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Abstract—Three novel spirostanol-type (2, 3, and 5) and a furostanol-type (4) steroidal saponins were isolated from the stems of
Calamus insignis (Palmae), along with a known steroidal saponin (1) by bioassay guided purification. The chemical structures of
1-5 were established on the basis of spectroscopic analysis and the result of acidic hydrolysis. Compounds 1, 2, 3, and 5 showed
cell growth inhibitory activity against HeLa cells at a concentration of less than 10 pM, and 1 exhibited a cell cycle inhibitory effect
at the G2/M stage at concentrations of 1.5 and 2.9 uM by flow cytometric analysis. This effect seems to be correlated with large
expression of p21 and inhibition of dephosphorylation of cdc2 according to the result of Western blotting analysis.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The genus Calamus (Palmae) is a kind of rattan and
widely grows in Southeast Asia and southern China
and western Pacific. Calamus insignis, one of the genera,
is used in making fine basketware and as a medicinal
agent. During our search for bioactive natural products
such as cell growth inhibitory activity and cell cycle
inhibitory activity from tropical plants,' we investigated
the chemical constituents of stems of C. insignis collect-
ed in Thailand. Here, we describe the isolation and
structure determination of four new steroidal glycosides,
three spirostanols (2, 3, and 5) and a furostanol (4),
along with a known steroidal glycoside (1). The isolated
spirostanol glycosides (1, 2, 3, and 5) showed cell growth
inhibitory activity against HeLa cells at low concentra-
tion (ICsq value: <10 uM). Effects of compounds 1 and
2 on the cell cycle progression of HeLa cells were also
investigated to reveal that compound 1 arrested the cell
cycle at the G2/M phase at concentrations of 1.5 and
2.9 uM. It was demonstrated that this effect resulted
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from expression of p21 and inhibition of dephosphoryl-
ation of cdc2 (see Fig. 1).

2. Results and discussion

The stems of C. insignis were extracted with MeOH, and
the extract showed high cytotoxicity against HeLa cells.
The MeOH extract was partitioned between hexane and
10% aqueous MeOH, and the aqueous phase was fur-
ther extracted with EtOAc and n-BuOH to give four
fractions. Since the most potent activity was found
in the n-BuOH-soluble fraction (ICsy values, the n-
BuOH-soluble fraction: 24.1 pg/mL; the other fractions:
>50 pg/mL), the n-BuOH-soluble fraction was subjected
to repeated ODS column chromatography, followed by
final purification with reversed-phase HPLC on ODS to
give five steroidal saponins (1-5). Among them, com-
pounds 2-5 proved to be new compounds, while com-
pound 1 was identified as a known compound,
Causiaroside I, by comparison of the spectral data with
those reported in the literature.?

Compound 2, [a]if —73.1° (¢ 0.78, pyridine), was ob-
tained as a white amorphous solid, and its molecular
formula was suggested to be Cs;HgyOn6 by the
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Figure 1. Structures of compounds 1-5.

HRFABMS data [m/z 1215.5760, (M+Na)", 4
—1.4mmu]. The '"H NMR spectrum of 2 (Table 1)
showed characteristic proton signals due to one olefinic
proton at dy 5.27 (1H, br d, J = 6.0 Hz; H-6), two sec-
ondary methyl groups at oy 1.12 (3H, d, J=7.0 Hz;
H;-21) and 0.68 (3H, d, J = 6.5 Hz; H5-27), and two ter-
tiary methyl groups at dy 1.03 (3H, s; H3-19) and 0.81
(3H, s; Hs-18) of the steroidal nucleus, two methyl
groups of 6-deoxyhexapyranose at dyx 1.75 (d,
J=6.0Hz), 1.74 (d, J = 6.0 Hz), and five anomeric pro-
tons at oy 6.19 (1H, s), 5.86 (1H, s), 5.25 (1H, d,
J=8.0Hz), 5.06 (1H, d, J=7.5Hz), and 4.92 (1H, d,
J=17.5Hz). Also, the *C NMR spectrum of 2 showed
57 carbon signals including those of five anomeric car-
bons at d¢c 106.7, 105.0, 101.8, 101.6, and 99.9, suggest-
ing 2 to be a steroidal glycoside having five sugar units.
The '*C NMR chemical shifts for the aglycone moiety of
2 were very similar to those of 1, suggesting that the
aglycone of 2 was diosgenin, which is the same as that
of 1. On acidic hydrolysis with 5% sulfuric acid, 2 gave
a crude sugar mixture. The 'H and '*C NMR data
(Table 1) of 2 suggested that 2 contained three glucose

5
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and two rhamnose residues, which was confirmed by
the HPLC analysis (Capcell Pak NH, UGSO0,
85%CH;CN) of the crude sugar mixture obtained by
acid hydrolysis. The absolute configurations of the sugar
residues were determined to be D-glucose and L-rham-
nose, respectively, on the basis of HPLC analysis by
comparison with the authentic samples using a combina-
tion of the RI and optical rotation detectors. The config-
urations of the anomeric positions of two glucoses were
assigned as B by judging from their large coupling con-
stants between H-1 and H-2 of the sugar ring protons
(J1, values: Gle A, 7.5Hz; Glc B, 7.5Hz; Glc C,
8.0 Hz). The anomeric configurations for the two rham-
noses were deduced as o from the one-bond coupling
constant between C-1 and H-1 (Rha A, Jcy 1 values:
169.5 Hz, Rha B, Jc y; values: 172.3 Hz; literature val-
ues®: o-anomer, 169 Hz; B-anomer, 160 Hz). The B3¢
NMR chemical shifts for Glucose A, Glucose B, and
Rhamnose B of 2 were very similar to those of 1,
whereas C-4 of Rhamnose A of 2 (¢ 85.0) significantly
shifted to downfield by ca. 11.0 ppm from that of 1 (d¢
73.9), indicating that Glucose C was attached on C-4 of
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Position 2 3 4 5
Aglycone 1 0.98 m 0.96 m 0.94 m 0.96 m
1.73 m 1.72 m 1.72 m 1.71 m
2 1.85 m 1.83 m 1.85 m 1.84 m
2.07 m 2.07 m 2.07 m 2.07 m
3 3.86 m 3.86 m 3.84 m 3.87 m
4 2.73 m 2.73 m 2.72 m 2.73 m
5
6 5.27 br d (6.0) 5.27 br d (6.0) 5.26 br d (3.6) 5.26 br d (5.5)
7 141 m 1.40 m 1.49 m 1.44 m
1.87 m 1.84 m 1.84 m 1.85m
8 1.55m 1.51 m 1.55m
9 0.87 m 0.88 m 0.89 m 0.88 ddd (4.6, 11.6, 11.6)
10
11 1.40 m 1.4l m 143 m 1.2l m
1.48 m
12 1.05 m 1.07 m 1.06 m 1.06 m
1.64 m 1.66 m 1.72 m 1.65 m
13
14 1.02 m 1.39 m 1.07 m 0.95 m
15 1.48 m .51 m 143 m 1.44 m
2.02 ddd (6.0, 7.0, 13.0) 2.00 ddd (6.0, 7.0, 13.0) 2.00 ddd (6.0, 7.0, 13.0) 2.00 ddd (6.0, 7.0, 13.0)
16 4.54 g-like (7.5) 4.50 g-like (7.5) 4.96 m 4.29 g-like (7.5)
17 1.76 m 1.76 m 191 m 1.56 m
18 0.81s 0.80 s 0.88 s 0.94 s
19 1.03 s 1.03 s 1.04 s 1.01s
20 1.94 dq (7.0,7.5) 1.89 m 2.22 dq (6.5, 7.3) 2.31 dq (7.0, 7.3)
21 1.12d (7.0) 1.13 d (6.6) 1.32.d (6.5) 0.99d (7.2)
22
23 1.63 m 1.40 m 1.99 m 1.66 m
1.66 m 1.88 m
24 1.52 m 1.34 m 1.67 m 141 m
2.13 m 2.04 m 1.50 m
25 1.54 m 1.57 m 1.92 m 1.61 m
26 3.49 br d (12.0) 3.34 brd (11.0) 3.61 dd (6.0, 10.0) 3.67 m
3.57 dd 4.04 m 393 m
27 0.68 d (6.5) 1.06 d (6.6) 0.97 d (6.6) 0.67 d (6.5)
Glc A 1 4.92d (7.5) 493 d (8.0) 4.92.d (7.8) 4.93d (7.8)
2 4.18 m 4.20 m 4.19 m 4.19 m
3 412 m 4.14 m 412 m 413 m
4 4.14 m 4.16 m 415 m 4.16 m
5 3.78 m 3.80 m 3.80 m 3.80 m
6 4.03 br d (12.0) 4.04 m 4.06 m 4.07 br d (12.0)
4.17 m 4.17 m 4.17 m 4.18 m
Glc B 1 5.06 d (7.5) 5.06 d (8.5) 5.06 d (7.8) 5.06 d (7.8)
2 3.96 br t (8.0) 398 brt (7.8) 3.98 br t (7.8) 3.98 br t (7.8)
3 4.15m 4.14m 413 m 413 m
4 449 m 445 m 445 m 4.46 m
5 3.70 m 373 m 373 m 371 m
6 442 m 443 m 442 m 443 brd (11.5)
4.48 m 449 m 4.50 m 4.50 m
Glc C 1 5.25d (8.0)
2 4.13m
3 428 t (9.1)
4 4.21t(9.1)
5 3.80 m
6 4.35 dd (5.0, 12.8)
442 m
Rha A 1 5.86s 5.87s 5.87 s 5.87s
2 4.64 br s 4.66 br s 4.65brs 4.65brs
3 4.67 dd (2.7, 9.4) 4.5l m 4.50 m 4.51 br d (9.5)
4 4451t (9.5 4.34t(9.5) 4.33t(9.0) 4.34t(9.5)
5 5.04 dq (6.0, 9.5) 4.99 m 4.98 m 4.99 dq (6.0, 9.5)
6 1.74 d (6.4) 1.71 d (6.0) 1.70 d (6.0) 1.71 d (6.0)

