acceptors would be the most favorable substituents at
the 4 position on the imidazole group.

3.4. 7-Urethane linked imidazole derivatives

Based on the information yielded by molecular model-
ing, we synthesized a series of carbonyl compounds
with urethane-containing groups attached through
the hydroxymethyl group on the imidazole moiety of
19k, which could in turn be readily synthesized. The
structures and affinities of these 7-urethane linked
imidazole derivatives for the AMPA-R and NMDA-
R are shown in Table 4. We found that compounds
with the urethane linkage exhibited more potent
AMPA-R affinity than the nonsubstituted compound
19h and alcohol and the carboxylic compounds 19k
and 1. In particular, urethane compounds with a ter-
minal lipophilic ring, such as a cyclohexyl (28¢) or
phenyl ring (28d) exhibited good AMPA-R affinity
and selectivity. However, when the methylene chain
between the urethane linkage and the terminal phenyl
group was extended, AMPA-R affinity was reduced
(28e and f). We also attempted the introduction of a
similar substituent group, a phenyl group linked
through a urethane moiety, to a 4-pyridone compound
(19g), which exhibited good AMPA-R affinity. Despite
having the same urethane-linked phenyl group as a
substituent at the 7 position on the quinoxaline ring,
the 4-pyridone compound 38a showed weaker
AMPA-R affinity than the imidazole compound 28d.
Therefore, we concluded that an imidazole group at
the 7 position on the quinoxaline ring is optimal,
and that the imidazole group is needed to confer func-
tional activity through the urethane linkage to en-
hance AMPA-R affinity. We further concluded that
the urethane moiety would function in a similar way
to the carboxyl group of compound 191, and that a
terminal lipophilic ring (such as phenyl ring) would
be needed to allow good interaction with the
AMPA-R, as suggested by molecular modeling.
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Table 4. 7-Urethane linked imidazole/pyridone derivatives
ﬁ@ CO,H
R Jij[

OoN
Compound Ring A R* AMPA-R afﬁnlty25 26 NMDA-R affinity®’ Selectivity

K; (nM) K; (nM) NMDA-R

AMPA-R

282 /Qi\N n-Bu 82 8900 110
28b = iso-Pr 100 NT NT
28¢ cycl.Hex 39 >10,000 >260
28d Ph 86 >10,000 >120
28e* PhCH, 67 7200 110
28f PhCH,CH, 170 NT NT

170 >10,000 >59

(6]
38a N Ph
~No

NT, not tested.
“Na salt.

3.5. Confirmation of AMPA-R binding of an imidazole
with a 7-urethane linked phenyl group (28d) by molecular
modeling

A model of the binding between compound 28d and the
AMPA-R is shown in Figure 4a. The quinoxaline nucle-
us of compound 28d exhibited the same interactions as
in the three essential parts of compound 19h. Moreover,
we confirmed that the ether oxygen on the urethane link-
age of compound 28d formed a hydrogen bond with the
side chain of Thr707, and that the terminal phenyl moi-
ety interacted with the side chains of Val714, Leu728,
and Tyr735. A substituent introduced at the 4 position
on the imidazole group produced a significant increase
in AMPA-R affinity when a urethane linkage was pres-
ent. Indeed, AMPA-R affinity increased to a subnanom-
olar level, 7-fold stronger than that of compound 19h.
Therefore, it became clear that a urethane linkage and

£
<
~

\ 429

4(\7}*\ *\mr-—/ "\

a terminal lipophilic ring, such as a phenyl ring, are
needed for good interaction with AMPA-R. Our struc-
tural modeling experiments on the binding of the
AMPA-R to essential components of compound 19h,
thus, eventually led to the synthesis of compound 28d,
which shows high AMPA-R affinity. This implies that
rational drug design using homology modeling and
docking strategies is useful.

Recently, the soluble ligand binding core of GluR2
(GluR2-S1S2J) was created and the X-ray crystallogra-
phy structure of the S1S2J-DNQX complex (PDB entry:
IFTL) was determined as shown in Figure 4b.'® When
we compared our model structure with the X-ray struc-
ture, several differences were apparent in some of the
loop regions, which were generally difficult to model
correctly. However, the amino acid residues near the
ligand-binding regions in our model structure were con-

Figure 4. Modeled and X-ray structures of AMPA-R bound to ligands. (a) The bound conformation of 28d in the active site of the modeled AMPA-
R. (b) The bound conformation of DNQX in the X-ray structure of AMPA-R active site.





5848 Y. Takano et al. | Bioorg. Med. Chem. 13 (2005) 5841-5863

sistent with those seen in the X-ray structure. This con-
firmed that our AMPA-R model structure was useful for
the design of novel, highly potent inhibitors of the
AMPA-R.

3.6. 7-Urethane linked imidazole derivatives with a
substituted phenyl group

Next, we investigated the effects of substituents in the
terminal phenyl group attached through the urethane
linkage in order to identify an active compound with
high AMPA-R affinity and better selectivity for the
AMPA-R than the NMDA-R (Table 5). There was a
significant increase in AMPA-R affinity after the intro-
duction of various substituents into the terminal phenyl
ring. Among these modifications, mono-substitution at
the 2 or 3 position resulted in significantly better selec-
tivity, together with good AMPA-R affinity, except for
the 2-carboxylic compound 29n, which was inferior to

Table 5. 7-Imidazole/pyridone derivatives with a urethane linkage

n
(M/ COH
R4— J@E
28d,

the other compounds. Although the reason for this is
not clear, we assume that the interaction of terminal
phenyl group on the compound 29n against the
AMPA-R might be different from other carboxylic com-
pounds (290, p) because of intramolecular hydrogen
bonding formed between 2-carboxy group and urethane
moiety. In particular, compounds with strong electron-
withdrawing groups substituted at the 3 or 4 position
exhibited excellent AMPA-R affinity and selectivity
(291, m, o, p). On the other hand, except when a carbox-
ylic acid or trifluoromethyl group was introduced to the
phenyl ring (29m and p), compounds with substituents
at the 4 position showed low selectivity (29¢c, f, i, j).
Moreover, di-substituted compounds with substituents
at the 4 position also showed low selectivity, even if
the substituents introduced at the 2 or 3 position were
associated with good selectivity (29s, v, y vs 29r, t, u,
w, X). Although a non-substituted benzyl compound
(28e¢) exhibited slightly less selectivity for the AMPA-R

—N OJ\;\N]@NICOZH
O,N

29a—y, 30a-c
Compound R* n AMPA-R affinity?>~° NMDA-R affinity*’ Selectivity
K, (nM) K; (nM) NMDA-R
( AMPA-R )
28d Ph 1 86 >10,000 >120
29a 2-Cl-Ph 1 20 4100 210
29b 3-Cl-Ph 1 18 6600 370
29¢ 4-Cl-Ph 1 30 1300 43
29d 2-Br-Ph 1 30 8300 280
29¢? 3-Br-Ph 1 16 7000 440
29f 4-Br-Ph 1 32 1200 38
29g* 2-Me-Ph 1 16 5900 370
29h 3-Me-Ph 1 22 6300 290
29i 4-Me-Ph 1 30 2100 70
29i° 4-MeO-Ph 1 30 2000 67
29k 2-CF;-Ph 1 32 9300 290
291 3-CF;-Ph 1 20 >10,000 >500
29m 4-CF;-Ph 1 27 >10,000 >370
29n 2-CO,H-Ph 1 >1000 >10,000 >10
290 3-CO,H-Ph 1 27 >10,000 >370
29p 4-CO,H-Ph 1 22 >10,000 >450
29q 4-CO,Et-Ph 1 60 >10,000 >170
29r 2,3-Cl,-Ph 1 17 4400 260
29s 2,4-Cl,-Ph 1 32 1300 41
29t 2,5-Cl,-Ph 1 15 4100 270
29u 2,6-Cl,-Ph 1 17 3200 190
29v* 3,4-Cl,-Ph 1 31 2400 77
29w 3,5-Cl,-Ph 1 14 3200 230
29x 1-Naphtyl 1 14 8600 610
29y 2-Naphtyl 1 32 2000 63
31 4-CO,H-Ph 2 270 NT NT
30a 2-Br-PhCH2 1 29 4700 160
30b 3-Br-PhCH2 1 100 6900 69
30c 4-Br-PhCH2 1 47 2900 62
38b 4-CO,H-Ph — 120 >10,000 >83
NT, not tested.
4HCI salt.

®Na salt
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than the phenyl compound 28d, we investigated the
influence of the length of the methylene chain between
the terminal phenyl ring and the urethane group on
the side chain at the 7 position in an attempt to enhance
AMPA-R affinity and selectivity. Unfortunately, benzyl
compounds with bromine substituents on the terminal
phenyl group exhibited reduced AMPA-R selectivity
or affinity (29d-f vs 30a—c). Moreover, when a methy-
lene group was inserted between the imidazole group
and the urethane group there was also significantly low-
er AMPA-R affinity (29p vs 31). Consequently, we con-
sider that extending the methylene chain between the
urethane linkage and the terminal phenyl group, or
between the imidazole ring and the urethane linkage,
adversely influences AMPA-R affinity and selectivity.
Therefore, we concluded that the best side chain to at-
tach to the 4 position of the imidazole ring is a ‘phenyla-
minocarbonyloxymethyl group’, which forms a very
important core for interaction with the AMPA-R. In
addition, a urethane linkage and a terminal phenyl
group are both important interaction units that may
function as proton acceptors during interaction with
the AMPA-R. On the other hand, we attempted the
introduction of carboxy group at the 4 position on the
terminal phenyl group of pyridine 38a, because the 4-
carboxylic compound 29p exhibited more potent
AMPA-R affinity than the nonsubstituted compound
28d. However, the 4-pyridone 38b with 4-carboxyphenyl
group linked through a urethane also showed weak
AMPA-R affinity, and the result fell short of our
expectation.

3.7. Neuroprotective effects in permanent focal ischemia in
rats

The neuroprotective effects of the selected compounds,
19g, 19h, 290, and 29p, and those of the reference com-
pounds, NBQX, YM-90K, and YM-872, were examined
using the rat permanent focal ischemia model described
by Tamura et al.'” The neuroprotective effects, as as-
sessed using a four-point damage score, are shown in
Table 6 and Figure 5. Among our selected compounds,
the 4-pyridone compound 19g was highly soluble in an
aqueous solution (8.1 mg/mL at pH 7.4),%° and showed
good, dose-dependent neuroprotective effects when

administered at an iv infusion rate of 20-40 mg/kg/h
for 4 h. However, the nonsubstituted imidazole 19h did
not show neuroprotective effects at the same iv infusion
rate. Compounds 290 and 29p showed better neuropro-
tective effects in vivo, as well as AMPA-R activity in vi-
tro, than NBQX, YM-90K, and YM-872. It was
noteworthy that the AMPA-R affinity and neuroprotec-
tive effects of 19h were inferior to those of 290 and 29p,
despite the presence of a 7-imidazolyl-6-nitro-3-oxoqui-
noxaline-2-carboxylic acid nucleus. Compound 19h
lacked the urethane-linked phenyl ring substituent at
the 7 position on the imidazole group, indicating that
this novel substituent not only confers potent AMPA-
R affinity but also contributes to therapeutic efficacy
in animal models. In a comparison of the biological
activities of compounds 290 and 29p, both of which have
a carboxyl group on the terminal phenyl group, the
4-carboxyphenyl compound 29p exhibited markedly
more potent activity in vivo than the 3-carboxyphenyl
compound 290. In particular, 29p showed neuroprotec-
tive effects superior to those of any of the previously
reported quinoxalinedione compounds, and this was
achieved with a relatively low iv infusion rate of at least
2.5 mg/kg/h for 4h. Furthermore, compound 29p
showed the best aqueous solubility among the 4-ure-
thane linked imidazole derivatives, which was higher
than aqueous solubility of the first generation
compounds (compound 29p: 4.9 mg/mL, NBQX and
YM-90K: <1 mg/mL at pH 7.4).%° These characteristics
warrant further investigation of this compound for use

“
A)(ZS

Figure 5. Four-point damage score in focal ischemia model.

Table 6. Pharmacological data for 7-heterocyclic quinoxalinecarboxylic acid derivatives

Compound AMPA-R NMDA-R Selectivity AMPA-R Protective effects in
affinity®>2¢ affinity®’ NMDA - R antagonism>® focal ischemia model'®
K; (nM) K; (nM) (AMPA — R) (D.C. potential) (Dose:mg/kg/h for 4 h, iv)
NBQX 65 >84,500 >1300 NT 2.3 (30) n=4
YM-90K 100 43,000 430 +) 2.8 (15) n=17
YM-872 62 15,000 240 +) 0.5 (30) n==6
19g 330 27,000 190 +) 2.2 (20) n==6
2.8 (40) n=>5
19h 560 63,000 480 (+) 0.2 (20) n=6
290 27 >10,000 >370 (+) 2.0 (2.5) n=3
2.3 (5.0) n=3
29p 22 >10,000 >450 (+) 1.6 (1.25) n=>5
3.0 (2.5) n=3
3.0 (3.0) n=2

NT, not tested.
Control; <1.0.
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as an injectable formulation in the treatment of acute
cerebral ischemia.

4. Conclusion

Molecular design and synthesis of novel third generation
AMPA-R antagonists based on the 6-nitro-3-oxoqui-
noxaline-2-carboxylic acid nucleus led to the creation
of novel quinoxaline compounds with good neuropro-
tective activities in vivo. In particular, we found that
3-oxoquinoxaline-2-carboxylic acids with both a nitro
group at the 6 position (as an electron-withdrawing
group) and a flat heterocyclic group bearing n-electrons
at the 7 position formed a very important scaffold for
AMPA-R antagonistic activity, and that a urethane
linkage played an important role as a proton acceptor
in interactions with the AMPA-R. After investigating
the structure—activity relationships and evaluating the
properties of various compounds, we identified com-
pound 29p (GRA-293) as a novel AMPA-R antagonist
that possesses high potency and good selectivity in vitro
as well as more potent neuroprotective effects in an
animal model than known quinoxalinedione
compounds.

5. Experimental section
5.1. Chemistry

5.1.1. General. All reagents, starting materials, and sol-
vents were purchased from commercial suppliers and
used as received. Evaporation was carried out on a rota-
ry evaporator at bath temperatures <45 °C and reduced
pressure. Column chromatography was performed with
silica gel (Merck: silica gel 60 with particle size 0.040—
0.063 mm). Reactions were monitored by TLC on silica
gel 60 Fss4 (Merck). Melting points were determined
with a YANAKO MP-500D and are uncorrected. Pro-
ton NMR spectra were recorded on a JEOL JNM-
EX400 and JEOL JINM-ECA400 with tetramethylsilane
as an internal standard. Chemical shifts are given in
parts per million (J) and splitting patterns are designat-
ed as follows: s, singlet; d, doublet; dd, double doublet;
dt, double triplet; t, triplet; td, triple doublet; q, quartet;
m, multiplet; br, broad; and br s, broad like singlet.
HRMS and FABHRMS data were recorded on a JEOL
JMS-SX102A. Elemental analyses were carried out on a
YANAKO CHN CORDER MT-5.

5.1.2. Ethyl 7-chloro-3,4-dihydro-3-oxoquinoxaline-2-car-
boxylate (2a) and ethyl 6-chloro-3,4-dihydro-3-oxoqui-
noxaline-2-carboxylate (3) prepared from compound 1
(route A). To a solution of compound 1 (1.00g,
7.01 mmol) in EtOH (20 mL), diethyl ketomalonate
(1.12 mL, 7.36 mmol), was added and the solution was
refluxed for 5 h. After cooling, the reaction was concen-
trated and the residue was purified by flash column
chromatography (SiO,, n-hexane:AcOEt, 2:1) to give
compound 2a (610 mg, 34%) as yellow powder and com-
pound 3 (500 mg, 28%) as yellow powder. Compound
2a: '"H NMR (DMSO-de) 6: 12.69 (br s, 1H), 7.97 (d,

J=24Hz, 1H), 7.59 (dd, J = 8.6, 2.4 Hz, 1H), 7.41 (d,
J=8.6Hz, 1H), 4.55 (q, J=7.3Hz, 2H), 148 (t,
J=17.3Hz, 3H). Compound 3: '"H NMR (DMSO-d;)
0: 12.23 (br s, 1H), 7.90 (d, J =8.6 Hz, 1H), 7.44 (d,
J=1.8Hz, 1H), 7.38 (dd, J = 8.6, 2.4 Hz, 1H), 4.56 (q,
J=7.3Hz, 2H), 1.49 (t, J= 7.3 Hz, 3H).

5.1.3. Ethyl 7-chloro-3,4-dihydro-6-nitro-3-oxoquinoxa-
line-2-carboxylate (4a). To a solution of compound 2a
(200 mg, 792 umol) in AcOH (2 mL), fuming HNO;
(65.5 uL, 1.58 mmol), was added at 80 °C and the solu-
tion was stirred for 2 h at the same temperature. The
reaction was poured into ice water and the precipitate
was collected by filtration, washed with water, and dried
under vacuum. The precipitate was purified by flash col-
umn chromatography (SiO,, n-hexane:AcOEt, 2:1) to
give the title compound as yellow powder (119 mg,
50%); '"H NMR (DMSO-dy) 6: 13.24 (br s, 1H), 8.29
(s, 1H), 7.91 (s, 1H), 4.40 (q, J = 7.3 Hz, 2H), 1.33 (4,
J=17.3Hz, 3H).

5.1.4. Ethyl 6-chloro-3,4-dihydro-7-nitro-3-oxoquinoxa-
line-2-carboxylate (5). To a solution of compound 3
(200 mg, 792 pmol) in concd H,SO4 (4 mL), a solution
of KNOj3 (160 mg, 1.58 mmol) in concd H,SO4 (2 mL)
was added, and the solution was stirred for 2 h at room
temperature. The reaction was poured into ice water and
the precipitate was collected by filtration, washed with
water, and dried under vacuum. The precipitate was
purified by flash column chromatography (SiO,, n-hex-
ane:AcOEt, 2:1) to give the title compound as pale
yellow powder (102 mg, 43%); 'H NMR (DMSO-d;) o
13.26 (br s, 1H), 8.62 (s, 1H), 7.49 (s, 1H), 4.39 (q,
J=7.3Hz, 2H), 1.32 (t, /= 7.3 Hz, 3H).

5.1.5. 7-Chloro-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (6a). To a suspension of compound 4a
(108 mg, 363 pmol) in EtOH (2mLlL), 1N KOH
(1.09 mL, 1.09 mmol) was added and the solution was
refluxed for 3 h. After cooling, the reaction was diluted
with water and adjusted to pH 4 with AcOH, and
concentrated. A small amount of water was added to
the residue and the precipitate was collected by filtra-
tion, washed with water, and dried under vacuum to
give the title compound as yellow powder (55.8 mg,
57%); mp 227-229 °C (decomp.); '"H NMR (DMSO-
dg) 0: 8.28 (s, 1H), 7.92 (s, 1H); HRMS 268.9824
(—1.5 mmu).

5.1.6. 6-Chloro-3,4-dihydro-7-nitro-3-oxoquinoxaline-2-
carboxylic acid (7). Following the procedure described
for compound 6a, the title compound was prepared
from compound 5, pale yellow powder (92%); mp
>300 °C; '"H NMR (DMSO-dg) d: 8.61 (s, 1H), 7.73 (s,
1H); FAB(—)HRMS 267.9721 (—4.0 mmu).

5.1.7. Ethyl 3-[(4-chloro-2-nitrophenyl)amino]-3-oxopro-
pionate (9a). A solution of compound 8b (20.0 g,
116 mmol) and ethyl 3-chloro-3-oxopropionate
(15.7 mL, 122 mmol) in toluene (200 mL) was refluxed
for 24 h. After cooling, the reaction was concentrated
and 'Pr,O was added to the residue. The precipitate
was collected by filtration, washed with 'Pr,0, and dried
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under vacuum to give the title compound as brown pow-
der (63%); "H NMR (CDCls) 6: 8.71 (d, J = 9.0 Hz, 1H),
8.19 (d, J =2.4 Hz, 1H), 7.59 (dd, J=9.0, 2.4 Hz, 1H),
430 (q, J=7.3Hz, 2H), 3.56 (s, 2H), 1.21 (t,
J =7.3Hz, 3H).

5.1.8. Ethyl 3-[(4-fluoro-2-nitrophenyl)amino]-3-oxopro-
pionate (9b). Following the procedure described for
compound 9a, the title compound was prepared from
compound 8b, yellow powder (88%); "H NMR (CDCls)
o: 8.71 (dd, J=9.7, 48 Hz, 1H), 791 (dd, J=84,
3.1 Hz, 1H), 7.49-7.27 (m, 1H), 4.30 (q, J=7.0 Hz,
2H), 3.56 (s, 2H), 1.33 (t, J = 7.0 Hz, 3H).

5.1.9. Ethyl 3-[(4-bromo-2-nitrophenyl)amino]-3-oxopro-
pionate (9¢). To a solution of compound 8¢ (82.7 g,
381 mmol) in DMF (500 mL), ethyl 3-chloro-3-oxopro-
pionate (51.2mL, 400 mmol) and Et;N (55.8 mL,
400 mmol) were added at ice cooling, and the solution
was stirred for 30 min at the same temperature followed
by for 2h at room temperature. The reaction was
poured into ice water and the precipitate was collected
by filtration, washed with water, and dried under vacu-
um to give the title compound as brown powder (121 g,
96%); 'H NMR (DMSO-d;) 6: 10.63 (br s, 1H), 8.18 (d,
J=2.5Hz, 1H), 7.93 (dd, J=8.8, 2.4 Hz, 1H), 7.67 (d,
J=8.8 Hz, 1H), 4.13 (q, J = 6.9 Hz, 2H), 3.53 (s, 2H),
1.21 (t, J = 6.8 Hz, 3H).

5.1.10. Ethyl 7-chloro-3,4-dihydro-3-oxoquinoxaline-2-car-
boxylate (2a) prepared from compound 9a (route B)

5.1.10.1. Step 1: Ethyl 7-chloro-3,4-dihydro-3-oxoqui-
noxaline-2-carboxylate 1-oxide. To a solution of com-
pound 9a (6.00g, 21.0 mmol) in DMF (30mL), a
suspension of KO'Bu (4.70 g, 41.8 mmol) in DMF
(20 mL) was added at 0 °C and the solution was stirred
for 1.5 h at the same temperature. The reaction was adjust-
edtopH 4 with 1 N HCI, extracted with CH,Cl,, dried over
Na,SOy,, and evaporated. The residue was purified by flash
column chromatography (SiO,, CH,Cl,:MeOH, 4:1) to
give the title compound (1.59 g, 28%) as pale yellow pow-
der; '"H NMR (CDCl;) &: 8.33 (d, J=2.2 Hz, 1H), 7.65
(dd, /=8.8, 2.2 Hz, 1H), 7.39 (d, J = 8.8 Hz, 1H), 4.56
(q, /= 6.9 Hz, 2H), 1.46 (t, / = 6.9 Hz, 3H).

5.1.10.2. Step 2: Ethyl 7-chloro-3,4-dihydro-3-oxoqui-
noxaline-2-carboxylate (2a). To a solution of ethyl 7-chlo-
ro-3,4-dihydro-3-oxoquinoxaline-2-carboxylate 1-oxide
(1.80 g, 6.70 mmol) in DMF (20 mL), PBr; (1.20 mL,
13.4 mmol) was added, and the solution was stirred for
1.5 h at room temperature. The reaction was poured into
ice water, extracted with CHCl;, dried over Na,SOy,, and
evaporated. The residue was washed with 'Pr,0, and dried
under vacuum to give the title compound (1.55 g, 92%) as
pale yellow powder; 'H NMR (CDCl;) d: 7.94 (d,
J=2.0Hgz, 1H), 7.58 (dd, J= 8.8, 2.0 Hz, 1H), 7.41 (d,
J=8.8Hz, 1H), 440 (q, J=7.1Hz, 2H), 1.33 (t,
J=17.1 Hz, 3H).

5.1.11. Ethyl

2-carboxylate (2b)
5.1.11.1. Step 1: Ethyl 3,4-dihydro-7-fluoro-3-oxoqui-

noxaline-2-carboxylate 1-oxide. Following the procedure

3,4-dihydro-7-fluoro-3-oxoquinoxaline-

described for compound 2a (route B, step 1), the title
compound was Prepared from compound 9b, brown
powder (31%); 'H NMR (CDCl;3) 6: 8.09-7.96 (m,
1H), 7.51-7.42 (m, 2H), 4.56 (q, J = 7.0 Hz, 2H), 1.46
(t, J =17.0 Hz, 3H).

5.1.11.2. Step 2: Ethyl 3,4-dihydro-7-fluoro-3-oxoqui-
noxaline-2-carboxylate (2b). Following the procedure
described for compound 2a (route B, step 2), the title
compound was prepared from ethyl 3,4-dihydro-7-fluo-
ro-3-oxoquinoxaline-2-carboxylate 1-oxide, pale yellow
powder (75%); 'H NMR (CDCls) §: 7.70-7.59 (m,
1H), 7.48-7.38 (m, 2H), 4.55 (q, J = 7.0 Hz, 2H), 1.48
(t, J =7.0 Hz, 3H).

5.1.12. Ethyl 7-bromo-3,4-dihydro-3-oxoquinoxaline-2-
carboxylate (2¢)

5.1.12.1. Step 1: Ethyl 7-bromo-3,4-dihydro-3-oxoqui-
noxaline-2-carboxylate 1-oxide. Following the procedure
described for compound 2a (route B, step 1), the title
compound was prepared from compound 9c, brown
powder (51%); 'H NMR (DMSO-d¢) d: 8.22 (d,
J=2.5Hz 1H), 791 (dd, J= 8.8, 2.0 Hz, 1H), 7.36 (d,
J=88Hz, 1H), 439 (q, J=69Hz, 2H), 1.31 (t,
J=6.9 Hz, 3H).

5.1.12.2. Step 2: Ethyl 7-bromo-3,4-dihydro-3-oxoqui-
noxaline-2-carboxylate (2¢). Following the procedure de-
scribed for compound 2a (route B, step 2), the title
compound was prepared from ethyl 7-bromo-3,4-dihy-
dro-3-oxoquinoxaline-2-carboxylate  1-oxide, yellow
powder (65%); 'H NMR (DMSO-d;) d: 8.06 (d,
J =2.0Hz, 1H), 7.80 (dd, J = 8.8, 2.0 Hz, 1H), 7.30 (d,
J=8.8Hz, 1H), 437 (q, J=7.3Hz, 2H), 1.32 (t,
J =7.3Hz, 3H).

5.1.13. Ethyl 3,4-dihydro-7-fluoro-6-nitro-3-oxoquinoxa-
line-2-carboxylate (4b). Following the procedure de-
scribed for compound 4a, the title compound was
Prepared from compound 2b, yellow powder (45%);
H NMR (CDCls) o: 8.16 (d, J = 6.2 Hz, 1H), 7.89 (d,
J=10.6 Hz, 1H), 4.58 (q, J=7.0Hz, 2H), 1.49 (t,
J =17.0 Hz, 3H).

5.1.14. Ethyl 7-bromo-3,4-dihydro-6-nitro-3-oxoquinoxa-
line-2-carboxylate (4c¢). Following the procedure de-
scribed for compound 4a, the title compound was
prepared from compound 2¢, yellow powder (93%); 'H
NMR (DMSO-dy) 6: 13.24 (br s, 1H), 8.40 (s, 1H),
7.86 (s 1H), 440 (q, J=73Hz, 2H), 1.33 (t,
J =17.3 Hz, 3H).

5.1.15. Ethyl 3,4-dihydro-7-fluoro-4-methyl-6-nitro-3-
oxoquinoxaline-2-carboxylate (10). To a solution of
compound 4¢ (345 mg, 1.23 mmol) in DMF (10 mL),
sodium hydride (50% in oil, 61.3 mg, 1.54 mmol) was
added, and the solution was stirred for 30 min at room
temperature. Ilodomethane (95.5 uL, 1.54 mmol) was
added to the reaction and the solution was stirred for
2 h at room temperature. The reaction was poured into
ice water, extracted with AcOEt, dried over Na,SO,,
and evaporated. The residue was purified by flash col-
umn chromatography (SiO,, n-hexane:AcOEt, 5:2) to
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give the title compound as pale yellow powder (272 mg,
75%); "H NMR (DMSO-dq) &: 8.04 (d, J = 6.3 Hz, 1H),
7.87 (d, J =10.3 Hz, 1H), 4.53 (q, J = 7.3 Hz, 2H), 3.77
(s, 3H), 1.45 (t, J=7.3 Hz, 3H).

5.1.16. Ethyl 7-fluoro-3-methoxy-6-nitroquinoxaline-2-
carboxylate (11a). A suspension of compound 4b
(1.00 g, 3.56 mmol), iodomethane (440 pL, 7.07 mmol),
and silver(I) oxide (990 mg, 4.31 mmol) in toluene
(100 mL) was stirred for 2 h at 100 °C. After cooling,
the reaction was filtered through Celite®, and the filtrate
was concentrated. The residue was purified by flash col-
umn chromatography (SiO,, CH,Cl,:AcOEt, 4:1) to
give the title compound as pale yellow powder
(580 mg, 55%); 'H NMR (CDCl;) &: 8.57 (d,
J=73Hz, 1H), 795 (d, J=10.8 Hz, 1H), 4.55 (q,
J =7.3Hz, 2H), 4.18 (s, 3H), 1.47 (t, /= 7.3 Hz, 3H).

5.1.17. Ethyl 7-fluoro-3-methoxy-6-nitroquinoxaline-2-
carboxylate (11b). Following the procedure described
for compound 11a, the title compound was prepared
from compound 4b and bromoethane, pale yellow pow-
der (68%); "H NMR (CDCls) é: 8.63 (d, J = 7.8 Hz, 1H),
8.33 (d, J=11.7 Hz, 1H), 4.57 (g, J = 7.3 Hz, 2H), 4.47
(q, J=6.8 Hz, 2H), 1.41 (t, J=7.3 Hz, 2H), 1.36 (t,
J=6.8 Hz, 3H).

5.1.18. Ethyl 6-amino-7-fluoro-3-methoxyquinoxaline-2-
carboxylate (12). To a solution of compound 11a
(300 mg, 1.02mmol) in EtOH (50 mL), 10% Pd-C
(60 mg) was added, and the solution was stirred for
2 h at room temperature under hydrogen atmosphere.
The catalyst was removed by filtration through Celite®
and the filtrate was concentrated to give the title com-
pound as yellow needles (260 mg, 96%); 'H NMR
(CDCly) o: 7.65 (d, J=11.2Hz, 1H), 7.03 (d,
J=8.8Hz, 1H), 4.50 (q, J=7.3 Hz, 2H), 4.45 (br s,
2H), 4.10 (s, 3H), 1.45 (t, J = 7.3 Hz, 3H).

5.1.19. 7-Fluoro-3-methoxy-6-nitroquinoxaline-2-carbox-
amide (13). To a suspension of compound 11a (542 mg,
1.84 mmol) in MeOH (20 mL), 28% NH; aq (1.5 mL)
was added, and the solution was refluxed for 3 h. After
cooling, the reaction was concentrated and water was
added to the residue. The precipitate was collected by fil-
tration, dissolved in AcOEt, dried over Na,SO,4, and
evaporated. The residue was washed with 'Pr,O, and
dried under vacuum to give the title compound as red-
dish brown powder (369 mg, 76%); '"H NMR (DMSO-
dg) 0: 8.56 (d, J=7.3Hz, 1H), 7.97 (d, J=10.7 Hz,
1H), 4.18 (s, 3H).

5.1.20. 3,4-Dihydro-7-fluoro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (6b). Following the procedure described
for compound 6a, the title compound was prepared
from compound 4b, yellow powder (77%); mp 213—
215°C (decomp.); 'H NMR (CDCl;) &: 8.10 (d,
J=11.7Hz, 1H), 8.07 (d, J=7.3Hz, 1H); HRMS
253.0162 (+2.7 mmu).

5.1.21. 7-Bromo-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (6¢). Following the procedure described
for compound 6a, the title compound was prepared

from compound 4e¢, yellow powder (64%); mp 218-
220 °C (decomp.); '"H NMR (CDCls) &: 8.38 (s, 1H),
7.88 (s, 1H); HRMS 312.9358 (+2.4 mmu). Anal. Calcd
for CoH4BrN;Os-32H,0: C, 33.15%; H, 1.65%; N,
12.89%. Found: C, 33.04%; H, 1.89%; N, 12.83%.

5.1.22. 3,4-Dihydro-7-fluoro-4-methyl-6-nitro-3-oxoqui-
noxaline-2-carboxylic acid (14). To a solution of com-
pound 10 (207 mg, 701 pmol) in AcOH (15 mL), concd
HCI (1 mL) and water (1 mL) were added, and the solu-
tion was stirred for 1 h at room temperature followed by
3 h at 80 °C. After cooling, the reaction was concentrat-
ed. The residue was washed with MeCN and dried under
vacuum to give the title compound as brown powder
(78.4 mg, 41%); mp 173-175°C; "H NMR (DMSO-d)
0: 8.32 (d, J=6.8 Hz, 1H), 8.16 (d, J=11.2 Hz, 1H),
3.67 (s, 3H); FAB(+)HRMS 268.0366 (—0.4 mmu).
Anal. Calcd for C;)HsFN;Os -%HZO: C, 44.36%; H,
2.38%; N, 15.52%. Found: C, 44.33%; H, 2.25%; N,
15.79%.