(continued on next page)
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Table 1 (continued)

Position 2 3 4 5

Rha B 1 6.19 s 6.20 s 6.19 s 6.20 s

2 470 br s 472 brs 472 brs 471 brs

3 4.57 dd (2.7, 9.4) 4.56 dd (3.0, 9.0) 4.57 m 4.58 dd (3.0, 9.0)

4 433t (9.5 434t (9.0) 433t (9.0) 434t (9.0)

5 493 m 4.94 m 492 m 493 m

6 1.75d (6.4) 1.76 d (6.0) 1.75 d (6.0) 1.75 d (6.0)
26-0-Glc 1 4.80 d (7.8)

2 4.06 m

3 423 m

4 3.96 m

5 394 m

6 4.38 dd (6.0, 12.6)

4.57 m

Values in parentheses indicate coupling constants (J in Hz).

Rhamnose A. The structure was finally confirmed by the
HMBC technique. The HMBC spectrum showed the
"H-'3C long-range correlations between H-1 of Glc A
(0u 4.92) and C-3 of aglycone (éc 77.8), H-1 of Glc B
(0g 5.06) and C-4 of Glc A (oc 81.8), H-1 of Rha A
(0n 5.86) and C-4 of Glc B(éc 76.7), H-1 of Glc C
(0y 5.25) and C-4 of Rha A (oc 85.0), and H-1 of Rha
B (0y 6.19) and C-2 of Glc A (d¢ 77.1). Therefore, the
structure of 2 was deduced as diosgenin 3-O-B-p-gluco-
pyranosyl-(1 — 4)-o-L-rhamnopyranosyl-(1 — 4)-B-p-gluco-
pyranosyl-(1 — 4)-[o-L-rhamnopyranosyl-(1 — 2)]-B-D-
glucopyranoside.

Compound 3, [cx]2D3 —80.4° (¢ 1.45, pyridine), was isolat-
ed as a white amorphous solid. The molecular formula
was suggested to be C5;Hg,O0,; by the HRFABMS data
[m/z 1053.5201, (M+Na)*, 4 —4.5 mmu]. Acid hydroly-
sis of 3 afforded p-glucose and L-rhamnose as sugar res-
idues, being identified by HPLC analysis. The '*C NMR
chemical shifts of 3 were similar to those of 1, except for
the signals of the F-ring part. In particular, the methyl
signal of C-27 was observed at dc 16.3, suggesting that
the absolute configuration of C-25 was S, which was
yamogenin (literature*: 255, dc 16.2%0.2; 25R, ¢
17.1 £0.1). In addition, the '"H NMR chemical shifts
of the F-ring of 3 were very similar to average values
of those of 25§ spirostane-type steroidal sapogenins in
the literature® (H»-23: oy 1.40, 1.89; H,-24: 5y 1.39,
2.06; H-25: oy 1.71; H,-26: oy 3.35, 4.04; H3-27: oy
1.10). Thus, the structure of 3 was determined as yamog-
enin  3-0-o-L-rhamnopyranosyl-(1 — 4)-B-p-glucopyr-
anosyl-(1 — 4)-[a-L-rhamnopyranosyl-(1 — 2)]-B-p-gluco-
pyrano side.

Compound 4, [a]g‘ —150.5° (¢ 1.57, pyridine), was ob-
tained as a white amorphous solid. The HRFABMS of
4 showed a peak due to (M+Na)" at 1233.5833 (4
—4.8 mmu), suggesting that its molecular formula was
Cs7Hg>056. It showed a positive coloration with the
Ehrlich reagent by TLC analysis, indicating that 4 was
furostanol saponin.® In the '>*C NMR spectrum, chemi-
cal shifts of 4 were similar to those of 1, except for the
signals of C-20 to C-26 and additional signals corre-
sponding to a B-p-glucopyranose unit. In addition, the
HMBC spectrum displayed long-range correlation be-

tween H-1 of this B-p-glucopyranose (dy 4.80) and C-
26 of aglycone (dc 75.1), indicating that 4 was 3, 26-
di-O-glycosylated diosgenyl saponin. The configuration
of 22-OH was deduced as o from the ROESY correla-
tion between H-20 and H-23, and the '*C NMR chemi-
cal shifts of C-22 (Jc 112.0) in CD3;OD (literature
values’: a-configuration, d¢ 112.0, B-configuration, &¢
115.5). From these results, the structure of 4 was
confirmed as 26-0-B-p-glucopyranosyl(25R)-furost-5-
ene-3pB,22a, 26-triol 3-0-o-L-rhamnopyranosyl-(1 — 4)-
B-p-glucopyranosyl-(1 — 4)-[a-L-rhamnopyranosyl-

(1 — 2)]-B-p-glucopyranoside.

Compound 5, [oc]]z)4 —36.9° (¢ 1.0, pyridine), was isolated
as a white amorphous solid. The HRFABMS of 5 exhib-
ited a quasi-molecular ion peak at m/z 1053.5201,
[(M+Na)", 4 —4.5 mmu], indicating the molecular for-
mula as Cs;Hg>05;. The *C NMR chemical shifts of 5
were similar to those of 3, except for the signals of
C-21 to C-27. The '"H NMR chemical shifts of the E-
and F-rings of 5 were different from that of 3. In partic-
ular, H-16 (dy 4.29) and H3-21 (dy 0.99) of the aglycone
part of 5 shifted to up-field from that of 3 (H-16: oy
4.50, H;3-21: 6y 1.13), while H-20 (dy 2.31) of the agly-
cone part of 5 resonated in lower-field than that of 3
(0y 1.89), suggesting that the absolute configuration of
C-22 of 5 was S. The absolute configuration of C-22
was confirmed to be S by the ROESY correlation between
H-16 and H-230, and comparison with '*C NMR data of
C-21 to C-27 (Table 2) of 22-epiyamogenin glycoside (lit-
eratured: C-20, ¢ 42.1; C-21, 6¢c 17.0; C-22, 6 110.6; C-
23, 0¢c 28.3; C-24, ¢ 28.1; C-25, dc 30.7; C-26, oc 69.6;
C-27, 6c 17.3). The absolute configuration of C-25 was
determined by agreement with NMR data of H,-26 (dy
3.67), H3-27 (0y 0.67), C-25 (dc 30.6), and C-27 (¢
17.2) of 22-epiyamogenin glycoside (literature®: H,-26,
og 3.67; H3-27, 6y 0.69; C-25, oc 30.7; C-27, 6c 17.3).
Consequently, the structure of § was concluded as 22-
epiyamogenin 3-0-o-L-rhamnopyranosyl-(1 — 4)-B-b-
glucopyranosyl-(1 — 4)-[o-L-rhamnopyranosyl-(1 — 2)]-
B-D-glucopyranoside.

Cell growth inhibitory activitiy of isolated compounds
(1-5) was examined by fluorometric microculture cyto-
toxicity assay (FMCA).” As shown in Table 3, steroidal
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Position 2 3 4 5
1 37.4 374 37.4 374
2 30.1 30.1 30.1 30.0
3 77.8 78.1 78.1 78.0
4 38.8 38.8 38.9 38.8
5 140.7 140.7 140.7 140.7
6 121.7 121.7 121.8 121.7
7 32.2 322 324 323
8 31.6 31.6 31.6 314
9 50.2 50.2 50.3 50.3
10 37.0 37.1 37.0 37.0
11 21.0 21.0 21.0 21.1
12 39.8 39.7 39.8 40.2
13 40.4 40.3 40.6 40.9
14 56.5 56.5 56.5 55.7
15 32.1 32.1 32.3 332
16 81.0 81.1 81.0 80.7
17 62.8 62.6 63.8 62.4
18 16.2 16.2 16.4 16.6
19 19.3 19.3 19.3 19.3
20 41.9 424 40.7 42.0
21 15.0 14.8 16.4 16.6
22 109.2 109.7 110.6 110.5
23 31.7 26.3 37.1 28.1
24 29.2 26.1 28.3 28.0
25 30.5 27.5 34.2 30.6
26 66.8 65.0 75.1 69.6
27 17.2 16.3 17.4 17.2
Glc A 1 99.9 99.9 99.9 99.9
2 77.1 77.1 77.1 77.5
3 76.3 76.3 76.3 76.1
4 81.8 81.8 81.8 81.8
5 78.4 76.1 76.1 71.5
6 60.8 60.8 60.8 60.8
Glc B 1 105.0 105.0 105.0 105.0
2 75.2 75.1 75.1 75.1
3 77.5 77.6 77.6 77.0
4 76.7 77.6 71.5 77.1
5 77.0 77.1 77.0 76.3
6 61.6 61.7 61.7 61.6
Glec C 1 106.7
2 76.4
3 71.2
4 78.6
5 76.1
6 62.5
Rha A 1 101.8 102.6 102.6 102.6
2 71.9 72.5 72.5 72.5
3 72.4 72.7 72.7 72.7
4 85.0 73.9 73.9 73.9
5 68.4 70.3 70.3 70.3
6 18.3 18.5 18.5 18.5
Rha B 1 101.6 101.6 101.6 101.6
2 72.5 72.4 72.4 72.4
3 72.6 72.7 72.7 72.7
4 74.0 74.0 74.0 74.0
5 69.4 69.4 69.4 69.4
6 18.6 18.6 18.6 18.6
26-0-Glc 1 104.9
2 75.2
3 78.5
4 71.6
5 78.4
6 62.8