5.1.23. 6-Amino-3,4-dihydro-7-fluoro-3-oxoquinoxaline-
2-carboxylic acid (15). To a solution of compound 12
(50.0 mg, 189 umol) in MeOH (1 mL), 1 N NaOH
(500 uL) was added, and the solution was stirred for
1 h at room temperature. The reaction was concentrated
and the residue was dissolved in AcOH (3 mL). Forty-
seven percent of HBr (1 mL) was added to the solution
and stirred overnight. The reaction was concentrated,
and the residue was dissolved in 1 N NaOH and eluted
through synthetic adsorbent Sepabeads® SP850 (water).
The elution was concentrated and made acidic with 1 N
HCI. The precipitate was collected by filtration, washed
with water, and dried under vacuum to give the title
compound as brown powder (10.2mg, 23%); mp
>300 °C; '"H NMR (DMSO-dg) d: 7.59 (d, J=11.7 Hz,
1H), 691 (br s, 2H), 6.63 (d, J=8.3Hz, 1H);
FAB(+)HRMS 224.0516 (+4.4 mmu). Anal. Calcd for
CoHgFN;0; - 2H,0: C, 46.20%; H, 3.10%; N, 17.96%.
Found: C, 46.32%; H, 3.02%; N, 17.77%.

5.1.24. 3,4-Dihydro-6-nitro-7-fluoro-3-oxoquinoxaline-2-
carboxamide (16). To a solution of compound 13
(108 mg, 406 pmol) in AcOH (3mL), 48% HBr
(0.6 mL) was added at 0 °C, and the reaction was stirred
for 1h at room temperature followed by for 1.5h at
60 °C. The reaction was poured into ice water, and the
solution was stirred for 20 min. The precipitate was col-
lected by filtration and dried under vacuum to give the
title compound as brown powder (69.7 mg, 68%); mp
>300 °C; '"H NMR (DMSO-dg) &: 13.01 (s, 1H), 8.22
(br s, 1H), 8.09 (d, J=11.7Hz, 1H), 8.03 (d,
J=68Hz, 1H), 7.99 (br s, 1H); FAB(+)HRMS
251.0221 (+0.5 mmu). Anal. Calcd for CoHsFN4O4: C,
42.87%; H, 2.00%; N, 22.22%. Found: C, 42.89%; H,
2.03%, N, 21.96%.

5.1.25. 3,4-Dihydro-6-nitro-3-oxo-7-(4-pyridon-1-yl)qui-
noxaline-2-carboxylic acid (19g)

5.1.25.1. Step 1: Ethyl 3-methoxy-6-nitro-7-(4-pyri-
don-1-yl)quinoxaline-2-carboxylate (17g). To a solution
of compound 11a (180 mg, 610 umol) in THF (20 mL),
4-pyridone (290 mg, 3.05 mmol) was added, and the
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solution stirred for 4 h at 100 °C followed by 18 h at
90 °C in a sealed tube. After cooling, the reaction was
concentrated and the residue was purified by flash col-
umn chromatography (SiO,, CHCI;:EtOH, 40:1 to
20:1) to give the title compound as pale yellow oil
(70.0 mg, 31%); '"H NMR (CDCI5) : 8.60 (s, 1H), 8.22
(s, 1H), 7.38 (d, J=7.8 Hz, 2H), 6.52 (d, J=7.8 Hz,
2H), 4.56 (q, J=7.2Hz, 2H), 4.24 (s, 3H), 1.47 (t,
J=17.2Hz, 3H).

5.1.25.2. Step 2: 3,4-Dihydro-6-nitro-3-oxo-7-(4-pyri-
don-1-yl)quinoxaline-2-carboxylic acid (19g). To a solu-
tion of compound 17g (1.34 g, 3.62 mmol) in EtOH
(40 mL), water (10 mL) and 1 N KOH (10.9 mL) were
added, and the reaction was refluxed for 4 h. After cool-
ing, cation-exchange resin Dowex® XFS43279.00 was
added to neutralize. The resin was removed by filtration,
and the filtrate was concentrated. The residue was dis-
solved into 3 N HCI (70 mL) and the solution was stir-
red for 4h at room temperature. The solution was
concentrated, and the residue was washed with water
and dried under vacuum to give the title compound
as yellow powder (1.00g, 81%); mp 283-285°C;
'"H NMR (DMSO-dg) 6: 8.35 (s, 1H), 8.11 (s, 1H),
7.83 (d, J=7.3Hz, 2H), 624 (d, J=17.3Hz, 2H),
FAB(+)HRMS 329.0542 (+ 2.0 mmu). Anal. Calcd for
Ci4HoN4Os - $H,0: C, 49.07%, H, 2.82%; N, 16.35%.
Found: C, 48.84%; H, 2.62%; N, 16.05%.

5.1.26.  3,4-Dihydro-7-dimethylamino-6-nitro-3-oxoqui-
noxaline-2-carboxylic acid (19a)

5.1.26.1. Step 1: Ethyl 7-dimethylamino-3-methoxy-6-
nitroquinoxaline-2-carboxylate (17a). Following the pro-
cedure described for compound 19g (step 1), the title
compound was prepared from compound 11a and dim-
ethylamine, brown oil (36%); 'H NMR (CDCl;) &: 8.29
(s, 1H), 7.66 (s, 1H), 4.43 (q, J = 7.3 Hz, 2H), 4.05 (s,
3H), 2.86 (s, 6H), 1.35 (t, J = 7.3 Hz, 3H).

5.1.26.2. Step 2: 3,4-Dihydro-7-dimethylamino-6-nitro-
3-oxoquinoxaline-2-carboxylic acid (19a). Following the
procedure described for compound 19g (step 2), the title
compound was prepared from compound 17a, dark
brown powder (15%); mp 194.5-196.5°C; 'H NMR
(DMSO-dg) o: 7.72 (s, 1H), 7.62 (s, 1H), 2.79 (s, 6H);
HRMS 278.0641 (—1.0 mmu).

5.1.27. 3,4-Dihydro-6-nitro-3-oxo-7-piperidinoquinoxa-
line-2-carboxylic acid (19b)

5.1.27.1. Step 1: Ethyl 3-methoxy-6-nitro-7-piperidi-
noquinoxaline-2-carboxylate (17b). Following the proce-
dure described for compound 19g (step 1), the title
compound was prepared from compound 11a and piper-
idine, red oil (88%); '"H NMR (CDCls) 6: 8.13 (s, 1H),
7.69 (s, 1H), 4.53 (q, J=7.3Hz, 2H), 4.13 (s, 3H),
3.05 (br t, J=4.8 Hz, 2H), 1.77-1.71 (m, 4H), 1.64—
1.58 (m, 2H), 1.46 (t, J = 7.3 Hz, 3H).

5.1.27.2. Step 2: 3,4-Dihydro-6-nitro-3-oxo-7-piperidi-
noquinoxaline-2-carboxylic acid (19b). Following the
procedure described for compound 19g (step 2), the title
compound was prepared from compound 17b, purple
powder (50%); mp >300°C; 'H NMR (DMSO-d,)

0. 71.72 (s, 1H), 7.70 (s, 1H), 2.93 (br t, J=4.9 Hz,
2H), 1.66-1.57 (m, 4H), 1.56-1.48 (m, 2H); HRMS
318.0977 (+1.3 mmu).

5.1.28. 3,4-Dihydro-7-morpholino-6-nitro-3-oxoquinoxa-
line-2-carboxylic acid (19c). A solution of compound
11a (506 mg, 1.71 mmol) and morpholine (749 pL,
8.56 mmol) in MeCN (2mL) was stirred for 6 h at
80 °C. After cooling, the reaction was concentrated and
the residue was purified by flash column chromatography
(SiO,, n-hexane:AcOEt, 2:1) to give crude compound 17¢
asred oil. The obtained compound 17¢ was dissolved into
MeOH (2 mL) and 5% NaOH aq (5 mL) was added. After
stirring for 24 h at room temperature, the reaction
was adjusted to pH 3 with 3 N HCI, extracted with
CH,Cl,, dried over Na,SQy, and evaporated. HCI (3 N,
5mL) was added to the residue and stirred for 65 h.
The precipitate was collected by filtration, washed with
water, and dried under vacuum to give the title compound
as red powder (275 mg, 48%); mp 213.5-214.5°C; 'H
NMR (DMSO-dy) d: 7.82 (s, 1H), 7.73 (s, 1H), 3.69 (t,
J =49 Hz 2H),2.98 (t,J = 4.9 Hz, 2H); FAB(—)HRMS
319.0688 (+0.9 mmu). Anal. Calcd for C;3H;3N4Og -
#H>0: C, 46.41%; H, 4.13%; N, 16.65%. Found: C,
46.66%; H, 4.00%; N, 16.32%.

5.1.29. 3,4-Dihydro-7-(4-hydoxypiperidino)-6-nitro-3-
oxoquinoxaline-2-carboxylic acid (19d)

5.1.29.1. Step 1: Ethyl 7-(4-hydoxypiperidino)-3-meth-
oxy-6-nitroquinoxaline-2-carboxylate (17d). Following
the procedure described for compound 19g (step 1),
the title compound was prepared from compound 11a
and 4-hydroxypiperidine, red gum (83%); 'H NMR
(CDCl3) o: 8.15 (s, 1H), 7.73 (s, 1H), 4.54 (q,
J =7.3Hz, 2H), 4.14 (s, 3H), 3.97-3.88 (m, 1H), 3.38-
3.28 (m, 2H), 2.99-2.91 (m, 2H), 2.09-2.00 (m, 2H),
1.82-1.72 (m, 2H), 1.46 (t, J = 7.3 Hz, 3H).

5.1.29.2. Step 2: 3,4-Dihydro-6-nitro-3-oxo-7-piperidi-
noquinoxaline-2-carboxylic acid (19d). Following the
procedure described for compound 19g (step 2), the title
compound was prepared from compound 17d, brown
powder (38%); mp 253-255°C; '"H NMR (DMSO-dj)
o: 7.71 (s, 2H), 4.72 (br s, 1H), 3.20-3.00 (m, 2H),
2.85-2.75 (m, 2H), 1.80-1.90 (m, 2H), 1.55-1.45 (m,
2H); FAB(+)HRMS 334.0894 (—1.9 mmu). Anal. Calcd
for CiuH1sN4Og - 5 H,O: C, 49.50%; H, 4.33%; N,
16.49%. Found: C, 49.76%; H, 4.19%; N, 16.32%.

5.1.30. 7-(4-Acetylpiperazin-1-yl)-3,4-dihydro-6-nitro-3-
oxoquinoxaline-2-carboxylic acid (19¢)

5.1.30.1. Step 1: Ethyl 7-(4-acetylpiperazin-1-yl)-3-
methoxy-6-nitroquinoxaline-2-carboxylate (17¢). Follow-
ing the procedure described for compound 19g (step 1),
the title compound was prepared from comlloound 11a
and l-acetylpiperazine, red gum (69%); H NMR
(CDCl5) o: 8.20 (s, 1H), 7.76 (s, 1H), 4.54 (q, J = 7.3 Hz,
2H), 4.15 (s, 3H), 3.83-3.77 (m, 2H), 3.67-3.62 (m, 2H),
3.13-3.06 (m, 4H), 2.15 (s, 3H), 1.47 (t, J = 7.3 Hz, 3H).

5.1.30.2. Step 2: 7-(4-Acetylpiperazin-1-yl)-3,4-dihy-
dro-6-nitro-3-oxoquinoxaline-2-carboxylic acid (19e).
Following the procedure described for compound 19g
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(step 2), the title compound was prepared from
compound 17e, with 47% HBr instead of 3 N HCI,
brown powder (57%); mp 212-214°C; 'H NMR
(DMSO-dg) o0: 7.81 (s, 1H), 7.76 (s, 1H), 3.60-3.50 (m,
4H), 3.10-2.90 (m, 4H), 2.03 (s, 3H); FAB(+)HRMS
362.1153 (+5.2 mmu).

5.1.31. 3,4-Dihydro-7-[4-(4-fluorophenyl)piperazin-1-yl|-
6-nitro-3-oxoquinoxaline-2-carboxylic acid (19f)

5.1.31.1. Step 1: Ethyl 7-[4-(4-fluorophenyl)piperazin-
1-yl]-3-methoxy-6-nitroquinoxaline-2-carboxylate (17f).
Following the procedure described for compound 19g
(step 1), the title compound was prepared from com-
pound 11a and 1-(4-fluorophenyl)piperazine, red gum
(87%); '"H NMR (CDCls) o: 8.18 (s, 1H), 7.80 (s, 1H),
7.00 (t, J=8.8 Hz, 2H), 6.94 (dd, J = 8.8, 4.4 Hz, 2H),
4.55 (q, J =7.3Hz, 2H), 4.15 (s, 3H), 3.27 (s, 8H),
1.47 (t, J =17.3 Hz, 3H).

5.1.31.2. Step 2: 3,4-Dihydro-7-[4-(4-fluorophenyl)pip-
erazin-1-yl]-6-nitro-3-oxoquinoxaline-2-carboxylic  acid
(19f). Following the procedure described for com-
pound 19e (step 2), the title compound was prepared
from compound 17f, pale yellow powder (55%); mp
235.5-237.5°C; '"H NMR (DMSO-ds) o: 7.86 (s,
1H), 8.75 (s, 1H), 7.07 (t, J=9.3 Hz, 2H), 7.01 (dd,
J=93, 49Hz, 2H), 3.19 (d, J=54Hz, 4H), 3.15
(d, J=54Hz, 4H); FAB(+)HRMS 414.1188
(—2.6 mmu). Anal. Caled for C;9H;sFN;Os-5H,O:
C, 53.57%; H, 4.12%; N, 16.44%. Found: C, 53.74%;
H, 3.77%; N, 16.15%.

5.1.32.  3,4-Dihydro-7-(imidazol-1-yl)-6-nitro-3-oxoqui-
noxaline-2-carboxylic acid (19h)

5.1.32.1. Step 1: Ethyl 7-(imidazol-1-yl)-3-methoxy-
6-nitroquinoxaline-2-carboxylate (17h). A solution of
compound 1la (1.41g, 4.78 mmol) and imidazole
(1.63 g, 23.9 mmol) in MeCN (10 mL) was stirred for
9h at 50 °C. The reaction was diluted with CH,Cl,,
washed with brine, dried over Na,SOy,, and evaporat-
ed. The residue was purified by flash column chromat-
ography [SiO,, n-hexane:AcOEt (1:1) to AcOEt] to
give the title compound as orange oil (423 mg, 26%);
H NMR (CDCly) 6: 8.46 (s, 1H), 8.18 (s, 1H), 7.72
(s, 1H), 7.27 (s, 1H), 7.15 (t, J=1.5Hz, 1H), 4.56
(q, J=7.3Hz, 2H), 4.23 (s, 3H), 1.47 (t, J=7.3 Hz,
3H).

5.1.32.2. Step 2: 3,4-Dihydro-7-(imidazol-1-yl)-6-nitro-
3-oxoquinoxaline-2-carboxylic acid (19h). A solution of
compound 17h (423 mg, 1.23mmol) in 3N HCI
(20 mL) was stirred for 6 h at 80 °C. To the reaction,
concd HCI (2 mL) was added, and the reaction was stir-
red for 10 h at 80 °C. After cooling, the precipitate was
collected by filtration, washed with water and MeOH,
and dried under vacuum to give the title compound as
brown powder (166 mg, 44%); mp >300 °C; '"H NMR
(DMSO-dg) 6: 8.24 (s, 1H), 8.22 (s, 1H), 8.06 (s, 1H),
7.56 (s, 1H), 7.25 (s, 1H); FAB(—)HRMS 300.0347
(—22 mmu). Anal. Calcd for C12H7N505 %Hzo C,
46.46%; H, 2.60%; N, 22.58%. Found: C, 46.17%; H,
2.44%; N, 22.61%.

5.1.33. 3,4-Dihydro-7-(2-methylimidazol-1-yl)-6-nitro-3-
oxoquinoxaline-2-carboxylic acid (19i)

5.1.33.1. Step 1: Ethyl 3-ethoxy-7-(2-methylimidazol-
1-yl)-6-nitroquinoxaline-2-carboxylate (18i). 2-Methyl-
imidazole (438 mg, 5.33 mmol) and Et;N (223 pL,
1.60 mmol) were added, to a solution of compound
11b (330 mg, 1.07 mmol) in DMF (2mL) and stirred
for 12h at 110°C. After cooling, the reaction was
poured into ice water, extracted with AcOEt, dried over
Na,S0,, and evaporated. The residue was purified by
flash column chromatography (SiO,, n-hexane:AcOEt,
1:2) to give the title compound as light brown amor-
phous solid (268 mg, 68%); '"H NMR (CDCls) §: 8.42
(s, 1H), 8.12 (s, 1H), 7.01 (d, J = 1.5 Hz, 1H), 6.97 (d,
J=15Hz, 1H), 4.67 (q, J=7.3Hz, 2H), 4.55 (q,
J=7.3Hz, 2H), 2.28 (s, 3H), 1.53 (t, /= 7.3 Hz, 3H),
1.47 (t, J =7.3 Hz, 3H).