Table 3. Cell growth inhibitory activities of compounds 1-5, diosgen-
in, and mitomycin C against HeLa cells

Compound 1Cso (LM)
1 1.5
2 2.1
3 4.5
4 13.9
5 7.7
Diosgenin 17.5
Mitomycin C 5.1

saponins isolated from C. insignis exhibited considerable
activity against HeLa cells with ICsy values ranging
from 1.5 to 13.9 uM. Spirostanol saponins (1, 3, and
5) with the same sequence of the sugar chains were par-
ticularly more active than furostanol saponin (4). Com-
pounds 1 and 2 showed stronger activity against HeLa
cells than dioscin, representative diosgenyl glycoside (lit-
erature'?: ICsy 4.5 pM), and mitomycin C (ICsy 5.1 pM)
as positive control. Additionally, it is found that the su-
gar moiety of steroidal saponin had a crucial role in this
effect against HeLa cells since 1 and 2 possessed more
potent activity than their aglycone, diosgenin (ICs
17.5 uM).

The effects of compounds 1 and 2 on the cell cycle distri-
bution of HeLa cells were examined by flow cytometric
analysis. As shown in Table 4, the cells treated with
compound 1 induced an appreciable accumulation of
cells of the G2/M phase at 2.9 uM after 24 h of incuba-
tion (38 = 2.1% against 13 £ 2.2% of the control), and
this effect took place in a dose-dependent manner. In
contrast, treatment of HeLa cells with compound 2 for
24 h remarkably increased Sub-G1 and decreased Gl
phase cells.

To define the mechanism of G2/M arrest by compound 1,
the expression of cell cycle regulatory proteins in the G2/
M phase was evaluated by Western blotting analysis.
Compound 1 treatment against HeLa cells caused up-reg-
ulation of p21 and phosphorylated cdc2 levels in a dose-
dependent manner for 24 h, while cyclin B1 and p53 levels
showed no change (Fig. 2). Accordingly, compound 1
inhibited the proliferation of HeLa cells through arresting
in the G2/M phase by inhibiting dephosphorylation of
cdc2 and inducing expression of p21. Also, the number

Table 4. Effect of compounds 1 and 2 on the cell cycle distribution (%)
of HelLa cells

Sub-G1 Gl S G2IM

Compound 1

Control  16+22 57+1.7 14+17 13%22

0.73 M 8+ 1.4 56 +3.3 17£05 19£3.0

1.5 pM 11+12 454097 19+10 25+02"

2.9 M 17+1.0 26137 19+0.8 38+21"
Compound 2

Control  16+2.2 57+1.7 14+17 13%£22

1.0 yM 20+ 1.9 45+09™ 2005 15%09

2.1 uM 31£3.6° 29+1.07  20+%11 20+1.7

42 M 40+40"  25+127  18%14 17+22

Data are given as the percentage of the total number of cells. The
values are means = SEM ("'p < 0.01, “p < 0.05 vs. Control, n = 5).
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Figure 2. Effect of compound 1 on cell cycle regulatory proteins, p21, p53, cyclin B1, cdc2, and phosphorylated cdc2. Total protein was separated on

10% (p21, p53, and cyclin B1) or 12.5% SDS-PAGE (cdc2) (n = 3).

and/or sequence of the sugar part seemed to be important
for the G2/M phase arrest against HeLa cells because the
cell cycle inhibitory effect of compound 1 was quite differ-
ent from that of compound 2.

3. Experimental
3.1. General experimental procedures

Optical rotations were measured with a JASCO P-1020
polarimeter. IR spectra were measured on KBr disks
in JASCO FT-IR 230 spectrophotometer. NMR spectra
were recorded on JEOL JNM ECA 800 and ECP600
spectrometers. High-resolution fast atom bombardment
(HRFAB) mass spectra were obtained on a JMS HX-
110 mass spectrometer.

3.2. Plant material

Stems of C. insignis were collected in Khon Kaen, Thai-
land, in September 2001 and were identified by T.K. A
voucher specimen (6-397) is maintained at Department
of Horticulture, Faculty of Agriculture, Khon Kaen
University.

3.3. Extraction and isolation

The air-dried stems (315 g) were extracted with MeOH.
The MeOH extract (62 g) was partitioned between hexane
(500 mL x 3) and 10% aqueous MeOH (500 mL), and the
aqueous phase was further extracted with EtOAc
(500 mL x 3) and n-BuOH (500 mL x 3) to give four frac-
tions (hexane phase, 1.2 g; EtOAc phase, 2.8 g; n-BuOH
phase, 19.1 g; aqueous phase, 35.5 g). A part of the n-
BuOH-soluble fraction (6.7 g) was subjected to ODS col-
umn chromatography (column A: 50 x 200 mm) eluted
with gradient mixtures of 50-100% MeOH in H,O to give
10 fractions: A (4.8g), B (349.6mg), C (1.1g), D
(86.2mg), E (50.2mg), F (13.2mg), G (39.1 mg), H
(194.8 mg), I (238.0 mg), and J (152.9 mg). Fraction H
(194.8 mg) eluted with 80% MeOH was purified by pre-
parative HPLC (Develosil ODS HG-5, 10 x 250 mm;
eluent, 80% MeOH; flow rate, 1.8 mL/min) to afford com-
pound 2 (1.9 mg, tg 39 min) and compound 1 (10.0 mg, g
42 min), and a crude fraction (18.1 mg, tgr 45 min), which

was further purified by HPLC (YMC-pack pro C18,
10 x 250 mm; eluent, 85% MeOH; flow rate, 1.5 mL/
min) to give compound 3 (3.2 mg, tg 47 min). A part of
fraction C (37.4 mg) eluted with 70% MeOH was further
separated by HPLC (Develosil ODS HG-5, 10 x 250 mm;
eluent, 25% MeCN; flow rate, 1.5 mL/min) to afford com-
pound 4 (14.1 mg, trg 50 min). Fraction G (39.1 mg) eluted
with 80% MeOH was purified by preparative HPLC
(Develosil ODS HG-5, 10 x 250 mm; eluent, 80% MeOH;
flow rate, 1.5 mL/min) to yield compound 5 (1.9 mg, g
40 min).

3.3.1. Diosgenin 3-O-p-p-glucopyranosyl-(1 — 4)-o-L-
rhamnopyranosyl-(1 — 4)--p-glucopyranosyl-(1 — 4)-[o-L-
rhamnopyranosyl-(1 — 2)]-B-p-glucopyranoside (2). White
amorphous solid, [ac]2D4 —73.1° (c 0.82, pyridine); IR vy«
(KBr) 3420 and 1051 cm™~'; '"H and ">*C NMR data in Tables
1 and 2; FABMS mi/z 1215 (M+Na) " and m/z 1231 M+K)™;
HRFABMS m/z 12155760, caled for C63H104O33Na,
1215.5774.

3.3.2. Yamogenin 3-O-o-L-rhamnopyranosyl-(1 — 4)-p-p-
glucopyranosyl-(1 — 4)-|o-L-rhamnopyranosyl-(1 — 2)|-p-
p-glucopyranoside (3). White amorphous solid, [a]lz)3 —80.4°
(¢ 1.45, pyridine); IR vy.x (KBr) 3401 and 1066 cm™'; 'H
and *C NMR data in Tables 1 and 2; FABMS m/z 1053
(M+Na)® and m/z 1069 (M+K)"; HRFABMS miz
10535201, calced for C63H104033Na, 1215.5246.

3.3.3. 26-O-p-p-Glucopyranosyl(25R)-furost-5-ene-3f3,220,
26-triol 3-O-o-L-rhamnopyranosyl-(1 — 4)--p-glucopyrano-
syl-(1 — 4)-[e-L-rhamnopyranosyl-(1 — 2)!-B-D-gluc0-
pyranoside (4). White amorphous solid, [oc}f) —150.5° (¢
1.57, pyridine); IR vy (KBr) 3392 and 1065 em ' 'H
and '’C NMR data in Tables 1 and 2; FABMS m/z 1233
(M+Na)" and m/z 1249 (M+K)"; HRFABMS m/z
1233.5833, calcd for Cg3H94033Na, 1233.5881.

3.3.4. 22-Epiyamogenin 3-O-o-L-rhamnopyranosyl-(1 — 4)-
p-p-glucopyranosyl-(1 — 4)-|o-L-rhamnopyranosyl-(1 — 2);-
B-p-glucopyranoside (5). White amorphous solid, [oc}];
—36.9° (¢ 1.0, pyridine); IR vy, (KBr) 3403 and
1058 cm™'; 'H and '*C NMR data in Tables 1 and 2;
FABMS m/z 1053 (M+Na)" and m/z 1069 (M+K)™;
HRFABMS m/z 1053.5201, caled for Cg3HigsO33Na,
1053.5246.
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3.4. Acid hydrolysis of compounds 25 and determination
of the absolute configuration of sugars

Compound 2 (3.8 mg) in 1,4-dioxane (4.5 mL) and 5%
aqueous H,SO4 (3 mL) was heated at 95 °C for 1.5h.
After cooling to room temperature, water was added
to the reaction mixture, and the mixture was partitioned
with EtOAc. The aqueous layer containing the saccha-
ride mixture was neutralized by passage through an
Amberlite IRA-96SB column, and then analyzed by
HPLC (Capcell Pak NH, UGS80, 4.6 x 250 mm; eluent,
85% MeCN; flow rate, 0.7 mL/min; column tempera-
ture, 40 °C; detection, RI, and optical rotation (JASCO
OR-1590)) according to the literature conditions,'! to
identify L-rhamnose (zg 9.29 min, negative peak in opti-
cal rotation detector) and p-glucose (tg 14.52 min, posi-
tive peak in optical rotation detector). Sugar residues of
compound 3-5 were also analyzed by the same proce-
dures as above to give the same results (L-rhamnose
and p-glucose).

3.4.1. Cell growth inhibitory activity. The procedure of as-
say was the same as previously described.!"'? Briefly,
HeLa cells (6 x 103 cells) were treated with different con-
centrations of each isolated compound for 24h at
37 °C. After the medium containing the isolated com-
pounds was removed, cell growth inhibitory activity was
determined by the FMCA method® using a fluorescence
platereader.

3.4.2. Cell cycle analysis. Cell cycle analysis was mea-
sured the same as previously described. ! Briefly, HeLa
cells (5 x 10° cells) were treated with different concentra-
tions of the samples at 37 °C for 24 h, were then fixed
with 70% ethanol at 4 °C for 60 min, resuspended in
100 pg/mL RNAs and 100 pg/mL propidium iodide to
stain DNA, and analyzed for DNA contents using a
flow cytometer.

3.4.3. Western blotting analysis. HeLa cells treated and
untreated with compound 1 or 2 for 24 h were washed
with ice-cold PBS and then lysed in lysis buffer contain-
ing 1% SDS, 10 mM Tris—HCI (pH 7.4), and 1 mM sodi-
um orthovanadate on ice. The lysate was centrifuged for
30 min at 4 °C, and the supernatants were frozen until
analysis. Equal amounts of protein were loaded and sep-
arated by SDS-PAGE, and transferred electrophoreti-
cally onto Immun-blot PVDF membrane (Bio-Rad).
After blocking with TBST (10 mM Tris-HCI, pH 7.4,
100 mM NaCl, and 0.1% Tween 20) containing 5%

skimmed milk, the membrane was incubated at room
temperature for 1h with mouse monoclonal anti-p53
(1:1600), mouse monoclonal anti-p21 (1:400), mouse
monoclonal anti-f-actin (1:1600), rabbit anti-cyclin Bl
(1:2000), and rabbit anti-cdc2 (1:2000) as primary anti-
body. B-Actin was used as internal control. After wash-
ing with TBST, the membrane was incubated at room
temperature for 1 h with horseradish peroxidase-conju-
gated anti-mouse IgG (1:4000) or anti-rabbit IgG anti-
bodies (1:4000) as secondary antibody. After washing
with TBST, immunoreactive bands were detected by
the ECL system (Amersham biosciences). The secondary
antibodies were obtained from Amersham Biosciences.
All the other antibodies were obtained from Sigma.
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Abstract—Investigation on the use of the oxidized form (factor 3 (3a)) of the trimethylated intermediate (precorrin 3 (2)) as a sub-
strate for the enzymes of the anaerobic pathway to vitamin B, led to the synthesis of three pairs of novel cobalt corrinoids. The
Products were made with the aid of the Salmonella typhimurium enzymes CbiH, CbiF, CbiG, and CbiT, were synthesized in several
3C labeled versions, and were isolated as methylesters after esterification. Structures were determined by detailed NMR and MS
analyses. Each set of products was obtained in the decarboxylated (R=Me) and non-decarboxylated (R=CH,COOCH;) forms

(at the C-12 position of the porphyrinoid).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Two routes for the biosynthesis of vitamin B, are
known.!? The path used by aerobes such as Pseudomo-
nas denitrificans includes an oxygen-dependent step and
a late cobalt insertion in the macrocycle® in contrast
with anaerobes like Salmonella typhimurium which pres-
ent a much earlier insertion of cobalt.*

Although in previous studies on the earlier enzymes of
the anaerobic pathway>° we have held to the general be-
lief that the oxidation state of the di- and trimethylated
intermediates is maintained at the same level (dihydro-
isobacteriochlorin), the fact that both in aerobes and
anaerobes their oxidized counterparts have been suc-
cessfully used as substrates when incubated with cell-free
extracts”-® prompted us to investigate the possibility to
proceed further in the path utilizing factor 3 (3a) (the
purple oxidized form of the trimethylated intermediate)
rather than precorrin 3 (2) (the yellow labile reduced
form) as a substrate for CbiH and the next putative en-
zymes of the pathway.

As in previous studies,® we prepared precorrin 3 (2) from
S5-aminolevulinic acid (1) by a multienzyme process,

Keywords: Vitamin Bi,; Biosynthesis; Methylase; Porphyrin; Corrin;

CbiH; CbiF; CbiG; CbiT; Salmonella typhimurium; 13C NMR.

* Corresponding authors. Tel.: +1 979 845 4032; fax: +1 979 845 5992
(P.J.S.); e-mail: patricio@tamu.edu

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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allowed its oxidation during the course of the esterifi-
cation, and then isolated and purified factor 3 octame-
thylester (3b) by chromatography. The pure
isobacteriochlorin methyl ester (3b) was hydrolyzed with
piperidine and the octapiperidinium salt of factor 3 (3¢)
was used as a substrate for the subsequent enzymatic
experiments (Scheme 1). The previous failure to obtain
new isolates when utilizing only the CbiH and CbiF
methylating enzymes and the suggestions that CbiG
may play a role shortly after the macrocycle ring con-
traction process’ led us to choose a strain of Escherichia
coli that overexpresses four of the Cbi enzymes
(CbiT,F,G,H) from S. typhimurium, which has been
described in the past.!°

2. Results and discussion

Precorrin 3 (2) was made by simultaneous incubation of
S-aminolevulinic acid (ALA) (1) with lysates of E. coli
strains'® overexpressing the enzymes aminolevulinic acid
dehydratase, porphobilinogen deaminase, uroporphy-
rinogen III synthase, CobA and Cobl, and S-adenosyl-
L-methionine (SAM); trapping of the pigment, followed
by esterification and TLC purification, yielded tens of
milligrams of factor 3 octamethylester (3b).

The pure factor 3 octamethylester (3b) was hydrolyzed
under argon in 2 M aqueous piperidine; after elimina-
tion of the excess of piperidine, the factor 3 octapiperid-
inium salt (3¢) was incubated under argon with a lysate
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HoN

5-Aminolevulinic
acid (ALA) (1)

Precorrin 3 (2)

A= -CH,COO

P= -CH,CH,CO0

Scheme 1. Preparation of the substrate factor 3 octapiperidinium salt (3c).

of E. coli containing the enzymes CbiH, CbiG, CbiF,
and CbiT, SAM, and either cobalt (II) chloride or
glycine cobalt (I1I) salt.

After overnight incubation, the corrinoid products were
trapped and esterified with methanol/sulfuric acid. After
exposure to air, TLC purification of the mixture of
methylester products in solvent systems containing
KCN afforded three distinctive colored bands (yellow,
red and purple in the same order of elution). Each of
these colored bands could be further resolved, by multi-
ple elutions, into two products which were later shown
to have the same arrangement of double bonds but to
differ only in their molecular weights.

The ability to selectively label all the carbons on the
periphery of the macrocyclic final products in differ-

725

AR~\\CH3

"”PR
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Factor 3 (3a) R=H
Factor 3 octamethylester (3b) R=CHgj
Factor 3 octapiperidinium salt (3c) R= CsH1oN

ent experiments, combined with the use of 'C
NMR techniques, gave us a very detailed knowledge
of the fine differences among the products that were
isolated.

The fate of each labeled carbon of the three alternative
13C-isotopic versions of ALA used, into a generic corrin-
oid product, is shown in Scheme 2.