5.1.33.2. Step 2: 3,4-Dihydro-7-(2-methylimidazol-1-
yl)-6-nitro-3-oxoquinoxaline-2-carboxylic acid (19i). To a
solution of compound 18i (218 mg, 587 umol) in AcOH
(10 mL), concd HCI (700 pL) was added, and the reac-
tion was stirred for 24 h at room temperature. The reac-
tion was concentrated, and the residue was washed with
water and dried under vacuum to give the title com-
pound as brown powder (97.4mg, 53%); mp 268-
271 °C (decomp.); 'H NMR (DMSO-dg) d: 8.31 (s,
1H), 8.17 (s, 1H), 7.50 (s, 1H), 7.27 (s, 1H), 2.30 (s,
3H); FAB(—)HRMS 314.0514 (—1.2 mmu).

5.1.34. 3,4-Dihydro-7-(4-methylimidazol-1-yl)-6-nitro-3-
oxoquinoxaline-2-carboxylic acid (19j)

5.1.34.1. Step 1: Ethyl 3-ethoxy-7-(4-methylimidazol-
1-yl)-6-nitroquinoxaline-2-carboxylate (18j). A solution
of compound 11b (2.00 g, 6.47 mmol) and 4-methylimi-
dazole (2.66 g, 32.4 mmol) in MeCN (15 mL) was stirred
for 8 h at 100 °C in a sealed tube. After cooling, the
reaction was diluted with CH,Cl,, washed with water,
dried over Na,SQ,, and evaporated. The residue was
purified by flash column chromatography (SiO,, n-hex-
ane:AcOEt, 1:1) to give the title compound as yellow
powder (1.20 g, 50%); '"H NMR (CDCls) J: 8.38 (s,
1H), 8.12 (s, 1H), 7.60 (d, J=1.5Hz, 1H), 6.83 (s,
1H), 4.66 (q, J = 7.0 Hz, 2H), 4.55 (q, J = 7.2 Hz, 2H),
231 (s, 3H), 1.52 (t, J=7.1Hz, 3H), 147 (t,
J=17.3Hz, 3H).

5.1.34.2. Step 2: 3,4-Dihydro-7-(4-methylimidazol-1-
yl)-6-nitro-3-oxoquinoxaline-2-carboxylic  acid  (19j).
Following the procedure described for compound 19e
(step 2), the title compound was prepared from com-
pound 18j, brown powder (69%); mp 210-212 °C (de-
comp.); '"H NMR (DMSO-dg) d: 8.19 (s, 1H), 8.08 (s,
2H), 7.23 (s, 1H), 2.19 (s, 3H); FAB(+)HRMS
316.0688 (—1.6 mmu).

5.1.35. 3,4-Dihydro-7-[4-(hydroxymethyl)imidazol-1-yl]-
6-nitro-3-oxoquinoxaline-2-carboxylic acid (19k)
5.1.35.1. Step 1: Ethyl 3-ethoxy-7-[4-(hydroxymeth-
yl)imidazol-1-yl]-6-nitroquinoxaline-2-carboxylate (18Kk).
To a solution of compound 11b (6.90 g, 22.3 mmol) in
MeCN (70 mL), 4-(hydroxymethyl)imidazole hydro-
chloride (15.1g, 112mmol) and Et;N (23.4mL,
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168 mmol) were added, and the solution was refluxed for
16 h. After cooling, the reaction was diluted with
CH,Cl,, washed with water, dried over Na,SQO,, and
evaporated. The residue was purified by flash column
chromatography (SiO,, n-hexane:AcOEt, 1:1) to give
the title compound as brown power (3.69 g, 43%); 'H
NMR (CDCl;) o: 8.43 (s, 1H), 8.15 (s, 1H), 7.68 (d,
J=15Hz, 1H), 7.09 (s, 1H), 4.71 (s, 2H), 4.66 (q,
J=72Hz, 2H), 4.55 (q, J=7.2Hz, 2H), 1.53 (t,
J=7.1Hgz, 3H), 1.47 (t, J=7.1 Hz, 3H).

5.1.35.2. Step 2: 3,4-Dihydro-7-[4-(hydroxymethyl)imi-
dazol-1-yl]-6-nitro-3-oxoquinoxaline-2-carboxylic  acid
(19k). A solution of compound 18k (100 mg, 258 umol)
in 3 N HCI (2 mL) was stirred for 2 h at room tempera-
ture. The reaction was concentrated, and the residue
was purified by synthetic adsorbent Sepabeads® SP850
(water) to give the title compound as orange powder
(36.7 mg, 43%); mp 240-242 °C (decomp.); 'H NMR
(DMSO-dg) 6: 8.16 (s, 1H), 8.05 (s, 1H), 7.97 (s, 1H),
7.28 (s, 1H), 5.07 (br s, 1H), 4.42 (s, 2H); FAB(—)HRMS
330.0511 (+3.6 mmu).

5.1.36. 7-[4-(Carboxymethyl)imidazol-1-yl}-3,4-dihydro-
6-nitro-3-oxoquinoxaline-2-carboxylic acid (191). A solu-
tion of compound 11b (450 mg, 1.46 mmol) and methyl
imidazole-4-acetate (617 mg, 4.40 mmol) in MeCN
(5 mL) was stirred for 15h at 110 °C in a sealed tube.
After cooling, the reaction was concentrated and the res-
idue was purified by flash column chromatography
(Si0O,, CH,Cl,) to give crude compound 18l. The ob-
tained compound 181 was dissolved into AcOH-concd
HCI (5:1, 3ml) and stirred overnight. The reaction
was concentrated and the residue was dissolved into
MeOH. A solution of LiOH monohydrate (119 mg,
2.84 mmol) in water (1 mL) was added to the reaction,
and stirred overnight. The reaction was concentrated,
made acidic with 0.5 N HCI, and concentrated again.
Water was added to the residue, the precipitate was col-
lected by filtration, washed with water and AcOEt, and
dried under vacuum to give the title compound as brown
powder (149 mg, 27%); mp >300 °C; '"H NMR (DMSO-
dg) 9: 8.19 (s, 1H), 8.04 (s, 1H), 8.01 (s, 1H), 7.33 (s, 1H),
3.56 (s, 2H); FAB(—)HRMS 358.0425 (+0.2 mmu).
Anal. Caled for C4;HoNs;O,H,O: C, 44.57%; H,
2.94%; N, 18.56%. Found: C, 44.64%; H, 3.11%; N,
18.64%.

5.1.37. Ethyl 3-ethoxy-7-(4-methoxybenzyl)amino-6-
nitroquinoxaline-2-carboxylate (20). To a solution of com-
pound 11b (2.00 g, 6.47 mmol) in THF (15 mL), 4-meth-
oxybenzylamine (1.06 g, 7.76 mmol) and Et;N (785 mg,
7.76 mmol) were added, and the solution was refluxed
for 24 h. After cooling, the reaction was diluted with
AcOEt, washed with brine, dried over MgSQy,, and evap-
orated. The residue was purified by flash column chro-
matography [SiO,, CH,Cl, to CH,Cl,:AcOEt (1:1)] to
give the title compound as purple powder (2.09 g, 76%);
H NMR (DMSO-dy) o: 8.49 (s, 1H), 8.08 (t, J = 6.3 Hz,
1H), 7.37 (d, J=8.8 Hz, 2H), 7.22 (s, 1H), 6.91 (d,
J=88Hz, 2H), 477 (d, J=6.3Hz, 2H), 4.58 (q,
J=17.3Hz, 2H), 441 (q, J=7.3 Hz, 2H), 3.72 (s, 3H),
1.37 (t, J = 7.3 Hz, 3H), 1.32 (t, J = 7.3 Hz, 3H).

5.1.38. 7-Amino-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (21)

5.1.38.1. Step 1: Ethyl 7-amino-3-ethoxy-6-nitroqui-
noxaline-2-carboxylate. To a solution of compound 20
(2.09g, 490 mmol) in anisole (5mL) was added
CF;CO,H (5 mL). After stirring for 6 h at room temper-
ature, the reaction was concentrated. The residue was
purified by flash column chromatography (SiO,,
CH,Cl,) to give the title compound as purple powder
(1.20 g, 80%); '"H NMR (DMSO-dy) d: 8.41 (s, 1H),
8.49 (s, 1H), 7.12 (s, 2H), 447 (d, J=6.8 Hz, 2H),
443 (q, J=17.3Hz, 2H), 1.37 (t, J=7.3 Hz, 3H), 1.35
(t, J = 6.8 Hz, 3H).

5.1.38.2. Step 2: 7-Amino-3,4-dihydro-6-nitro-3-oxo-
quinoxaline-2-carboxylic acid (21). To a solution of ethyl
7-amino-3-ethoxy-6-nitroquinoxaline-2-carboxylate
(200 mg, 653 umol) in EtOH (10 mL), 1 N NaOH
(1.96 mL, 1.96 mmol) and water (2 mL) were added,
and the solution was refluxed for 30 min. After cooling,
the reaction was adjusted to pH 4 with 10% HCI, diluted
with brine, extracted with CHCl;, dried over MgSQy,, and
evaporated. The residue was dissolved into EtOH
(10 mL), and concd HCI1 (2 mL) was added. After stirring
for 24 h at room temperature, the reaction was concen-
trated, washed with 'Pr,O, and dried under vacuum to
give the title compound as brown powder (156 mg,
95%); mp >300°C; 'H NMR (DMSO-ds) 6: 7.94 (s,
IH), 7.43 (s, 1H), 7.17 (s, 2H); HRMS 250.0311
(—2.7 mmu).

5.1.39. 3,4-Dihydro-6-nitro-3-oxo-7-(pyrrole-1-yl)quinox-
aline-2-carboxylic acid (22). To a solution of compound
21 (50.0 mg, 200 umol) in AcOH (5mL), 2,5-dim-
ethoxytetrahydrofuran (31.7 mg, 240 umol) was added,
and stirred for 4 h at 80 °C. The reaction was concen-
trated, washed with water and ‘Pr,O, and dried under
vacuum to give the title compound as brown powder
(28.0 mg, 47%); mp > 300 °C; '"H NMR (DMSO-dy) &:
8.07 (s, 1H), 7.91 (s, 1H), 6.99 (t, J = 2.0 Hz, 2H), 6.27
(t, J = 2.0 Hz, 2H); HRMS 300.0502 (+0.7 mmu).

5.1.40. Ethyl 3-ethoxy-7-[4-(2-hydroxyethyl)imidazolyl]-
6-nitroquinoxaline-2-carboxylate (23). To a solution of
compound 11b (309 mg, 999 umol) in DMA (10 mL),
4-(2-hydroxyethyl)imidazole (270 mg, 2.41 mmol) and
Et;N (I mL) were added. After stirring for 15h at
120 °C, the reaction was concentrated. The residue was
purified by flash column chromatography [SiO,, CH,Cl,
to CH,Cl,:MeOH (10:1)] to give the title compound as
brown powder (114 mg, 28%); '"H NMR (CDCls) o:
8.42 (s, 1H), 8.15 (s, 1H), 7.66 (d, J=1.0 Hz, 1H),
6.94 (d, J=1.0 Hz, 1H), 4.66 (q, J = 7.3 Hz, 2H), 4.55
(q, J = 6.8 Hz, 2H), 3.97 (t, J = 5.9 Hz, 2H), 2.92-2.87
(m, 2H), 2.81 (d, J=4.4Hz, 1H), 1.53 (t, J=7.3 Hz,
3H), 1.47 (t, J = 6.8 Hz, 3H).

5.1.41. 7-[4-((n-Butylamino)carbonyloxymethyl)imidazol-
1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-carboxylic
acid (28a). To a solution of compound 18k (100 mg,
258 umol) in CH,Cl, (1mL), n-butyl isocyanate
(43.6 L, 387 pumol) was added . After stirring for 8 h
at room temperature, the reaction was concentrated to
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give crude compound 24a. The obtained compound 24a
was dissolved into AcOH (3mL) and concd HCI
(0.6 mL). After stirring for 24 h at room temperature,
the reaction was concentrated. The residue was dis-
solved into 2 N NaOH, and the precipitate was removed
by filtration. The solution was neutralized with concd
HCI. The precipitate was collected by filtration, washed
with water and AcOEt, and dried under vacuum to give
the title compound as yellow powder (31.2 mg, 28%);
mp 194-196 °C (decomp.); 'H NMR (DMSO-dy) o:
8.19 (s, 1H), 8.03 (s, 1H), 8.00 (s, 1H), 7.48 (s, 1H),
7.20 (t, J=5.6Hz, 1H), 491 (s, 2H), 2.98 (q,
J=6.5Hz, 2H), 1.41-1.34 (m, 2H), 1.31-1.23 (m, 2H),
0.86 (t, J=7.3Hz, 3H); FAB(—)HRMS 429.1161
(+0.2 mmu). Anal. Caled for CsHsBrNgO; - 1H,O: C,
49.20%; H, 4.36%; N, 19.13%. Found: C, 49.06%; H,
4.23%; N, 18.92%.

5.1.42. 3,4-Dihydro-7-[4-((isopropylamino)carbonyloxy-
methyl)imidazol-1-yl]-6-nitro-3-oxoquinoxaline-2-carbox-
ylic acid (28b). Following the procedure described for
compound 28a, the title compound was prepared from
compound 18k and isopropyl isocyanate, yellow powder
(64%); mp 199-201 °C (decomp.); '"H NMR (DMSO-d)
0: 8.17 (s, 1H), 8.03 (s, 1H), 7.94 (s, 1H), 7.45 (s, 1H),
7.13 (d, J=7.3Hz, 1H), 4.90 (s, 2H), 3.63-3.57 (m,
1H), 1.05 (d, J = 6.8 Hz, 6H); FAB(—)HRMS 415.1001
(=0.2 mmu). Anal. Caled for Ci7H;,NsO7H,0: C,
47.01%; H, 4.18%; N, 19.35%. Found: C, 47.19%; H,
3.91%; N, 19.40%.

5.1.43. 7-[4-((Cyclohexylamino)carbonyloxymethyl)imi-
dazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-car-
boxylic acid (28c)

5.1.43.1. Step 1: Ethyl 7-[4-((cyclohexylamino)carbon-
yloxymethyl)imidazol-1-yl]-3-ethoxy-6-nitroquinoxaline-2-
carboxylate (24c). To a solution of compound 18k
(100 mg, 258 pumol) in benzene (10 mL), cyclohexyl isocy-
anate (65.9 pL, 516 umol) was added, and the solution
was refluxed for 2 h. After cooling, the reaction was con-
centrated and the residue was purified by flash column
chromatography (SiO,, n-hexane:AcOEt, 1:1) to give the
title compound as brown amorphous solid (61.0 mg,
46%); '"H NMR (CDCLy) &: 8.43 (s, 1H), 8.14 (s, 1H),
7.68 (d, J=1.5Hz, 1H), 7.18 (d, /J=1.0Hz, 1H), 5.10
(s, 2H), 4.66 (q, J=7.3 Hz, 2H), 4.55 (q, J=7.3 Hz,
2H), 3.52-3.48 (m, 1H), 1.95-1.91 (m, 2H), 1.72-1.67
(m, 2H), 1.60-1.55 (m, 2H), 1.53 (t, J=7.3 Hz, 3H),
147 (t, J=7.3Hz, 3H), 1.44-1.30 (m, 2H), 1.25-1.08
(m, 2H).

5.1.43.2. Step 2: 7-[4-((Cyclohexylamino)carbonyl-
oxymethyl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxo-
quinoxaline-2-carboxylic acid (28c). Following the
procedure described for compound 19i, the title com-
pound was prepared from compound 24¢, brown powder
(81%); mp 237-239 °C (decomp.); 'H NMR (DMSO-d)
0: 8.19 (s, 1H), 8.03 (s, 1H), 8.02 (s, 1H), 7.49 (s, 1H),
7.17 (d, J=17.8 Hz, 1H), 4.91 (s, 2H), 1.76-1.65 (m, 4H),
1.25-1.05 (m, ©6H); FAB(—)HRMS 455.1324
(—2.0 mmu). Anal. Caled for CyHxN¢O;-32H,0: C,
51.12%; H, 4.61%; N, 17.88%. Found: C, 51.35%; H,
4.62%; N, 17.44%.

5.1.44. 3,4-Dihydro-6-nitro-3-oxo-7-[4-((phenylamino)car-
bonyloxymethyl)imidazol-1-yl]quinoxaline-2-carboxylic
acid (28d). Following the procedure described for com-
pound 28a, the title compound was prepared from com-
pound 18k and phenyl isocyanate, dark brown powder
(52%); mp 241-243 °C (decomp.); '"H NMR (DMSO-
d¢) 0: 9.81 (s, 1H), 8.37 (s, 1H), 8.27 (s, 1H), 8.08 (s,
1H), 7.72 (s, 1H), 7.47 (d, J=7.8 Hz, 2H), 7.28 (t,
J=28.1Hz, 2H), 6.99 (t, J=7.3 Hz, 1H), 5.12 (s, 2H);
FAB(+)HRMS 451.1008 (+0.5 mmu).

5.1.45. Sodium 7-[4-((Benylamino)carbonyloxymeth-
yDimidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylate (28¢). To a solution of compound 18k
(100 mg, 258 pmol) in CH,Cl, (3 mL), benzyl isocyanate
(47.8 ul, 387 pmol) was added. After stirring for 6 h at
room temperature, the reaction was concentrated to give
crude compound 24e. The obtained compound 24e was
dissolved into AcOH (3 mL) and concd HCI (0.6 mL).
After stirring for 36 h at room temperature, the reaction
was concentrated. The residue was dissolved into 2 N
NaOH, and washed with AcOEt. The aqueous layer was
concentrated, and the precipitate was collected by filtra-
tion, washed with water and CHCl3, and dried under vac-
uum to give the title compound as yellow powder
(49.0 mg, 36%); mp 222-224 °C (decomp.); 'H NMR
(DMSO-dg) 6: 8.21 (s, 1H), 8.13 (s, 1H), 7.95 (s, 1H),
7.81 (t, J=6.6 Hz, 1H), 7.48 (s, 1H), 7.34-7.21 (m, 5SH),
4.95 (s, 2H), 4.10 (d, J= 6.4 Hz, 1H); FAB(+)HRMS
487.0998 (+2.0 mmu).

5.1.46.  3,4-Dihydro-6-nitro-3-oxo-7-[4-(((2-phenylethyl)
amino)carbonyloxymethyl)imidazol-1-yl]quinoxaline-2-car-
boxylic acid (28f)

5.1.46.1. Step 1: Ethyl 3-ethoxy-6-nitro-7-[4-(((2-phen-
ylethyl)amino)carbonyloxymethyl)imidazol-1-yllquinoxa-
line-2-carboxylate (24f). To a solution of compound 18k
(150 mg, 387 umol) and 3-phenylpropionic acid (116 mg,
774 umol) in benzene (12 mL), diphenylphosphoryl azide
(167 puL, 774 umol) and Et3N (108 pL, 774 rmumol) were
added, and the solution was refluxed for 3 h. After cooling,
the reaction was concentrated and the residue was purified
by flash column chromatography (SiO,, n-hexane:AcOEt,
1:1) to give the title compound as light brown amorphous
solid (123 mg, 59%); "H NMR (CDCl;) 9: 8.43 (s, 1H), 8.14
(s, 1H), 7.67 (d, J = 1.5 Hz, 1H), 7.31-7.27 (m, 2H), 7.22—
7.17 (m, 3H), 5.12 (s, 2H), 4.85 (br s, 1H), 4.66 (q,
J=69Hz, 2H), 455 (q, /J=73Hz 2H), 347 (q,
J=69Hz, 2H), 2.82 (t, J=69Hz 2H), 1.53 (t,
J=6.9 Hz, 3H), 1.47 (t, J = 7.3 Hz, 3H).

5.1.46.2. Step 2: 3,4-Dihydro-6-nitro-3-oxo-7-[4-(((2-
phenylethyl)amino)carbonyloxymethyl)imidazol-1-yl|qui-
noxaline-2-carboxylic acid (28f). Following the proce-
dure described for compound 19i, the title compound
was prepared from compound 24f, light brown powder
(30%); mp 212-214 °C (decomp.); '"H NMR (DMSO-
dg) 0: 8.20 (s, 1H), 8.03 (s, 1H), 8.00 (s, 1H), 7.45 (s,
1H), 7.32-7.16 (m, 6H), 4.92 (s, 2H), 3.17 (t,
J=73Hz, 2H), 272 (t, J=73Hz, 2H);
FAB(—)HRMS 477.1151 (—0.8 mmu). Anal. Calcd for
CyHsNGO; - 1H,0: C, 54.21%; H, 3.93%; N, 17.24%.
Found: C, 54.22%; H, 3.78%; N, 17.21%.
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5.147.  7-[4-((2-Chlorophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29a). Following the procedure described
for compound 28a, the title compound was prepared
from compound 18k and 2-chlorophenyl 1socyanate
yellow powder (64%); mp 205-207 °C (decomp.);
NMR (DMSO-dy) d: 9.20 (s, 1H), 8.18 (s, 1H), 8.15 (s
1H), 7.98 (d, J=1.0 Hz, 1H), 7.59 (d, /= 6.8 Hz, 1H),
7.56 (s, 1H), 7.47 (dd, J=8.1Hz, 1H), 7.33 (1,
J=7.8Hz, 1H), 7.18 (td, J= 7.3, 1.4 Hz, 1H), 5.07 (s,
2H); FAB(—)HRMS 483.0466 (+1.0 mmu).

5.148.  7-[4-((3-Chlorophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29b). Following the procedure de-
scribed for compound 28a, the title compound was
prepared from compound 18k and 3-chlorophenyl
1socyanate yellow powder (36%); mp 215-217 °C (de-
comp.); 'H NMR (DMSO-dg) d: 10.02 (s, 1H), 8.19
(s, 1H), 8.05 (s, 1H), 7.98 (d, J=1.5Hz, 1H), 7.62
(s, 1H), 7.57 (s, 1H), 7.39 (d, J=9.3 Hz, 1H), 7.31
(t, J=8.1Hz, 1H), 7.06-7.03 (m, 1H), 5.08 (s, 2H);
FAB(—)HRMS 483.0476 (+2.0 mmu). Anal. Calcd
for C20H13C1N607 - HCl- %HQO: C, 45300/0, H,
2.85%; N, 15.85%. Found: C, 45.23%; H, 2.95%; N,
15.84%.

5.1.49.  7-[4-((4-Chlorophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29c¢). Following the procedure described
for compound 28a, the title compound was prepared
from compound 18k and 4-chlorophenyl 1socyanate yel-
low powder (63%); mp 250-252 °C (decomp.); '"H NMR
(DMSO-dg) d: 9.94 (s, 1H), 8.20 (s, 1H), 8.04 (s, 1H),
8.00 (s, 1H), 7.57 (s, 1H), 7.49 (d, J=8.8 Hz, 2H),
7.34 (d, J=9.3 Hz, 2H), 5.07 (s, 2H); FAB(—)HRMS
483.0451 (—0.5 mmu).

5.1.50.  7-[4-((2-Bromophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29d). Following the procedure described
for compound 28a, the title compound was prepared from
compound 18k and 2-bromophenyl 1socyanate brown
powder (66%); mp 260-262 °C (decomp.); '"H NMR
(DMSO-dg) d: 9.12 (s, 1H), 8.23 (s, 1H), 8.08 (s, 1H),
8.04 (s, 1H), 7.64 (dd, J = 8.3, 1.5 Hz, 1H), 7.58 (s, 1H),
7.53 (d, J=7.8 Hz, 1H), 7.37 (t, J=7.8 Hz, 1H), 7.13
(td, J=17.8, 1.5Hz, 1H), 5.07 (s, 2H); FAB(+)HRMS
529.0084 (—23 mmu). Anal. Calcd for C20H13BI'N607'-
H,O: C, 43.89%; H, 2.76%; N, 15.36%. Found: C,
44.24%; H, 2.66%; N, 15.03%.

5.1.51. 7-14-((3-Bromophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid hydrochloride (29¢). Following the proce-
dure described for compound 28a, the title compound was
prepared from compound 18k and 3-bromophenyl isocy-
anate, yellow powder (50%); mp 266-268 °C (decomp.);
"H NMR (DMSO-dg) 6: 10.03 (s, 1H), 8.22 (s, 1H), 8.16
(s, 1H), 7.99 (s, 1H), 7.77 (s, 1H), 7.59 (s, 1H), 7.44 (d,
J=78Hz, 1H), 7.25 (t, J=8.1Hz, 1H), 7.17 (d,
J=8.3Hz, 1H), 5.08 (s, 2H); FAB(+)HRMS 529.0140
(+3.3 mmu). Anal. Calcd for C,0H;3BrN¢O; HCI'-H,O:

C, 41.15%; H, 2.76%; N, 14.40%. Found: C, 41.07%; H,
2.67%; N, 14.35%.

5.1.52. 7-[4-((4-Bromophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29f). Following the procedure described
for compound 28a, the title compound was prepared
from compound 18k and 4-bromophenyl 1socyanate
yellow powder (60%); mp 270-272°C (decomp.); 'H
NMR (DMSO-dy) d: 9.95 (s, 1H), 8.20 (s, 1H), 8.03 (s,
1H), 7.99 (s, 1H), 7.57 (d, J=1.0 Hz, 1H), 7.48-7.43
(m, 4H), 5.07 (s, 2H); FAB(+)HRMS 529.0123
(+1.5 mmu). Anal. Caled for C;H;3BrN¢O; - 1H,0: C,
44.62%; H, 2.62%; N, 15.61%. Found: C, 44.97%; H,
2.51%; N, 15.26%.

5.1.53. 3,4-Dihydro-7-[4-((2-methylphenylamino)carbon-
yloxymethyl)imidazol-1-yl]-6-nitro-3-oxoquinoxaline-2-
carboxylic acid hydrochloride (29g). Following the pro-
cedure described for compound 28a, the title compound
was prepared from compound 18k and 2-methylphenyl
isocyanate, brown powder (12%); mp 252-254°C
(decomp.); '"H NMR (DMSO-dg) d: 8.96 (s, 1H), 8.20
(s, 1H), 8.04 (s, 1H), 8.00 (s, 1H), 7.54 (s, 1H), 7.36
(d, J=7.8Hz, 1H), 7.19-7.13 (m, 2H), 7.05 (d, J =
7.3 Hz, 1H), 5.04 (s, 2H), 2.20 (s, 3H); FAB(—)HRMS
463.1009 (+0.7 mmu). Anal. Calcd for Cy;H;sBrN¢O; -
HCI: C, 50.36%; H, 3.42%; N, 16.78%. Found: C,
50.38%; H, 3.64%; N, 16.80%.

5.1.54. 3,4-Dihydro-7-[4-((3-methylphenylamino)carbon-
yloxymethyl)imidazol-1-yl]-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29h). Following the procedure described
for compound 28a, the title compound was prepared
from compound 18k and 3-methylphenyl 1socyanate
yellow powder (25%); mp 223-225°C (decomp.); 'H
NMR (DMSO-dy) d: 9.69 (s, 1H), 8.20 (s, 1H), 8.04 (s,
1H), 7.98 (s, 1H), 7.56 (s, 1H), 7.29 (s, 1H), 7.27 (d,
J=178Hz, 1H), 7.15 (d, J=7.8Hz, 1H), 6.80 (d,
J=73Hz, 1H), 506 (s, 2H), 225 (s, 3H);
FAB(—)HRMS 463.0996 (—0.6 mmu). Anal. Calcd for
Cy1H NGO - 1H,0: C, 53.28%; H, 3.62%; N, 17.75%.
Found: C, 53.27%; H, 3.51%; N, 17.61%.

5.1.55. 3,4-Dihydro-7-[4-((4-methylphenylamino)carbon-
yloxymethyl)imidazol-1-yl]-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29i). Following the procedure described
for compound 28a, the title compound was prepared
from compound 18k and 4-methylphenyl 1socyanate
yellow powder (49%); mp 265-267 °C (decomp.);
NMR (DMSO-dy) d: 9.65 (s, 1H), 8.19 (s, 1H), 8.05 (s
1H), 7.98 (d, J=1.5Hz, 1H), 7.55 (d, /= 1.0 Hz, 1H),
7.35 (d, J=8.3Hz, 2H), 7.07 (d, J=8.3Hz, 2H),
5.05 (s, 2H), 2.23 (s, 3H); FAB(+)HRMS 465.1156
(—=0.3 mmu).

5.1.56. Sodium 3,4-dihydro-7-[4-((4-methoxyphenylami-
no)carbonyloxymethyl)imidazol-1-yl]-6-nitro-3-oxoqui-
noxaline-2-carboxylate (29j). Following the procedure
described for compound 28e, the title compound was
prepared from compound 18k and 4-methoxylphenyl
1socyanate yellow powder (53%); mp 265-267 °C (de-
comp.); '"H NMR (DMSO-d;) d: 9.58 (s, 1H), 8.22 (s,
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1H), 8.15 (s, 1H), 7.98 (d, J = 1.0 Hz, 1H), 7.56 (s, 1H),
7.37 (d, J=8.8 Hz, 1H), 6.86 (d, J = 8.8 Hz, 2H), 5.04
(s, 2H), 3.70 (s, 3H); FAB(+)HRMS 503.0913
(—=1.4 mmu). Anal. Calcd for C21H15N608Na-%H20:
C, 49.32%; H, 3.15%; N, 16.43%. Found: C, 49.51%;
H, 3.08%; N, 16.58%.

5.1.57. 3,4-Dihydro-6-nitro-3-oxo-7-[4-((2-trifluorometh-
ylphenylamino)carbonyloxymethyl)imidazol-1-yl]quinox-
aline-2-carboxylic acid (29k). Following the procedure
described for compound 28a, the title compound was
prepared from compound 18k and 2-trifluoromethyl-
phenyl isocyanate, yellow powder (72%); mp 230—
232°C (decomp.); 'H NMR (DMSO-d) d: 9.21 (s,
1H), 8.20 (s, 1H), 8.04 (s, 1H), 8.00 (s, 1H), 7.72 (d,
J=7.8Hz, 1H), 7.68 (t, J=7.8 Hz, 1H), 7.53 (s, 1H),
7.52 (d, J=7.8 Hz, 1H), 7.45 (t, J=7.8 Hz, 1H), 5.04
(s, 2H); FAB(—)HRMS 517.0704 (—1.5 mmu). Anal.
Calcd for C21H13F3N6O7 . %HQO: C, 4823%, H, 260%,
N, 16.07%. Found: C, 47.93%; H, 2.52%; N, 16.09%.

5.1.58. 3,4-Dihydro-6-nitro-3-oxo-7-[4-((3-trifluorometh-
ylphenylamino)carbonyloxymethyl)imidazol-1-yl]quinox-
aline-2-carboxylic acid (291). Following the procedure
described for compound 28a, the title compound was
prepared from compound 18k and 3-trifluoromethyl-
phenyl isocyanate, yellow powder (38%); mp 256—
258 °C (decomp.); '"H NMR (DMSO-ds) &: 10.18 (s,
1H), 8.21 (s, 1H), 8.04 (s, 1H), 8.01 (s, 1H), 7.93 (s,
1H), 7.69 (d, J=8.8 Hz, 1H), 7.59 (s, 1H), 7.52 (t,
J=78Hz, 1H), 7.34 (d, J=7.8Hz, 1H), 5.10 (s,
2H); FAB(—)HRMS 517.0723 (+0.3 mmu). Anal.
Calcd for C21H13F3N607 . HzOI C, 4546%, H,
2.54%; N, 15.15%. Found: C, 46.13%; H, 2.54%; N,
15.44%.

5.1.59. 3,4-Dihydro-6-nitro-3-oxo-7-[4-((4-trifluorometh-
ylphenylamino)carbonyloxymethyl)imidazol-1-yl]quinox-
aline-2-carboxylic acid (29m). Following the procedure
described for compound 28f, the title compound was
prepared from compound 18k and 4-trifluoromethyl-
benzoic acid, yellow powder (11%); mp 276-278 °C (de-
comp.); '"H NMR (DMSO-d) 6: 10.22 (s, 1H), 8.21 (s,
1H), 8.03 (s, 1H), 8.01 (s, 1H), 7.68 (d, J=19.3 Hz,
2H), 7.65 (d, J = 9.3 Hz, 2H), 7.59 (s, 1H), 5.11(s, 2H);
FAB(—)HRMS 517.0703 (—1.6 mmu).

5.1.60. 7-[4-((2-Carboxyphenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29n)

5.1.60.1. Step 1: Ethyl 3-ethoxy-7-[4-((2-ethoxycar-
bonylphenylamino)carbonyloxymethyl)imidazol-1- yl]J-6-
nitroquinoxaline-2-carboxylate (25n). To a solution of
compound 18k (200 mg, 516 umol) in CH,Cl, (10 mL),
ethyl 2-isocyanatobenzoate (455 mg, 2.38 mmol) was
added. After stirring for 18 h at room temperature, the
reaction was concentrated. The residue was purified by
flash column chromatography (SiO,, n-hexane:AcOEt,
2:1 to 1:3) to give the title compound as pale yellow
powder (199 mg, 67%); '"H NMR (CDCls) d: 10.33 (s,
1H), 8.66 (s, 1H), 8.49 (s, 1H), 8.18 (d, J=8.8 Hz,
1H), 8.05 (s, 1H), 7.95 (d, J=8.8 Hz, 1H), 7.634 (t,

J=8.8 Hz, 1H), 7.625 (s, 1H), 7.16 (t, J = 8.8 Hz, 1H),
512 (s, 2H), 4.62 (g, J=73Hz, 2H), 448 (q,
J=73Hz, 2H), 432 (q, J=73Hz, 2H), 143 (,
J=73Hz, 3H), 1.37 (t, J=7.3Hz, 3H), 1.32 (t,
J = 7.3 Hz, 3H).