The '3C NMR spectra of all six cyano cobalt porphyri-
noids derived from [4-">C]JALA showed two doublets in
the region of 130-170 ppm of an unusually large cou-
pling constant (89.7 Hz for the purple pair, 93.6 Hz
for the red pair, and 82.7 Hz for the yellow pair) and
their couplings were confirmed by INADEQUATE
3C NMR experiments. This feature indicated a direct
connection between carbons 1 and 19, showing that

COOH COOH COOH
HZN/\H/.\/ HZN/\R/\/ HoN
o) o) o)
[3-13CJALA [4-13C]ALA [5-13CJALA
5
4
9
10
16 14
15

Scheme 2. Fate of labeled carbons of alternative '>C-isotopic versions of ALA into a generic corrinoid.
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the macrocyclic ring contraction had taken place and
that all the products are corrinoids.

The mass spectral data were determined by ESI in the
positive mode, identifying the molecular ion (M") by
the appearance of additional peaks corresponding
to (M'+H), (M"+Li), (M*+Na), (M"+K), and
(MT—CN). As stated above, the mass spectral analysis
showed that the pairs of products that were resolved
by additional chromatographies differ by 58 mass units,
suggesting that a monodecarboxylation of a side chain
had occurred. The position of the decarboxylation was
revealed by the change of chemical shift (‘H NMR,
13C NMR) of the neighboring atoms.

The numbering s?/stem used is indicated in Figure 1, the
complete sets of *C NMR and 'H NMR data available
are summarized in Tables 1 and 2, and the proposed
structures (4-9) are shown in Figure 2.

From the outset of this study it became apparent that
the six products were closely related. The first pair stud-
ied in detail were the purple products 6 and 7 which have
Amax (rel € in CH,Cl,) as follows: 319 (0.25), 355 (0.44),
379 (0.28), 403 (0.31), 450 (0.19), 551 (1.00), 571 (0.97),
and 586 (1.00) nm.

Initially the products were obtained as a mixture of
approximately 2:1 ratio between the decarboxylated
and non-decarboxylated forms. This made it easier to
identify the sets of '*C NMR signals for each species
as well as the two families of peaks in the mass spectra.

The mass spectrum (ESI + mode) of compound 6 de-
rived from [4-'*CJALA shows m/z = 1145(M+Na)",
100%], 1129[(M+Li)*, 46%], 1123[(M+H)*, 100%], and
1096[(M—CN)*, 20%] consistent with the formula
Cu6""CgHg7NgO16.

A double labeled experiment, in which in addition of
[4-*CJALA ['*CH;]SAM was used, gave a product with
three enriched methyl groups, two of them (at C-11 and
C-17) showing a *C-">C coupling.

Compound 7 has almost identical '*C NMR data to
6; however, the mass spectrum (ESI+ mode) of
derived from

the specimen [4-3CJALA  shows

Figure 1. Numbering system of cobalt corrinoids 4-9.

Table 1. 3C NMR assignments for cobalt corrinoids 4-9 in C4Dg
Compound 4 5 6 7 8 9

1 1423 1423 1657 1657 1579 1579
2 46.8 46.8 45.0 45.0
3 54.6 54.6 53.0 53.0 539 53.8
4 1499 1499 1619 1619 1646 164.6
5 169.8  169.8 86.9 86.9 83.8 83.8
6
7
8

180.5 180.5 1792 179.1 177.8 1778
57.7 57.7 56.4 56.4
1464 1464 133.0 1326 1303 130.0

9 1444 1444 1426 1426 1420 1423
10 31.7 31.7 30.8 30.8 30.7 30.6
11 71.5 77.1 79.8 79.1 80.5 79.9
12 163.8  169.1 164.0 169.5
13 140.0 136.0 136.7 133.1 1363 1328
14 1709 1709 1763 1763 1757 1753
15 102.7  102.7 35.8 35.8 36.2 35.8
16 1582 1582 170.8 170.8 168.0 167.8
17 53.2 53.2 63.6 63.6 58.8 58.8
18 154.8  154.8 41.1 41.1
19 1659 1659 131.3 1313 1334 1334

3a 23.7 23.7 25.1 25.1

8a 19.7 19.7 19.6 19.6
11a 234 239 239 244
13a 20.1 19.6 19.9 19.8
15a 17.0 17.0 17.0 17.0
172’ 21.5 21.6 19.1 18.9
17a 30.6 30.6 374 37.4

mlz = 1087[(M+Na)*, 100%], 1071[(M+Li)", 44%],
1065[(M+H)", 12%)], and 1038[(M—CN)", 29%] consis-
tent with the formula Cyy'*CsHgsNgO14. The loss of
one of the acetate carboxyl groups was also indicated
by the absence of the signal for one of the carbomethoxy
groups in the "H NMR spectrum.

A specimen of 7 derived from [4-">CJALA and esterified
with  CD3;OH shows m/z = 1124[(M+K)", 10%],
1108[(M+Na)", 24%], and 1086[(M+H)", 100%],
1059[(M—CN)", 88%] consistent with having seven
methylesters.

The red products 8 and 9 have 1, (rel € in CH,Cl,) as
follows: 308 (0.70), 322 (0.76), 333 (0.74 sh), 355 (0.46),
379 (0.47), 413 (0.36), and 505 (1.00) nm.

The mass spectrum (ESI + mode) of compound 8 de-
rived from [3-*CJALA shows m/z = 1147[(M+Na)®,
100%], 1125[(M+H)", 4%)], 1098[(M—CN)", 21%] con-
sistent with the formula C,'?CgHgoN¢O16.

A specimen of 8 derived from [4-">CJALA and
['*CH;]SAM shows fragments with m/z values 3 units
heavier, consistent with having 3 methyl groups derived
from SAM as indicated earlier for compound 6.

The mass spectrum (ESI + mode) of compound 9 de-
rived from [3-*CJALA shows m/z = 1105[(M+K)™,
1%)], 1085[(M+Na)", 100%], 1067[(M+H)", 2%], and
1040[(M—CN)", 34%] consistent with the formula
Cus"”CgHg7NgO 4.

A specimen of 9 derived from [4-'>CJALA shows
mlz = 1105[(M+K)*,  9%], 1089[(M+Na)*, 14%],
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Table 2. '"H NMR assignments for cobalt corrinoids 4-9 in C¢Dg

Compound 4 5 6 7 8 9

H3-2a’ 1.55 1.55 1.33 1.33 1.39 1.39
H,-2a 2.42,2.54 2.42,2.54 2.58,2.74 2.58,2.73 2.48, 2.52 2.48, 2.52
H-3 4.16 4.16 3.47 3.47 3.53 3.53
H,-3a 2.31, 2.64 2.31, 2.64 2.00, 2.09 2.02, 2.14 2.13, 2.60 2.15, 2.69
H»-3b 2.36, 2.48 2.36, 2.48 2.60, 2.75 2.60, 2.75
H-5 5.27 5.27 5.06 5.05
H3-7a’ 1.18 1.18 0.98 0.99 1.06 1.06
H,-7a 2.11, 2.33 2.11, 2.33 2.32,2.37 2.32,2.36 2.34,2.38 2.34,2.38
H,-8a 2.27,2.39 2.27,2.39 2.54, 2.64 2.49, 2.60 2.20, 2.62 2.24,2.55
H,-10 2.79, 3.19 2.67, 2.94 2.48, 3.14 2.31,2.87 2.60, 3.09 2.47,2.87
Hs-11a 1.29 1.16 1.50 1.38 1.50 1.39
H,-12a 3.27, 3.45 3.18, 3.44 3.14, 3.35

H;-13a 2.43,2.75 2.62, 2.69 2.55,2.71 241, 2.62 2.19, 2.29 2.19, 2.29
H,-13b 225,227 2.33,2.47 2.34,2.45 2.24, 2.36 2.24, 2.36
H-15 4.63 4.59 4.47 4.44
H3-15a 1.86 1.86 1.70 1.68 1.66 1.64
H;-17a’ 1.23 1.23 1.73 1.74 1.14 1.14
H,-17a 2.09, 2.28 2.09, 2.28 3.56, 3.64 3.61, 3.64 2.04, 2.34 2.04, 2.34
H»-17b 2.47,2.47 2.47,2.47 2.35, 2.60 2.35, 2.60
H-18 3.71 3.71 3.40 3.40
H,-18a 2.76, 2.81 2.76, 2.81 2.54, 2.58 2.55, 2.64
H-18a 6.30 6.31

1067[(M+H)", 24%], and 1040[(M—CN)*, 100%] and
after lithium addition 1073 [(M+Li)", 100%],
1040[(M—CN)*, 47%].

Thus, the mass spectral data for the red pair (8 and 9)
showed that these products are 2 mass units heavier than
the purple Products (6 and 7 respectively), the °C NMR
of the [3-">CJALA derived products indicated that the
additional unsaturation involved C-18 with an exocyclic
olefin as the only possible alternative.

HMBC NMR experiments provided unambiguous
assignments given in Tables 1 and 2 as the [3-">C]JALA
derived version of products 6 and 7 showed both C-12
and C-18 in the olefinic region and H-18a (6.2 ppm).

The yellow products 4 and 5 have A, (rel € in CH,Cl,)
as follows: 307 (0.63), 332 (0.70), 344 (0.64), 388 (1.00),
429 (0.61 sh), 457 (0.50), 482 (0.54), 513 (0.37 sh), 630
(0.14), and 849 (0.43) nm.