5.1.60.2. Step 2: 7-[4-((2-Carboxyphenylamino)car-
bonyloxymethyl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-
oxoquinoxaline-2-carboxylic acid (29n). To a suspension
of compound 25n (97.0 mg, 197 umol) in EtOH (5 mL),
1 N KOH (592 uL, 592 umol) and water (1 mL) were
added, and the solution was refluxed for 1h. After
cooling, the reaction was concentrated, and the residue
was dissolved into 47% HBr (1.6 mL). After stirring for
24 h at room temperature, the reaction was concentrat-
ed. The residue was washed with water and dried under
vacuum to give the title compound as brown powder
(81.0mg, quant.); mp 216-218°C (decomp.); 'H
NMR (DMSO-dg) o: 10.75 (s, 1H), 8.31 (d,
J=283Hz, 1H), 8.24 (s, 1H), 8.05 (s, 1H), 7.99-7.97
(m, 2H), 7.62 (t, J=7.8 Hz, 1H), 7.57 (s, 1H), 7.12
(t, J=7.8Hz, 1H), 5.11 (s, 2H); FAB(—)HRMS
493.0752 (+0.8 mmu).

5.1.61. 7-[4-((3-Carboxyphenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (290). A solution of compound 18k
(500 mg, 1.29 mmol) and ethyl 3-isocyanatobenzoate
(321 pL, 1.94 mmol) in benzene (15 mL) was refluxed
for 2 h. After cooling, the reaction was concentrated
and purified by flash column chromatography (SiO,,
n-hexane:AcOEt, 1:1) to give compound 250 as yellow
oil. The obtained compound 250 was dissolved into
AcOH (5mL) and concd HCI (1 mL), and stirred for
24 h at room temperature. The reaction was concentrat-
ed, and water was added. The precipitate was collected
by filtration, washed with water and AcOEt, and dried
under vacuum. LiOH (1 N, 15 mL) was added and the
solution was stirred for 3 h at room temperature. The
insoluble part was removed by filtration, and the filtrate
was made acidic with concd HCI. The precipitate was
collected by filtration, washed with water, and dried un-
der vacuum to give the title compound as brown powder
(297 mg, 44%); mp 272-274°C (decomp.); '"H NMR
(DMSO-dg) o: 10.00 (s, 1H), 8.22 (s, 1H), 8.13 (s, 1H),
8.08 (s, 1H), 8.04 (s, 1H), 7.69 (t, J = 9.3 Hz, 1H), 7.61
(s, 1H), 7.57 (d, J=7.8 Hz, 1H), 7.40 (t, J=7.8 Hz,
1H), 5.10 (s, 2H); FAB(—)HRMS 493.0739
(0.5 mmu). Anal. Caled for CyH;4NgOy -3H,0: C,
48.47%; H, 3.29%; N, 16.15%. Found: C, 48.62%; H,
3.13%; N, 16.27%.

5.1.62. 7-[4-((4-Carboxyphenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29p). Following the procedure described
for compound 290, the title compound was prepared
from compound 18k and ethyl 4-isocyanatobenzoate,
brown powder (37%); mp 268-270 °C (decomp.); 'H
NMR (DMSO-dg) 6: 10.18 (s, 1H), 8.23 (s, 1H), 8.13
(s, 1H), 8.05 (s, 1H), 7.87 (d, J=8.8 Hz, 2H), 7.63 (s,
1H), 7.58 (d, J=8.8Hz, 2H), 5.12 (s, 2H);
FAB(—)HRMS 493.0769 (+2.5 mmu).
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5.1.63. 3,4-Dihydro-7-[4-((4-ethoxycarbonylphenylami-
no)carbonyloxymethyl)imidazol-1-yl]-6-nitro-3- oxoqui-
noxaline-2-carboxylic acid (29q)

5.1.63.1. Step 1: Ethyl 3-ethoxy-7-[4-((4-ethoxycar-
bonylphenylamino)carbonyloxymethyl)imidazol-1-yl]-6-
nitroquinoxaline-2-carboxylate (25p). Following the
procedure described for compound 28c¢ (step 1), the
title compound was prepared from compound 18k
and ethyl 4-isocyanatobenzoate, yellow amorphous
solid (quant.); '"H NMR (CDCl;) §: 8.45 (s, 1H),
8.15 (s, 1H), 7.99 (d, J=8.8Hz, 2H), 7.71 (d,
S Hz, 1H), 7.47 (d, J=8.8 Hz, 2H), 7.25 (d,
.0Hz, 1H), 7.17 (s, 1H), 5.25 (s, 2H), 4.66 (q,
9 Hz, 2H), 4.55 (q, J=7.3 Hz, 2H), 4.35 (q,
9 Hz, 2H), 1.53 (t, J=6.9Hz, 3H), 1.46 (4,

J
J
J
J
J 3 Hz, 3H), 1.38 (t, /= 6.9 Hz, 3H).

1
1
6
6
7

5.1.63.2. Step 2: 3,4-Dihydro-7-[4-((4-ethoxycarbonyl-
phenylamino)carbonyloxymethyl)imidazol-1-yl]-6-nitro-3-
oxoquinoxaline-2-carboxylic acid (29q). Following the
procedure described for compound 19i (step 2), the title
compound was prepared from compound 25p, brown
powder (80%); mp 207-209 °C (decomp.); '"H NMR
(DMSO-dg) 6: 10.23 (s, 1H), 8.24 (s, 1H), 8.06 (s, 1H),
7.89 (d, J=8.8Hz, 2H), 7.66 (s, 1H), 7.61 (d,
J =8.8 Hz, 2H), 5.13 (s, 2H), 4.28 (q, J = 7.3 Hz, 2H),
1.30 (t, J=7.3Hz, 3H); FAB(—)HRMS 521.1057
(—0.8 mmu). Anal. Calcd for Cy;H; sNgOy -%HzO: C,
50.28%; H, 3.85%; N, 15.30%. Found: C, 50.02%; H,
3.62%; N, 14.94%.

5.1.64. 7-[4-((2,3-Dichlorophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-
2-carboxylic acid (29r). Following the procedure de-
scribed for compound 28ec, the title compound was
prepared from compound 18k and 2,3-dichlorophenyl
isocyanate, brown powder (68%); mp 234-236 °C (de-
comp.); "H NMR (DMSO-dg) 8: 9.43 (s, 1H), 8.22 (s,
1H), 8.05 (s, 1H), 7.59 (dd, J = 8.5, 1.5 Hz, 1H), 7.58 (s,
1H), 7.45 (dd, J=17.8, 1.5 Hz, 1H), 7.35 (t, J = 8.3 Hz,
1H), 5.09 (s, 2H); FAB(—)HRMS 517.0043
(=0.5 mmu). Anal. Calcd for C,yH{,CI,NsO;: C,
46.26%; H, 2.33%; N, 16.18%. Found: C, 46.12%; H,
2.38%; N, 15.90%.

5.1.65. 7-[4-((2,4-Dichlorophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29s). Following the procedure described
for compound 28c, the title compound was prepared from
compound 18k and 2,4-dichlorophenyl isocyanate,
brown powder (68%); mp 272-274 °C (decomp.); 'H
NMR (DMSO-dy) d: 9.33 (s, 1H), 8.23 (s, 1H), 8.10 (s,
1H), 8.04 (s, 1H), 7.64-7.60 (m, 3H), 7.41 (dd, J = 8.8,
2.4Hz, 1H), 5.09 (s, 2H); FAB(—)HRMS 517.0090
(+2.4 mmu).

5.1.66. 7-[4-((2,5-Dichlorophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29t). Following the procedure described
for compound 28a, the title compound was prepared
from compound 18k and 2,5-dichlorophenyl isocyanate,
yellow powder (53%); mp 203-205°C (decomp.); 'H
NMR (DMSO-d) d: 9.41 (s, 1H), 8.22 (s, 1H), 8.09 (s,

1H), 8.04 (s, 1H), 7.75 (d, J = 2.4 Hz, 1H), 7.61 (s, 1H),
7.51 (d, J = 8.8 Hz, 1H), 7.25 (dd, J = 8.3, 2.4 Hz, 1H),
5.11 (s, 2H); FAB(—)HRMS 517.0046 (—2.0 mmu). Anal.
Calcd for C20H12C12N607‘H20I C, 4471(%), H, 2630/0, N,
15.64%. Found: C, 44.39%; H, 2.40%; N, 15.34%.

5.1.67. 7-[4-((2,6-Dichlorophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (29u). Following the procedure described
for compound 28c¢, the title compound was prepared from
compound 18k and 2,6-dichlorophenyl isocyanate,
brown powder (7%); mp 253-255°C (decomp.); 'H
NMR (DMSO-dy) d: 9.46 (s, 1H), 8.18 (s, 1H), 8.05 (s,
1H), 7.98 (s, 1H), 7.54 (d, J = 8.3 Hz, 2H), 7.53 (s, 1H),
7.34 (t, J=8.3 Hz, 1H), 5.03 (s, 2H); FAB(—)HRMS
517.0087 (+2.1 mmu).

5.1.68. 7-[4-((3,4-Dichlorophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid hydrochloride (29v). Following the
procedure described for compound 28a, the title com-
pound was prepared from compound 18k and 3,4-
dichlorophenyl isocyanate, yellow powder (36%); mp
218-220 °C (decomp.); '"H NMR (DMSO-d) d: 10.15
(s, 1H), 8.19 (s, 1H), 8.06 (s, 1H), 7.98 (s, 1H), 7.79 (d,
J=2.4Hz 1H), 7.58 (s, 1H), 7.55 (d, J = 8.8 Hz, 1H),
742 (dd, J=9.0, 2.7Hz, 1H), 5.09 (s, 2H);
FAB(—)HRMS 517.0062 (—0.5 mmu). Anal. Calcd for
CyH2CLNGO; - HCI - 1 H,0: C, 42.54%; H, 2.50%; N,
14.88%. Found: C, 42.79%; H, 2.54%; N, 14.95%.

5.1.69.  7-[4-((3,5-Dichlorophenylamino)carbonyloxym-
ethyl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxa-
line-2-carboxylic acid (29w). Following the procedure
described for compound 28a, the title compound was
prepared from compound 18k and 3,5-dichlorophenyl
isocyanate, yellow powder (81%); mp 246-248 °C
(decomp.); '"H NMR (DMSO-d) 8: 10.23 (s, 1H), 8.21
(s, 1H), 8.03 (s, 1H), 8.01 (s, 1H), 7.59 (s, 1H), 7.53 (d,
J=2.0Hz 2H), 7.21 (t, J=2.0 Hz, 1H), 5.10 (s, 2H);
FAB(—)HRMS 517.0065 (—0.2 mmu). Anal. Calcd for
C20H12C12N607 %HQO C, 4547(%), H, 248(%), N,
15.91%. Found: C, 45.43%; H, 2.28%; N, 15.95%.

5.1.70. 3,4-Dihydro-7-[4-((1-naphthylamino)carbonyl-
oxymethyl)imidazol-1-yl]-6-nitro-3-oxoquinoxaline- 2-car-
boxylic acid (29x)

5.1.70.1. Step 1: Ethyl 3-ethoxy-7-[4-((1-naphthylami-
no)carbonyloxymethyl)imidazol-1-yl]-6-nitroquinoxaline-
2-carboxylate (25x). Following the procedure described
for compound 28c (step 1), the title compound was pre-
pared from compound 18k and 1-naphthyl isocyanate,
yellow amorphous (quant.); 'H NMR (CDCl;) d: 8.45
(s, 1H), 8.16 (s, 1H), 7.90-7.72 (m, 3H), 7.66 (d,
J=8.3Hz 1H), 7.53 (dd, /=6.9, 1.5Hz, 1H), 7.52—
7.45 (m, 3H), 7.13 (s, 1H), 5.30 (d, J = 1.5 Hz, 2H), 4.66
(q, J=17.3Hz, 2H), 4.55 (g, J=7.3 Hz, 2H), 1.53 (1,
J=7.3Hz, 3H), 1.47 (t, J = 7.3 Hz, 3H).

5.1.70.2. Step 2: 3,4-Dihydro-7-[4-((1-naphthylamino)
carbonyloxymethyl)imidazol-1-yl]-6-nitro-3-oxoquinox-
aline-2-carboxylic acid (29x). Following the procedure
described for compound 19i, the title compound was
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prepared from compound 25x, brown powder (70%); mp
224-226 °C (decomp.); 'H NMR (DMSO-dg) 8: 9.70 (s,
1H), 8.33 (s, 1H), 8.29 (s, 1H), 8.28 (s, 1H), 8.083 (s,
1H), 8.077-8.05 (m, 1H), 7.93 (dd, J = 6.4, 3.4 Hz, 1H),
7.75 (d, J=8.3 Hz, 1H), 7.70 (d, /= 5.4 Hz, 1H), 7.63
(d, J=7.8Hz, 1H), 7.55-7.47 (m, 3H), 5.16 (s, 2H);
FAB(—)HRMS 499.1031 (+2.9 mmu). Anal. Calcd for
C24H16N607'H20: C, 5560%), H, 350%), N, 16.21%.
Found: C, 55.67%; H, 3.39%; N, 15.88%.

5.1.71. 3,4-Dihydro-7-[4-((2-naphthylamino)carbonyl-
oxymethyl)imidazol-1-yl}-6-nitro-3-oxoquinoxaline- 2-car-
boxylic acid (29y)

5.1.71.1. Step 1: Ethyl 3-ethoxy-7-[4-((2-naphthylami-
no)carbonyloxymethyl)imidazol-1-yl]-6-nitroquinoxaline-
2-carboxylate (25y). Following the procedure described
for compound 28f (step 1), the title compound was pre-
pared from compound 18k and naphthalene-2-carboxyl-
ic acid, brown amorphous (quant.); "H NMR (CDCl;) §:
8.44 (s, 1H), 8.15 (s, 1H), 7.99 (s, 1H), 7.76 (d,
J=88Hz 1H), 7.75 (d, J=73Hz, 1H), 7.71 (d,
J=1.0Hz, 1H), 7.46-7.35 (m, 3H), 7.13 (s, 1H), 7.27
(d, J=1.0Hz, 1H), 7.01 (s, 1H), 5.28 (s, 2H), 4.66 (q,
J=69Hz, 2H), 454 (q, J=7.3Hz, 2H), 1.52 (¢,
J=6.9 Hz, 3H), 1.46 (t, J = 7.3 Hz, 3H).

5.1.71.2. Step 2: 3,4-Dihydro-7-[4-((2-naphthylamino)-
carbonyloxymethyl)imidazol-1-yl]-6-nitro-3-oxoquinoxa-
line-2-carboxylic acid (29y). Following the procedure
described for compound 19i, the title compound was pre-
pared from compound 25y, brown powder (58%); mp
275-277°C (decomp.); '"H NMR (DMSO-d;) &: 10.01
(s, 1H), 8.22 (s, 1H), 8.09 (s, 1H), 8.05-8.03 (m, 2H),
7.84-7.76 (m, 3H), 7.61 (s, 1H), 7.54 (dd, J=38.8,
2.0 Hz, 1H), 7.47-7.43 (m, 1H), 7.39-7.35 (m, 1H), 5.13
(s, 2H); FAB(—)HRMS 499.1021 (+1.9 mmu). Anal.
Calcd for C24H1(,N607 %Hgo C, 56090/0, H, 343%,
N, 16.18%. Found: C, 56.25%; H, 3.36%; N, 15.94%.

5.1.72. 7-14-((2-Bromobenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3-ethoxy-6-nitroquinoxaline-2-carboxylic
acid (30a)

5.1.72.1. Step 1: Ethyl 7-[4-((2-Bromobenylamino)car-
bonyloxymethyl)imidazol-1-yl]-3-ethoxy-6-nitroquinoxa-
line-2-carboxylate (26a). Following the procedure
described for compound 28f (step 1), the title compound
was prepared from compound 18k and 2-bromophenyl-
acetic acid, brown powder (34%); '"H NMR (CDCl;) &:
8.44 (s, 1H), 8.14 (s, 1H), 7.68 (s, 1H), 7.54 (d,
J=17.8Hz, 1H), 7.41 (d, J=6.9 Hz, 1H), 7.33-7.12 (m,
2H), 5.40-5.30 (br, 1H), 5.15 (s, 2H), 4.67 (q, J = 6.9 Hz,
2H), 4.55 (q, J = 7.3 Hz, 2H), 4.46 (d, J = 6.4 Hz, 2H),
1.53(t,J = 6.9 Hz, 3H), 1.47 (t, J = 7.3 Hz, 3H).