The mass spectrum (ESI + mode) of compound 4 de-
rived from [4->CJALA shows m/z=1139 [(M+H)",
100%], consistent with the formula Cy6°CsHgN¢O1 7.

The mass spectrum (ESI + mode) of compound 4 de-
rived from [5-">CJALA shows m/z = 1138 [(M+H)",
100%)], consistent with the formula C47'°C7H¢7NgO;7.

The mass spectrum (ESI + mode) of compound 5 de-
rived from [4-'*CJALA shows m/z=1103[(M+Na)®,
11%], 1081 [(M+H)", 100%], and 1054[(M—CN)",
11%] consistent with the formula Cyg'*CsHgsN¢O;s.

The mass spectrum (ESI + mode) of compound 5 de-
rived from [5-">CJALA shows m/z = 1080[(M+H)",
100%], 1053[(M—CN)™, 6%)] consistent with the formula
C47"°C7HgsNgOs 5.

The distinct feature of the yellow series became more
apParent in the analysis of the NMR spectra of the
[5-"*CJALA derived specimens. While the red and purple
series showed the signals for the C-5 carbons in the tra-
ditional region of 95-100 ppm, for the yellow products
these were dramatically shifted to 169.8 ppm suggesting

a carbonylic form.

A comparison of the structural features of each pair
with those of the known intermediates on the biosyn-
thetic path indicates that the presence of exocyclic
unsaturation in the purple pair (6 and 7) and the C-5
carbonyl form of the yellow pair (4 and 5) are not the
product of enzymatic reactions but rather of purely
chemical reactions. Knowing the generally poor stability
of these compounds to oxygen exposure, we conducted
experiments in which not only were the enzymatic incu-
bations performed in a glove-box under argon (oxygen
concentration under 20 ppm) but also the work up of
the esterification, extraction, TLC purifications, and
NMR sample preparations. The products obtained were
exclusively the red pair indicating that the yellow and
purple products are chemically derived from the red
pair; thus compound 8 (red non-decarboxylated) would
be the closest relative to the long sought, but elusive By,
intermediate cobalt-precorrin 5, which has been postu-
lated but not yet isolated.

3. Conclusions

The methylation at C-15 for all products (4-9), a step
that is expected to be preceded by methylation at C-1
(among other changes), indicates that none of the iso-
lates reported in this study correspond to an intermedi-
ate on the anaerobic pathway to Bi,; however, several
highly significant implications can be derived from the
isolation of these three pairs of corrinoids. First, the
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Figure 2. Structure and NMR assignments of cobalt corrinoids 4-9.

unequivocal demonstration that the enzyme CbiH ac-
cepts factor 3, the oxidized form of the trimethylated
intermediate, as a substrate and performs the C-17
methylation, macrocyclic ring contraction, and ring-A
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lactonization in the same fashion as it does it with pre-
corrin 3 again raises the controversy on what is the true
oxidation level of the real intermediates. Second, the
structures of these new products provide reasonable
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evidence that the next step after CbiH in the biosynthet-
ic pathway is indeed the CbiF catalyzed methylation at
C-11. Third, the surprising finding that CbiT possesses
a second function, besides the previously assigned func-
tion,'? based on the homology shown to a portion of the
aerobic enzyme CobL;'! it is now clear that apart from
the C-12 acetate decarboxylating function, that was
demonstrated by the production of all three pairs of pig-
ments in the decarboxylated form, there is a methylating
function that was shown by the methylation of C-15, in
all six products. The methylating function has been pre-
viously hinted at by others!?> based on X-ray crystal
structure studies which suggested the presence of a
SAM binding site in the enzyme. The fact that aerobes
have the methylating function at C-5 and C-15 and the
decarboxylating function at C-12, all in the same en-
zyme (Cob L), had not allowed a determination of the
timing between methylations at C-5 and C-15. It appears
now, from our findings, that the methylation at C-5
would be the only function of CbiE and its timing
could be addressed by appropriate experiments.

Lastly, the fact that all products have lost the C-2 unit
(C-20 and its attached methyl group) suggests that the
opening of the ring-A lactone may be catalyzed by
CbiG, an enzyme that shows no homology with any of
the gene products of the aerobic path. Based on all of
the above results we suggest the pathway shown in
Scheme 3 to explain the generation of the isolates and
their connection with the intermediates postulated for
the anaerobic B, biosynthetic pathway. Investigations
with a more restricted set of enzymes are currently under

way to produce the true intermediates and determine the
precise role of each enzyme.

4. Experimental
4.1. General procedures

'"H and *C NMR spectra were obtained in C¢Dg on
a Bruker WM-300 spectrometer operating at a carbon
frequency of 75.47 MHz or a Bruker ARX500 NMR
spectrometer operating at a carbon frequency of
125.76 MHz, and employing standard pulse sequences
found in the XWIN-NMR software using either a 5-
or 3-mm C/H probe. Peak positions are given in parts
per million (0) using the benzene signal (128 ppm for
3C; 7.15 ppm for 'H) as the internal standard. HSQC
and HMBC experiments were performed in the ARX
500 instrument using 5 mm HCN or 3 mm HBB probes
with Z gradient accessories. Supplied Bruker programs
were modified for use on this spectrometer. UV-vis
spectra were recorded on an Ocean Optics USB2000
Miniature Fiber Optic Spectrophotometer. Mass spectra
were acquired on a PE SCIEX QSTAR quadrupole
time-of-flight hybrid mass spectrometer using an electro-
spray ionization source. Purifications by thin layer chro-
matography (TLC) were carried out on EMD/Merck
Silicagel 60 precoated plates. The E. coli strains over-
expressing the enzymes utilized in this study have been
described elsewhere.!® Preparations of [5-'*CJALA,
[4-CJALA, and [3-">CJALA were conducted as previ-
ously described.!3"!> Handling of oxygen sensitive mate-

A CHs P A CHs

H3C,
3+ P P
Co o CbiF,G A
ChiH SAM
SAM H 1CH3
A R
\ AN
P CHs P P CHs P
Cobalt factor 5
Factor 3 Cobalt factor 4 (not yet isolated)
ChiT
SAM
air oxidation
4,5 8,9 6,7

Scheme 3. Proposed path for the generation of cobalt corrinoids 4-9.
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rial was done in a DRI-LAB glove-box DL-001-S-G
Vacuum Atmospheres Company.

4.2. Preparation of factor 3 octamethylester (3b)

The [5-'3C], [4-"°C], and [3-'*C] derived versions were
prepared as described below, starting from the corre-
sponding isotopomer of 5-aminolevulinic acid (1). In
300 mL of 50 mM Tris—HCI buffer, 75 mM KCl, and
12 mM MgCl,, pH 7.5, containing 100 mg S-adenosyl-
L-methionine 1,4-butanedisulfonate, which had been
degassed by several cycles of high vacuum and argon
bubbling, lysates of E. coli strains overexpressing the en-
zymes ALA dehydratase, porphobilinogen deaminase,
uroporphyrinogen III synthase, CobA, and Cobl,!¢
and 0.5 mL of Antifoam 204 (Sigma) were added. After
several additional cycles of degassing, aminolevulinic
acid (20 mg) dissolved in 4 mL of the same buffer was
added followed by a few additional cycles of degassing.
The flask was sealed and the incubation was continued
for 16 h at 37 °C in the dark. The incubation mixture
was centrifuged to remove any precipitated protein
and the solution was passed slowly through 600 mg
DEAE Sephadex A-25 to trap the precorrin 3 produced.
After drying the resin with a few washes of argon satu-
rated acetone and vacuum, the porphyrinoids were elut-
ed and esterified for 16 h with 30 mL of 5% sulfuric acid
in methanol. Exposure to air, which oxidizes precorrin 3
(2) to factor 3 (3a), dilution with dichloromethane
(50 mL), neutralization with saturated NaHCO;, and
dilution with 100 mL water were followed by extraction
of the purple solution with dichloromethane
(3 x 50 mL). After evaporation of the solvent, the crude
material was chromatographed on silica gel plates eluted
with dichloromethane/methanol 97.3:2.7 which allowed
the elimination of small amounts of coproporphyrin
III tetramethylester and the unwanted epimeric forms
of the main product factor 3 octamethylester (yield,
approximately 60%).

4.3. Hydrolysis of factor 3 octamethylester

Factor 3 octamethylester was suspended in 3 mL of de-
gassed 2 M piperidine in water and the hydrolysis was
continued under argon in the dark for 48 h at room tem-
perature. The solvent was evaporated at high vacuum
and the residual piperidine was removed by several
cycles of addition of 5 mL of degassed water followed
by freeze-drying.

4.4. Enzymatic preparation of cobalt corrinoids

In 300 mL of 50 mM Tris—HCI buffer, 75 mM KCI, and
12 mM MgCl,, pH 7.5, containing 100 mg S-adenosyl-
L-methionine 1,4-butanedisulfonate which had been
degassed by several cycles of high vacuum and argon
bubbling, a lysate from 2 L of an E. coli strain over-
expressing the Salmonella typhimurium enzymes CbiT,
CbiF, CbiG, and CbiH, and 0.5 mL of Antifoam 204
(Sigma) were added. After several additional cycles of
degassing, factor 3 octapiperidinium salt dissolved in
10 mL of the same buffer and 100 mg of cobalt (IT) chlo-
ride (or 100 mg of glycine cobalt (III) salt) were added

followed by a few additional cycles of degassing. The
flask was sealed and the incubation was continued for
16 h at 37 °C in the dark.