5.1.72.2. Step 2: 7-[4-((2-Bromobenylamino)carbonyl-
oxymethyl)imidazol-1-yl]-3-ethoxy-6- nitroquinoxaline-2-
carboxylic acid (30a). Following the procedure described
for compound 19i, the title compound was prepared
from compound 26a, brown powder (45%); mp 187-
189 °C (decomp.); '"H NMR (DMSO-d;) J: 8.18 (s,
1H), 8.07 (s, 1H), 7.96 (s, 1H), 7.86 (t, J=5.9 Hz,
1H), 7.60 (d, J=7.8 Hz, 1H), 7.49 (s, 1H), 7.21 (t,
J=7.8Hz, 1H), 4.97 (s, 2H), 4.24 (d, J = 5.9 Hz, 2H);

FAB(—)HRMS 541.0113 (+0.6 mmu). Anal. Calcd for
C21H15BIN607: C, 4643%), H, 278%), N, 15.47. Found:
C, 46.13%; H, 2.80%; N, 15.34.

5.1.73. 7-[4-((3-Bromobenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (30b)

5.1.73.1. Step 1: Ethyl 7-[4-((3-bromobenylamino)car-
bonyloxymethyl)imidazol-1-yl]-3-ethoxy-6-nitroquinoxa-
line-2-carboxylate (26b). Following the procedure
described for compound 28f (step 1), the title compound
was prepared from compound 18k and 3-bromophenyl-
acetic acid, brown gum (18%); '"H NMR (CDCls) J: 8.44
(s, 1H), 8.15 (s, 1H), 7.68 (d, /= 1.0 Hz, 1H), 7.44-7.38
(m, 2H), 7.24-7.18 (m, 3H), 5.17 (s, 2H), 4.67 (q,
J=73Hz, 2H), 4.55 (q, J=7.3Hz, 2H), 4.37 (d,
J=59Hz, 2H), 1.53 (t, J=73Hz, 3H), 147 (t,
J=17.3Hz, 3H).

5.1.73.2. Step 2: 7-[4-((3-Bromobenylamino)carbonyl-
oxymethyl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoqui-
noxaline-2-carboxylic acid (30b). Following the
procedure described for compound 19i, the title com-
pound was prepared from compound 26b, yellow pow-
der (41%); mp 159-161°C (decomp.); 'H NMR
(DMSO-dg) 9: 8.16 (s, 1H), 8.08 (s, 1H), 7.95 (s, 1H),
7.84 (t, J=59Hz, 1H), 7.47-7.42 (m, 3H), 7.29-7.26
(m, 2H), 4.96 (s, 2H), 420 (d, J=59Hz, 2H),
FAB(—)HRMS 541.0085 (—2.2 mmu). Anal. Calcd for
C, HsBrNgO”: C, 46.43%; H, 2.78%; N, 15.47%.
Found: C, 46.55%; H, 2.87%; N, 14.92%.

5.1.74. 7-[4-((4-Bromobenylamino)carbonyloxymeth-
yl)imidazol-1-yl|-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (30c)

5.1.74.1. Step 1: Ethyl 7-[4-((4-bromobenylamino)car-
bonyloxymethyl)imidazol-1-yl]-3-ethoxy-6-nitroquinoxa-
line-2-carboxylate (26¢). Following the procedure
described for compound 28f (step 1), the title compound
was prepared from compound 18k and 4-bromophenyl-
acetic acid, yellow amorphous solid (52%); '"H NMR
(CDCl3) o: 8.44 (s, 1H), 8.14 (s, 1H), 7.68 (s, 1H),
745 (d, J=8.3Hz 2H), 7.19 (s, 1H), 7.17 (d,
J=28.3Hz, 2H), 5.16 (s, 2H), 4.67 (q, J = 7.3 Hz, 2H),
4.55 (q, J=17.3 Hz, 2H), 4.34 (d, J = 6.4 Hz, 2H), 1.53
(t, J=7.3Hz, 3H), 1.47 (t, J = 7.3 Hz, 3H).

5.1.74.2. Step 2: 7-|4-((4-Bromobenylamino)carbonyl-
oxymethyl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoqui-
noxaline-2-carboxylic acid (30c). Following the procedure
described for compound 19i, the title compound was pre-
pared from compound 26¢, yellow powder (20%); mp
217-219 °C (decomp.); '"H NMR (DMSO-dq) : 8.18 (s,
1H), 8.05 (s, 1H), 7.95 (s, 1H), 7.83 (t, J= 5.9 Hz, 1H),
7.51 (d, J=83Hz, 2H), 747 (s, 1H), 7.22 (d,
J=8.3 Hz, 2H), 4.95 (s, 2H), 4.17 (d, J = 5.9 Hz, 2H);
FAB(—)HRMS 541.0099 (—0.8 mmu). Anal. Calcd for
C21H15BI'N(,O7 . %HzOZ C, 4567%), H, 292%), N,
15.22%. Found: C, 45.71%; H, 2.79%; N, 15.20%.

5.1.75. 7-|4-(2-((4-Carboxyphenylamino)carbonyloxy)eth-
yl)imidazol-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-2-
carboxylic acid (31). To a solution of compound 23
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(110 mg, 274 pmol) in MeCN (5mL), ethyl 4-iso-
cyanatobenzoate (57.0 mg, 298 pmol) was added, and
the solution was stirred overnight. The reaction was
concentrated and purified by flash column chromatog-
raphy [SiO,, CH,Cl, to CH,Cl,:MeOH (50:1)] to give
crude compound 27. The obtained compound 27 was
dissolved into AcOH-concd HCI (5:1, 6 mL), and stir-
red for 20 min at 80 °C followed by 16 h at room tem-
perature. The reaction was concentrated, and the
residue was dissolved into MeOH (5 mL). LiOH mono-
hydrate (60.0 mg, 1.43 mmol) in water (1 mL) was add-
ed to the solution, and stirred for 2h at 50 °C. The
reaction was concentrated, adjusted to pH 2 with concd
HCI, and concentrated again. Water was added to the
residue, and the precipitate was collected by filtration,
washed with water and AcOEt, and dried under vacuum
to give the title com?ound as brown powder (70.5 mg,
51%); mp >300 °C; '"H NMR (DMSO-dg) d: 12.65 (s,
1H), 10.05 (s, 1H), 8.19 (s, 1H), 8.03 (s, 1H), 8.02 (s,
1H), 7.86 (d, J = 8.6 Hz, 2H), 7.57 (d, J/=9.2 Hz, 2H),
7.35 (s, 1H), 438 (t, J=7.3Hz, 2H), 295 (1,
J =17.3 Hz, 2H); FAB(—)HRMS 507.0902 (+0.1 mmu).

5.1.76. 4-Chloropyridine-3-methanol (34). To a solution
of Pro,NH (18.7mL, 133 mmol) in THF (100 mL)
1.55M n-BuLi in n-hexane (103 mL, 160 mmol) was
added dropwise at —78 °C under Ar atmosphere. After
stirring for 15 min at the same temperature, compound
32 (10.0 g, 66.7 mmol) was added to the solution, and
stirred for 30 min. DMF (6.19 mL, 80.0 mmol) was add-
ed dropwise to the solution at —78 °C. The reaction was
warmed to room temperature slowly, and stirred over-
night. The reaction was quenched with 3 N HCI and stir-
red for 2h at room temperature. The solution was
neutralized with NaHCO;, extracted with AcOEt, dried
over Na,SOy, and evaporated to give crude compound
33 as brown oil. The obtained compound 33 was dis-
solved into EtOH (100 mL), and NaBH,; (3.03 g,
80.0 mmol) was added to the solution. After stirring
for 3 h at room temperature, the reaction was concen-
trated. Water was added to the residue, extracted with
AcOEt, dried over Na,SQO,, and evaporated to give the
title compound as pale yellow powder (7.02 g, 73%);
'"H NMR (CDCls) d: 8.68 (s, 1H), 8.46 (d, J= 5.4 Hz,
1H), 7.33 (d, J = 5.4 Hz, 1H), 4.84 (s, 2H), 2.23 (s, 1H).

5.1.77. Ethyl 3-ethoxy-7-[3-(hydroxymethyl)-4-pyridon-1-
yl]-6-nitroquinoxaline-2-carboxylate (36). To a solution
of compound 34 (2.33 g, 16.2 mmol) in water (25 mL),
NaOH (5.20 g, 130 mmol) was added, and the solution
was refluxed for 24 h. After cooling, the reaction was
neutralized with concd HCI, and concentrated to give
crude compound 35. The obtained compound 35 was
dissolved into DMF (20mL), and compound 11b
(500 mg, 1.62 mmol) was added. After stirring for 4 h
at 110 °C, the reaction was poured into ice water,
extracted with AcOEt, dried over Na,SO,, and evapo-
rated. The residue was purified by flash column chro-
matography (SiO,, AcOEt) to give the title compound
as yellow powder (410 mg, 61%); '"H NMR (CDCls) &:
8.57 (s, 1H), 8.20 (s, 1H), 7.45 (d, J=2.4Hz, 1H),
7.41 (dd, J =17.3, 2.4 Hz, 1H), 6.52 (d, /= 8.0 Hz, 1H),
468 (q, J=72Hz, 2H), 4.59 (s, 2H), 4.56 (q,

J=72Hz, 2H), 154 (t, J=7.1Hz, 3H), 147 (,
J =7.1 Hz, 3H).

5.1.78. 3,4-Dihydro-7-[3-((phenylamino)carbonyloxy-
methyl)-4-pyridon-1-yl]-6-nitro-3-oxoquinoxaline-2-car-
boxylic acid (38a). Following the procedure described for
compound 28a, the title compound was prepared from
compound 36 and phenyl isocyanate, yellow powder
(51%); mp 230-232 °C (decomp.); '"H NMR (DMSO-d)
0: 9.71 (s, 1H), 8.38 (s, 1H), 8.13 (s, 1H), 8.06 (s, 1H),
7.92 (dd, J =17.3, 2.0 Hz, 1H), 7.45 (d, J = 7.8 Hz, 2H),
7.26 (t, J=7.8 Hz, 2H), 6.97 (t, J = 7.3 Hz, 1H), 6.34 (d,
J=7.8Hz, 1H), 4.91 (s, 2H); FAB(—)HRMS 476.0837
(—0.6 mmu). Anal. Caled for C,H;sNsOs-2H,0: C,
52.39%; H, 3.60%; N, 13.88%. Found: C 52.70%; H,
3.41%; N, 13.81%.

5.1.79. 7-[3-((4-Carboxyphenylamino)carbonyloxymeth-
yl)-4-pyridon-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxaline-
2-carboxylic acid (38b)

5.1.79.1. Step 1: Ethyl 3-ethoxy-7-[3-((4-ethoxycar-
bonylphenylamino)carbonyloxymethyl)-4-pyridon- 1-yl]-6-
nitroquinoxaline-2-carboxylate (37b). Following the pro-
cedure described for compound 28c (step 1), the title
compound was prepared from compound 36 and ethyl
4-isocyanatobenzoate, yellow powder (94%); '"H NMR
(CDCl3) o: 857 (s, 1H), 822 (s, 1H), 7.97 (d,
J=8.8Hz, 2H), 7.71 (d, J=2.5Hz, 1H), 7.43 (d,
J =8.8 Hz, 2H), 7.39 (dd, J= 7.8, 2.5 Hz, 1H), 6.56 (d,
J=7.8Hz, 1H), 5.15 (s, 2H), 4.68 (q, J = 6.9 Hz, 2H),
4.55 (q, J=7.3 Hz, 2H), 4.34 (q, J = 7.3 Hz, 2H), 1.54
(t, J=69Hz 3H), 147 (t, J=7.3Hz 3H), 1.37 (t,
J =17.3 Hz, 3H).

5.1.79.2. Step 2: 7-[3-((4-Ethoxycarbonylphenylami-
no)carbonyloxymethyl)-4-pyridon-1-yl]-3,4-dihydro-6-ni-
tro-3-oxoquinoxaline-2-carboxylic acid. To a solution of
compound 37b (692 mg, 1.14 mmol) in AcOH (12 mL),
concd HCI (3 mL) was added, and stirred for 18 h at
room temperature. Water was added to the reaction,
and the precipitate was collected by filtration, washed
with water, and dried under vacuum to give the title
compound as yellow powder (548 mg, 86%); mp 201—
203 °C (decomp.); '"H NMR (DMSO-dg) o: 10.15 (s,
1H), 8.38 (s, 1H), 8.12 (s, 1H), 8.05 (d, J=2.0 Hz,
1H), 7.91-7.86 (m, 3H), 7.58 (d, J = 8.3 Hz, 2H), 6.30
(d, J=7.8 Hz, 1H), 4.94 (s, 2H), 4.27 (q, J = 7.3 Hz,
2H), 1.30 (t, J = 7.3 Hz, 3H); FAB(—)HRMS 548.1053
(—0.1 mmu). Anal. Caled for CysH9NsOy -1 H,O: C,
53.78%; H, 3.61%; N, 12.54%. Found: C, 53.82%; H,
3.69%; N, 12.60%.

5.1.79.3. Step 3:7-[3-((4-Carboxyphenylamino)carbon-
yloxymethyl)-4-pyridon-1-yl]-3,4-dihydro-6-nitro-3-oxo-
quinoxaline-2-carboxylic acid (38b). To a suspension of
7-[3-((4-ethoxycarbonylphenylamino)carbonyloxymeth-
yl)-4-pyridon-1-yl]-3,4-dihydro-6-nitro-3-oxoquinoxa-
line-2-carboxylic acid (383 mg, 697 umol) in water
(4mL), 1 N LiOH (6.97 mL, 6.97 mmol) was added,
and the suspension was stirred for 3 h at room temper-
ature. After purification by synthetic adsorbent Sepa-
beads® SP850 (water—MeCN, 20:1), water was added
and adjusted to pH 2 with concd HCI. The precipitate
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was collected by filtration, washed with water, and
dried under vacuum to give the title compound as yel-
low powder (253 mg, 65%); mp 231-233 °C (decomp.);
'"H NMR (DMSO-d;) d: 10.10 (s, 1H), 8.38 (s, 1H),
8.13 (s, 1H), 8.06 (d, J=2.5Hz, 1H), 7.90 (dd,
J=7.3,25Hz, 1H), 7.85 (d, J = 8.8 Hz, 2H), 7.56 (d,
J=8.8Hz, 2H), 6.32 (d, J=7.3Hz, 1H), 4.94 (s,
2H); FAB(—)HRMS 520.0740 (+0.0 mmu). Anal.
Calcd for C,3H5N50192H,0: C, 49.56%; H, 3.44%;
N, 12.56%. Found: C, 49.32%; H, 3.41%; N, 12.47%.

5.2. Modeling

5.2.1. Molecular modeling. The crystal structure of bac-
terial lysine/arginine/ornithine-binding protein (LAO-
BP) solved at 1.9 A resolution was chosen as the
template for the AMPA-R homology model (Protein
Data Bank entry: 2LAO?!) because bacterial LAOBP
is homologous with glutamate receptors of known
three-dimensional structure. The amino acid sequences
of the GluR3 ligand binding core of the AMPA-R and
LAOBP were reported by O’Hara et al.??> The three-di-
mensional structure of the GluR3 ligand binding core
was modeled using the procedures and strategies out-
lined by Blundell et al.?*> The processes employed were
essentially the same as those used by O’Hara et al.?>2*
The docking experiments were carried out by manually
docking compound 19h, a quinoxaline-2-carboxylic acid
derivative, into our AMPA-R model. Several docking
orientations of the ligand in the binding site of
AMPA-R were obtained and all possible docking model
structures were minimized using the conjugate gradient
method of the CVFF force field until a gradient conver-
gence of 0.1 kcal/mol A was reached (Ca carbon atoms
were fixed, and the dielectric constant 78 was used).
The docking model structure with the lowest interaction
energy between the ligand and the AMPA-R model was
selected as the AMPA-R complex model among docking
model structures with the low total energy.

5.2.2. Hardware and software. Molecular modeling stud-
ies were carried out using the Insight II/Discover version
98.0 molecular modeling package (Accelrys Inc., San
Diego, CA, USA) on a Silicon Graphics O2 RI10K
workstation.

5.3. Solubility measurements

The solubilities of the test compounds were determined
in 0.1 M phosphate buffer (pH 7.4) at ambient tempera-
ture as described by Higuchi et al.? About 2 mg of each
compound was mixed with 200 mL phosphate buffer
and sonicated for 10 min. After centrifugation, 10 mL
of the supernatant was diluted with 100 mL 50% MeOH
and 10 mL DMSQO, in the case of reference samples con-
taining 10 mg/mL of the test compounds. The concen-
tration of the test compound in the solution was
determined by high-performance liquid chromatog-
raphy (HPLC) using a CI18 reversed-phase column
(4.6 x 75 mm; Jshpere ODS-H80, YMC, Japan), with
a mobile phase consisting of 30% or 50% MeOH in
50 mM NaH,PO, run at a flow rate of 1 mL/min, and
detection at a wavelength of 254 nm. The HPLC analy-

ses were performed with a Hitachi L-6200 pump, a Hit-
achi L-4000 ultraviolet wavelength detector (Hitachi,
Japan) and a Tosoh AS-8010 automatic sample injection
system (Tosoh, Japan).