4.5. Isolation and purification of the cobalt corrinoids
49

The incubation mixture was centrifuged to remove any
precipitated protein. KCN 100 mg was added and the
solution was passed slowly through 1 g DEAE Sephadex
A-25 to trap the porphyrinoids produced. After drying
the resin with a few washes of argon saturated acetone
and vacuum, the porphyrinoids were eluted and esteri-
fied for 16 h with 30 mL of 5% sulfuric acid in methanol.
Dilution with dichloromethane (50 mL), neutralization
with saturated NaHCOs;, and dilution with 100 mL of
water were followed by addition of 100 mg KCN buf-
fered with KH,PO, (pH close to neutral) and extraction
with dichloromethane (3 x 50 mL). After evaporation of
the solvent, the crude material was chromatographed on
silica gel plates eluted with dichloromethane/methanol
95:5 saturated with solid KCN. Workup exposed to
air yielded three distinctive pairs of colored bands: yel-
low (4 and 5), purple (6 and 7), and red (8 and 9) in
the same order of elution.

Production and isolation of only the red pair (8 and 9)
was done by performing all operations, including extrac-
tion, evaporations, and chromatography in a glove-box.
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Abstract—A series of azaindole-a-alkyloxyphenylpropionic acid analogues was synthesized and evaluated for PPAR agonist activ-
ities. Structure—activity relationship was developed for PPARa/y dual agonism. One of the synthesized compound 7a was identified

as a potent, selective PPARo/y dual agonist.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Peroxisome proliferator-activated receptors (PPARSs)
are members of the nuclear receptor superfamily, which
includes the receptors for steroid hormones, retinoids,
thyroid hormone, and vitamin D.! Like other nuclear
receptors, PPARs are ligand-dependent transcription
factors. Upon binding an agonist, the conformation of
a PPAR is altered and stabilized such that a binding
cleft is created and recruitment of transcriptional coacti-
vators occurs.” After heterodimerization with another
nuclear receptor, retinoid X receptor (RXR), the PPARs
regulate target gene expression by binding to specific
consensus DNA sequences, termed PPRE (peroxisome
proliferator responsive element),> which are located in
the regulatory regions of the target gene,* and result in
an increase in gene transcription.

The PPARSs play a critical physiological role as regula-
tors of lipid and glucose metabolism. Three subtypes
of PPARs, termed PPARS, PPARa, and PPARY, have
been identified so far in various species, including hu-
mans.’> PPARS exhibits a wide tissue distribution and
is poorly understood to date. However, PPARS binds
fatty acids and eicosanoids, which suggests an involve-
ment in lipid metabolism.® PPARo regulates lipid

* Corresponding author. Tel.: +86 01 6316 5249; fax: +86 01 8315
5752; e-mail: zrguo@imm.ac.cn

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

doi:10.1016/j.bmc.2005.09.040

homeostasis via its role in fatty acid catabolism includ-
ing fatty acid binding, uptake, and oxidation as well as
lipoprotein assembly and transport.” Fibrates (PPARa
agonists, e.g., fenofibrate and clofibrate) primarily de-
crease serum triglyceride levels and increase HDL cho-
lesterol (HDLc) levels, but they also improve glucose
tolerance in type 2 diabetic patients.®° Furthermore,
fibrates have been reported to reduce weight gain in
rodents without effects on food intake.! PPARY is an
important component in the adipogenic signaling cas-
cade, and in lipid storage and utilization. A lot of syn-
thetic compounds, such as the thiazolidinediones
(TZDs), have been reported to function as high affinity
PPARY agonists.'""!> These selective PPARYy agonists
are potent agents with the ability to improve insulin sen-
sitivity and glucose tolerance, and normalize elevated
plasma glucose and insulin levels in type 2 diabetic
patients. But the improvement in insulin sensitivity is
accompanied with a body weight gain.'*!* Therefore,
recently, there has been considerable interest in combin-
ing the beneficial activities of PPARa activation and
PPARY activation, because the dual agonist approach
should be well suited for the treatment of patients with
type 2 diabetes.!> 17

We have designed several series of compounds by in sil-
ico screening of the virtual library of potential PPAR
agonists.'® The present paper reports the synthesis and
biological studies of the series of azaindole-a-alkyloxy-
phenylpropionic acid analogues.
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2. Chemistry

A general strategy to synthesize 6 and 7 is shown in
Scheme 1. The key intermediate 3 undergoes condensa-
tion with ethyl a-alkyloxyl acetate in the presence of
t-BuOK to give 5 in 30-60% yield.

The aldehydes 3 were synthesized as described in
Scheme 2. Dibromoethane or dibromopropane was
treated with 4-hydroxybenzaldehyde in acetone in the
presence of K,COj; as base to give compound 2 in 60—
70% yield. The aldehyde 2 was then treated with 7-azain-
dole to give compound 3.

The compounds obtained are summarized in Table 1.

3. Characterization of the olefinic configuration of 6

The configuration of olefinic intermediate 6 was identi-
fied by IH NMR and X-ray crystallography. When R
is an alkyl group in compounds 6, the chemical shift
of the olefin proton ranged between 6.83 and
6.87 ppm. According to the theoretical calculation,'®
the chemical shift of the olefinic proton in the cis-isomer
with an alkyl R group is 6.83 ppm, which coincides with
our observed values, while in the corresponding trans-
isomer, the calculated chemical shift of the proton is
6.27 ppm. With an unsaturated R group, the calculated
olefinic proton signal in the cis-isomers moved to
7.04 ppm. It can be derived that with an aryl R group,
the olefinic proton signal in the cis-isomer is expected
to further shift to downfield.?° For the synthesized com-
pounds with an aryloxy group, the observed olefin pro-
ton signal shifted to 7.28-7.35 ppm, which was indeed

\\ CHO

el ST L

N N 0
3

R

6

COOEt

| X \ mCOOEI
—— 7 N
N \/Hn\o O\R
4/
A COOH
m m m COOH
N TN O. P /©/\/
"0 R N
N \/Hn\o o

a

867

more downfield than the calculated value of 7.04 ppm
for that in the cis-isomer with an unsaturated R group.
Therefore, we assume the compounds exist in the cis-
configuration. Such an assumption was supported by
the X-ray crystallography of compound 61 (Fig. 1).

4. Results and discussion
4.1. In vitro

Compounds were screened in cell-based transcription
assays using GAL4-PPAR chimeric receptors. Rosiglit-
azone and WY 14643 were used as reference agonists in
the PPARYy and PPARa transactivation assays, respec-
tively. Maximal activation obtained with the reference
agonist was defined as 100%.

The structures and transactivation activity of the series
of compounds are summarized in Table 1.

As indicated in Table 1, the size of the substituent at
the o-position of the carboxyl group significantly
affected PPARYy and PPARa transactivation activity.
Bulky groups generally led to decreased activity with
a relative activity rank of p-methoxylphenyl
< p/m-methylphenyl < phenyl < cyclohexyl < cyclopentyl.
However, the methyl, ethyl, and iso-propyl substitu-
ents appear to be favorable for transactivation activi-
ty. In addition, the unsaturation of the compounds
conducts an interesting result. Vinyl derivatives with
small substituents, such as -CHj;, -C,Hs, and
—CH(CH3),, at the a-position of the carboxyl group,
were less potent than their saturated congeners. In
contrast, vinyl derivatives with bulky substituents,

5
\;,d

~

R

7

Scheme 1. Reagents and conditions: (a) --BuOK, DMF, 2 h; (b) 1 N NaOH, EtOH; (c) 10% Pd/C, H,, EtOH; (d) 1 N NaOH, EtOH.
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Scheme 2. Reagents and conditions: (e) K,COs, acetone; (f) KOH, DMSO, rt, 2 h.
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Table 1. Structures and transactivation activity of the compounds

M *COOH
VN m
e R
Compound n R Single/double PPARY PPARu
ECso (tM) % max ECso (M) % max
6a 2 Et Double 0.6 129 3.63 65
Ta 2 Et Single 0.11 109 0.75 65
6b 2 Me Double 1.413 104 4.57 15
7b 2 Me Single 0.091 89 0.46 21
6¢c 2 i-Pr Double 0.603 93 3.09 18
Tc 2 i-Pr Single 0.024 108 0.50 24
6d 2 Cyclopentyl Double 0.871 85 3.24 16
7d 2 Cyclopentyl Single 0.977 93 3.89 23
6e 2 Cyclohexyl Double 0.776 85 3.80 19
Te 2 Cyclohexyl Single 2.951 79 6.03 12
6f 2 Ph Double 1.413 60 5.13 6
7t 2 Ph Single 4.365 70 5.50 6
6g 2 m-Me-Ph Double 1.122 85 ia ia
g 2 m-Me-Ph Single 3.715 78 ia ia
6h 2 p-Me-Ph Double 0.81 66 3.46 37
7h 2 p-Me-Ph Single 5.37 47 2.57 37
6i 2 p-MeO-Ph Double 1.230 88 427 14
7i 2 p-MeO-Ph Single 5.623 49 5.50 14
6j 3 Et Double 5.370 68 5.37 17
73 3 Et Single 1.318 102 0.79 25
6k 3 Cyclopentyl Double 4.467 21 5.50 7
7k 3 Cyclopentyl Single 3.236 50 5.37 12
ol 3 Ph Double 6.026 7 ia ia
7 3 Ph Single 6.457 6 ia ia
Rosiglitazone 0.068 100
WY14643 39.0 100

ia, inactive.