5.4. Biology

5.4.1. Radioligand receptor-binding assay. Receptor
binding was measured as the percentage displacement
of 5nM [*HJAMPA and 10 nM [PH]CGS-19755 from
extensively washed rat cortical synaptosomal mem-
branes, as described by Honore et al., Johansen et al.,
and Murphy et al.?>27 Using 50 mM Tris—HCI buffer
(?H 7.4), tubes containing the membranes, 5nM
[CHJAMPA, 2.5 mM CaCl,, 100 mM KSCN, and the
test compounds were incubated for 30 min at 0 °C, while
other tubes containing 10 nM [*PH]CGS-19755 (pH 8.0)
and the test compounds were incubated for 15 min at
4 °C. Nonspecific binding was determined in the pres-
ence of 0.1 or 1 mM glutamic acid. After stopping the
reaction by suction filtration, the radioactivity on the fil-
ter was measured with a liquid scintillation counter
TR2300 (Packard, Tokyo, Japan). ICs, values were cal-
culated and converted to K; values using the Cheng—
Prosoff equation.

5.4.2. AMPA-evoked depolarization in rat cortical slices
(DC potential). Coronal sections of rat brain (400 pm
thick) were trimmed to form ‘wedges’ of tissue contain-
ing cerebral cortex and corpus callosum as described by
Harrison and Simmonds.?® After 3 h of incubation in
oxygenated Krebs medium, each slice was placed in a
two-compartment recording chamber. This was
arranged so that the cortical tissue was contained almost
entirely in one compartment and the ventral margin of
the cortex passed through a greased slot so that the cor-
pus callosum was entirely in the other compartment.
The cortical tissue was depolarized by superfusion of
AMPA (5 uM) for 2 min. The DC potential between
the two compartments was monitored via Ag/AgCl elec-
trodes and a high input impedance amplifier. AMPA-in-
duced deviations from this baseline DC potential were
measured at peak amplitude. Each test compound was
applied to the cortical end of the preparation 10 min be-
fore exposure to AMPA, and the ability of the test com-
pound to inhibit AMPA-induced DC potentials was
assessed.

5.4.3. Rat focal ischemia model. Male Wistar rats (300
350 g) were subjected to permanent occlusion of the
right middle cerebral artery (MCA) under halothane
anesthesia as described by Tamura et al.'® Rectal tem-
perature was maintained at 37 £ 1 °C during the exper-
iment. After 24 h, the brains were removed and sliced
into five coronal sections (2 mm thick) with the aid of
a rat brain matrix (a manual slicer). The slices were
placed in 2% (w/v) triphenyltetrazolium chloride
(TTC) solution, followed by 10% (v/v) phosphate-buf-
fered formalin. Tissue damage (the area not stained with
TTC) was scored on a four-point damage score as the
infarct volumes (see Fig. 5). On evaluation of four-point
damage score in focal ischemia model, gray areas are in-
farct damage area, then grade 1 damage is ‘0’ and grade
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4 damage is 3’ in four-point scores. The ‘3’ of grade 4
damage is most effective score against focal ischemia
model. Each test compound was administered by contin-
uous iv infusion for 4 h, starting immediately after
occlusion of the MCA. Control rats received saline only,
and their four-point damage scores were less than 1.0.
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Studies on interaction of an intramolecular charge transfer fluorescence probe: Pp 5694-5699
4'-Dimethylamino-2,5-dihydroxychalcone with DNA
Zhicheng Xu, Guan Bai and Chuan Dong* c oo
" N(CH3), . Ny, g 600
§ 200
OH O OH O 5
E 0

500 550 600 650

wavelength (nm)
An intramolecular charge transfer fluorescence probe binding to DNA exhibited dramatic enhancement of fluorescence intensity
accompanying blueshift of the emission maximum. Experimental results give evidence that this probe is inserted into the base-
stacking domain of the DNA double helix.

A cyclic PNA-based compound targeting domain IV of HCV IRES RNA inhibits in vitro pp 5700-5709
IRES-dependent translation

Sergio A. Caldarelli, Mohamed Mehiri, Audrey Di Giorgio, Amaury Martin,
Olivier Hantz, Fabien Zoulim, Raphael Terreux, Roger Condom and Nadia Patino*

u ¢ A U G G U
[ S S TR B

O/J/;(CH2)7 NH-CO———(CHy)s

Synthesis of peptide nucleic acid (PNA) [UCAUGGU]Fc and in vitro antiviral properties are presented.

Synthesis, antiproliferative, and vasorelaxing evaluations of coumarin a-methylene-y-butyrolactones pp 5710-5716
Yeh-Long Chen,” Chih-Ming Lu, Shoiw-Ju Lee, Daih-Huang Kuo, I-Li Chen,
Tai-Chi Wang and Cherng-Chyi Tzeng

R =H or CHy

A number of y-[(2-oxo-2H-1-benzopyranyloxy)methyl]-o-methylene-y-butyrolactones were synthesized and evaluated for
antiproliferative and vasorelaxing activities.
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Design, synthesis, and evaluation of novel 2-substituted- pp 5717-5732
4-aryl-6,7,8,9-tetrahydro-5 H-pyrimido[4,5-b][1,5]oxazocin-5-

ones as NK; antagonists

Shigeki Seto,” Asao Tanioka, Makoto Ikeda and Shigeru Izawa

0]

BN

Me N

CF3

Effects of peripheral substituents on diastereoselectivity of the fifth ligand-binding to chlorophylls, pp 5733-5739
and nomenclature of the asymmetric axial coordination sites

Toru Oba* and Hitoshi Tamiaki

('back'-complex) p-ligand
It was confirmed that in photosynthetic proteins (Crp-ligand)
(bacterio)chlorophylls prefer the fifth ligand-

binding on the one side of the n-macrocycle.

o T

a-ligand o
(Atp-ligand) ('face-complex)

Synthesis and evaluation of bifunctional nitrocatechol inhibitors of pig liver pp 5740-5749
catechol-O-methyltransferase

Karl Bailey and Eng Wui Tan*

HO R

A series of bifunctional compounds were tested in vitro as potential inhibitors of HO OH

pig liver catechol-O-methyltransferase (COMT). The bifunctional compounds were H H

a composite of either two nitrocatechols or one nitrocatechol and one phenol, O,N NMN R2
linked by amide bonds to a spacer unit comprising two to five methylene groups. 0 n 9

The unsymmetrical compounds demonstrated strong inhibitory action against n=2-5

COMT with K; values in the 100 nM range. In comparison, the monofunctional R, R?= NOy, OH and H, H
nitrocatechol analogues of these compounds had K; values that were significantly

higher.

Synthesis and evaluation of antioxidative properties of a series of organoselenium compounds pp 5750-5758
Sk. Ugir Hossain, Sumitra Sengupta and Sudin Bhattacharya®

O o]
A series of novel organoselenium compounds 4a—d were synthesized O Steps. O
and these compounds were evaluated for their antioxidative (CH,)nSeCN
activities against DMBA-PMA-induced oxidative stress in Swiss O O
albino mice. The levels of lipid-peroxidation and phase II detoxify- @) 0
ing enzymes were measured 15 days after the first DMBA
application. Compound 4d was found to be the most active. 4a, n=2

4b, n=3
4c¢, n=4
4d, n=5
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Synthesis of novel 4-substituted-7-trifluoromethylquinoline derivatives with nitric oxide pp 5759-5765
releasing properties and their evaluation as analgesic and anti-inflammatory agents

Ashraf H. Abadi,” Gehan H. Hegazy and Asmaa A. El-Zaher X

3

X
pZ
N

CONHNHCO(CH),-ONO,

F

F %

substitution only on position 2 and 4 of the anilino ring
n=1,X=H;n=2,X=CH3;n=2,X=H

Synthesis and pharmacological activities of some mononuclear Ru(II) complexes pp 57665773

Upal K. Mazumder,” Malaya Gupta, Subhas S. Karki, Shiladitya Bhattacharya,
Suresh Rathinasamy and Thangavel Sivakumar

2+
—~ N
O\ N7TM  Refluxin C;HOH, N, atm U N/ M
Ru — \N/ rRa—N X
cl— Ru—N v
7\ . N
N N Ligand U, \ /N
\w’ M
Ru1-Ru6
Where U=tpl, 4-Cl-tpl, 4-MeO-tpl, 4-Me-tpl, 4-NO,-tpl, pai
M=1,10-phen/2,2-bpy and X=(CIO,), Ru1-Ru5; X=Cl, Rué
Synthesis and antimycobacterial evaluation of various 7-substituted ciprofloxacin derivatives pp 5774-5778

Dharmarajan Sriram,” Perumal Yogeeswari, Jafar Sadik Basha,

Deshpande R. Radha and Valakunja Nagaraja R _R
Various 7-substituted ciprofloxacin derivatives were synthesized and evaluated m 0
for antimycobacterial in vitro and in vivo against Mycobacterium tuberculosis II\I 0 F

and tested the ability of representative compounds to inhibit the supercoiling CHz\N/\

activity of DNA gyrase from Mycobacterium smegmatis. Five compounds (3a, N

g-i, and k) showed most promising activity with MICy, of 0.78 pg/mL and were N
more potent than parent compound ciprofloxacin. Compound 3h decreased the

bacterial load in spleen tissue with 0.76-log|o protections and was considered to
be moderately active in reducing bacterial count in spleen. 3a-1

Synthesis and preliminary biological evaluation of O6-[4-(2-['3F|fluoroethoxymethyl)benzyl]guanine pp 5779-5786
as a novel potential PET probe for the DNA repair protein O°-alkylguanine-DNA alkyltransferase

in cancer chemotherapy

Ji-Quan Wang, Emiko L. Kreklau, Barbara J. Bailey,

Leonard C. Erickson and Qi-Huang Zheng” 04\> y
f< >¥ F

(0]
The synthesis and preliminary biological evaluation of 06-[4—(2-[1SF]ﬂuoroethoxymethyl)- NZ N
benzyl]guanine, as a novel potential PET probe for the DNA repair protein O°-alkylguanine- ‘ >
Sy N
H

DNA alkyltransferase in cancer chemotherapy, are reported. H,N
O°-['8FIFEMBG, [*F]1
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Design, synthesis, and biological characterization of potential antiatherogenic nitric oxide pp 5787-5796
releasing tocopherol analogs

Gloria V. Lépez, Carlos Batthyany, Fabiana Blanco, Horacio Botti, Andrés Trostchansky,
Eduardo Migliaro, Rafael Radi, Mercedes Gonzalez, Hugo Cerecetto™ and Homero Rubbo*

Synthesis and biological characterization of a series of
products obtained by coupling o-tocopherol or analogs o 3
through appropriate spacers with the NO-donor either AcO

nitrooxy or furoxan moieties.

[¢]
Branched aminoglycosides: Biochemical studies and antibacterial activity of neomycin B derivatives pp 5797-5807
Mariana Hainrichson, Varvara Pokrovskaya, Dalia Shallom-Shezifi, Micha Fridman,
Valery Belakhov, Dina Shachar, Sima Yaron and Timor Baasov*
NH,
0
HO OO N ! 5" n OH
SHSO# ||| PO HzN O OH X=0.§
v O NHé {, IVHO . ROk, NH,
HoN N OH Designed
OH  Neomycin B HaN branched derivatives
A novel and selective monoamine oxidase B substrate pp 5808-5813
John M. Rimoldi,” Satish G. Puppali, Emre Isin, Philippe Bissel,
Ashraf Khalil and Neal Castagnoli, Jr.”
C()HS C6H5
MAO-B
N ﬁ/
|
CHj, CH,

Identification of caffeoylquinic acid derivatives from Brazilian propolis as constituents involved pp 5814-5818

in induction of granulocytic differentiation of HL-60 cells

Satoshi Mishima, Yoshikazu Inoh, Yukio Narita, Shozo Ohta, Takashi Sakamoto,
Yoko Araki, Kazu-Michi Suzuki,” Yukihiro Akao and Yoshinori Nozawa

Caffeoyl

® Quinic acid : R1‘ RT R=H @ Caffeic acid)
o ® Chlorogenlc acid : R,= caffeoyl, R,= R:=H
@ 4,5-Di- 0 - caffeoylquinic acid : R,= H, R,= R;= caffeoyl
Hoog \ o @ 3,5~ Di- 0 - caffeoylquinic acid : R,= Ry= caffeoyl, R,= H

® 3,4-Di- 0 - caffeoylquinic acid : R;= R,= caffeoyl, R;= H
@ 34,5~ Tri- 0 - caffeoylquinic acid : R,= R,= Rs= caffeoyl

Caffeoylquinic acid derivatives (@®-@®) induced granulocytic differentiation of HL-60 cells.
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Amentoflavone and its derivatives as novel natural inhibitors of human Cathepsin B pp 5819-5825
Xulin Pan, Ninghua Tan,” Guangzhi Zeng, Yumei Zhang and Ruirui Jia

The structure—activity relationship (SAR) and binding mechanism of three biflavones amentoflavone
(AMF1), 4""-methylamentoflavone (AMF2) and 7',4""-dimethylamentoflavone (AMF3) were elucidated @4'
by density functional theory (DFT) method as well as FlexX methods.

Calorimetric and computational study of enthalpy of formation of 3,6-dibutanoic-1,2,4,5-tetroxane pp 5826-5829
J. M. Romero, D. A. Ayala, N. L. Jorge, M. E. Gomez-Vara, E. A. Castro* and A.H. Jubert

A thermochemical method, a rather simple experimental technique, is used to determine the enthalpy of the formation of 3,6-
dibutanoic-1,2,4,5-tetroxane. The study is complemented with suitable theoretical calculations at the semiempirical and ab initio
levels. A particular satisfactory agreement between both ways is found for the ab initio calculation at the 6-311G basis set level.
Some possible extensions of the present procedure are pointed out.

Four diterpenoid inhibitors of Cdc25B phosphatase from a marine anemone pp 5830-5834
Shugeng Cao, Caleb Foster, John S. Lazo and David G. I. Kingston™

O HO_ _o

O 2X=COOH
@*
New diterpenoids from a sea anemone of the order Actiara are active against Cdc25B phosphate.
Synthesis and DNA-binding affinities of monomodified berberines pp 5835-5840

Ji-Yan Pang, Yong Qin, Wen-Hua Chen,” Guo-An Luo and Zhi-Hong Jiang*

R = OH, NH,
imidazolyl
N-methylpiperaziny!

Four new monomodified berberine derivatives have been synthesized in moderate to good yields and have been shown to bind
strongly to calf-thymus DNA, presumably via an intercalation mechanism.
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Design, synthesis, and AMPA receptor antagonistic activity of a novel pp 5841-5863
6-nitro-3-oxoquinoxaline-2-carboxylic acid with a substituted phenyl group at the 7 position

Yasuo Takano,” Futoshi Shiga, Jun Asano, Naoki Ando, Hideharu Uchiki,
Kazunori Fukuchi and Tsuyosi Anraku

J@ENICOZH _ R/Q fo J@[ IcozH

We describe the design, synthesis, and biological properties of a novel series of 6-nitro-3-oxoquinoxaline-2-carboxylic acids which
bear a substituted phenyl group through a urethane linkage at the 7 position.

Design, syntheses, and biological evaluations of squamostolide and its related analogs pp 5864-5872
Cheng-Lin Lee, Chi-Fong Lin, Wan-Ru Lin, Kun-Sheng Wang, Ya-her Chang,
Shinne-Ren Lin, Yang-Chang Wu and Ming-Jung Wu*
Q Q (0]
° 0 Q Q Q
\ “ \ .

OH Squamostolide 2a

Squamostolide and its related analogs were designed and synthesized for biological evaluation. All these compounds were tested for
growth inhibition activities against human tumor cell lines, in which one of the compounds showed the most potent cytotoxicity
among these derivatives against a full panel of 60 human cancer cell lines. The same compound also showed G2/M phase arrest and
a slightly apoptotic effect during flow cytometric analysis.

Hydrophobic and electronic factors in the design of dialkylglycine decarboxylase mimics pp 5873-5883
Jason J. Chruma, Lei Liu, Wenjun Zhou and Ronald Breslow"

Ho
‘ N S/\)J\N(Cmsz)z
R Me” N7 H R
Me COeH Ve Me_3 CO,H
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2005: Human liver glycogen phosphorylase A (HLGPa) is an attractive target enzyme for discovering anti-type 2 diabetes drugs.
This picture shows the interaction model for a series of indole-2-carboxamides to HLGPa derived from molecular docking
simulations [Liu, G.; Zhang, Z.; Luo, X.; Shen, J.; Liu, H.; Shen, X.; Chen, K_; Jiang, H. Bioorg. Med. Chem. 2004, 12, 4147-4157].
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