Figure 1. Structure of compound 61 as determined by X-ray diffraction.

such as cyclopentyl, cyclohexyl, phenyl, methylphenyl,
and metheoxylphenyl, were slightly more potent than
their saturated congeners. The relative activity rank
is probably because of the conformational preference.
Due to a restriction in rotation caused by the double
bonds, the unsaturated compounds are rigid, there-
fore, the activity of these compounds would not sig-
nificantly change. As for the saturated congeners, the
flexibility of the molecules resulted in a fluctuation
in activity. Compounds with small a-substituents can
assume an energetically favorable conformation to fit
the receptor, which leads to a better activity. Howev-
er, compounds with bulky o-substituents may be

excluded by the receptor and cause unfavorable activ-
ity profiles. This interesting phenomenon showed a
strict steric restriction of the right pocket of the
PPARYy and PPARo.

The distance between the azaindole group and middle
benzene ring also conveys an important impact on the
PPAR transactivation potency. The change of the spac-
er from two to three carbon atoms, as in 6j, 7j, 6k, 7k,
61, and 71, led to a decrease in potency.

The series of compounds were more potent on PPARYy
than on PPARa. However, compound 7a was a full
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PPARY agonist and an almost full PPARa agonist. It
was selected for animal experiments.

4.2. In vivo

In vivo studies were carried out in KK*Y mice, which were
used as a type 2 diabetic animal model. Mice (six to eight
per group) were orally administered with vehicle, com-
pound 7a or positive drug AZ242 at a dose of 7 pmol/kg
body weight daily. The blood was collected at days 0,
15, and 25 for measurement of the plasma glucose and tri-
glyceride. The insulin tolerance test (ITT) and the oral
glucose tolerance test (OGTT) were performed on the
15th and 25th day of treatment, respectively. Plasma glu-
cose level was significantly reduced by 7a (Table 2). More-
over, 7a improved the impaired insulin and glucose
tolerance of KK”Y mice (Fig. 2, Fig. 3), suggesting that
7a is an effective anti-diabetic agent. Although 7a did
not produce a significant reduction in plasma triglyceride
level after 15 days of treatment in the KK*Y mice that
may be insensitive to triglyceride metabolizing, there
was a decrease by 30.4% compared with the control group
(Table 3). The efficacy of 7a on hypetriglyceride is to be
evaluated in a diet-induced obese model or a genetic obese
model (ob/ob).

5. Experimental

5.1. Biology

5.1.1. In vitro transactivation. cDNAs for Human RXR,
PPAR were obtained by RTPCR from the human liver

Table 2. Effect of compound 7a on plasma glucose in KK*Y mice

Group Plasma glucose (mg/dl)

0 day 15 day 25 day
Con 149.1 £31.8 2284+ 49.9 159.3 31.3
AZ242 163.7 £ 52.5 95.6 5.5 85.6£2.8
7a 139.0 + 26.5 101.0 + 4.4" 85.9+1.1°

Values are means + SE. n = 6-8.
*p <0.05 versus Con group in each group during the same day.
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Figure 2. Insulin tolerance test in KK*Y mice. Insulin tolerance test
was conducted at 15 days of treatment. *p < 0.05 versus Con group in
each group during the same time; n = 6-8.
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Figure 3. Glucose tolerance test in KK*Y mice. Glucose tolerance test
was conducted at 25 days of treatment. *p < 0.05, **p < 0.01 vs. Con
group in each group during the same time; n = 6-8.

Table 3. Effect of compound 7a on plasma triglycerides in KK”Y mice

Group Plasma triglycerides (mg/dl)

0 day 15 day
Con 263.2+37.3 3949 +53.3
AZ242 252.8 +37.6 201.2+82"
Ta 249.0 +45.7 2748 £27.9

Values are means + SE. n = 6-8.
™ p<0.01 vs. Con group in each group during the same day.

or adipose tissues. Amplified cDNAs were cloned into
pcDNA3.1 expression vector and the inserts were con-
firmed by sequencing. U20S cells were cultured in
McCoy’s SA with 10% heat-inactivated fetal bovine ser-
um in a humidified 5% CO, atmosphere at 37 °C. Cells
were seeded in 96-well plates the day before transfection
to give a confluence of 50-80% at transfection. A total
of 60 ng DNA containing 10 ng hRXR, 10 ng of pPCMV
Gal, 10 ng of nuclear receptor expression vectors, and
30 ng of the corresponding reporters were cotransfected
per well using FuGene6 transfection reagent according
to the manufacturer’s instructions. Following 24 h after
transfection, cells were incubated with 10% charcoal-
stripped FBS DMEM and were treated with the individ-
ual compound dissolved in DMSO. The final concentra-
tion of DMSO in culture medium was 0.1%. Cells were
treated with compound for 24 h and then collected with
Cell Culture Lysis buffer. Luciferase activity was moni-
tored using the luciferase assay kit according to the
manufacturer’s instructions. Light emission was read
in a Labsystems Ascent Fluoroskan reader. To measure
the galactosidase activity to normalize the luciferase
data, 50 pL of supernatant from each transfection lysate
was transferred to a new microplate. Galactosidase as-
says were performed in the microwell plates using a kit
from Promega and read in a microplate reader.

5.1.2. In vivo animal study. Spontaneous diabetic KK*Y
mice were procured from Institute of Laboratory Ani-
mal Science, Chinese Academy of Medical Sciences
(Beijing, China), and were used experimentally when
they reach an age of 10-12 weeks. KK*Y mice were
bred at specific pathogen free (SPF) animal house.
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All animals were maintained at controlled tempera-
ture (22+1°C), under 12h light/dark cycles, and
given high fat diet and water ad libitum. For insulin
and glucose tolerance tests, animals were fasted for
4h and a basal blood sample was taken, followed
by sc insulin (0.5 IU/kg) or i.g. injection of glucose
(2 g/lkg). Blood samples were drawn at 0, 40, and
90 min or at 0, 30, 60, and 120 min after the
administration.

6. Chemistry
6.1. General methods

All melting points were determined with a Yanaco
micromelting point apparatus without correction.'H
NMR spectra were measured using a Varian Unity
INOVA 300 MHz instrument. Chemical shifts were
reported in ppm () values, based on tetramethylsilane
as an internal standard. Ms spectra were recorded using
an AutoSpec Ultima-TOF mass spectrometer. Column
chromatography was performed on silica gel (QingDao
HaiYang Chemical Co., Ltd., 200-300 mesh).

6.2. 2-Ethoxy-3-[4-(2-pyrrolo|2,3-b]pyridine-1-yl-ethoxy)-
phenyl]-arylic acid (6a)

4-(2-Pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-benzaldehyde
(1.622 g, 6 mmol) and ethyl-ethoxyl acetate (0.872 g,
6.6 mmol) were added to 20 ml anhydrous DMF sol-
vent. Then IN #-BuOK(7 ml) was added dropwise to
the solution under ice bath cooling and the mixture
was stirred for 4 h at room temperature. After adding
1 N HCI to pH 7, the solution was diluted with H,O
and extracted with AcOEt. The extract was washed
with brine, dried over Na,SO,, and concentrated in
vacuo. The residue was separated by silica gel column
chromatography (hexanes/AcOEt, 6:1 as an eluent) to
give 2-ethoxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-eth-
oxy)-phenyl]-arylic acid ethyl ester 853 mg (36.8%).
The ester (503 mg, 1.32 mmol) was dissolved in etha-
nol (20ml) and 1N sodium hydroxide (5ml) was
added. The mixture was stirred for 3 h at room tem-
perature. The ethanol was evaporated in vacuo, water
and 1 N HCI were added to pH 2. The acid solution
was extracted three times with AcOEt. The extract
was washed with brine, dried over Na,SO,, and con-
centrated in vacuo. The residue was crystallized to
give title compound (6a) 147 mg (31.6%). Mp 135-
139°C. 'H NMR (DMSO-ds, 300 MHz) & ppm:
8246 (d, 1H, J=4.8Hz, ArH), 7962 (d, 1H,
J=17.8Hz, ArH), 7.705 (d, 2H, J=28.7Hz, ArH),
7.608 (d, 1H, J=3.6Hz, ArH), 7.088 (dd, I1H,
J=78Hz, J=48Hz, ArH), 6926 (d, 2H,
J=8.7Hz, ArH), 6.857 (s, 1H, =CH-), 6.472 (d,
1H, J=3.6Hz, ArH), 4.642 (t, 2H, J=5.4Hz,
—-OCH,-), 4.379 (t, 2H, J=5.4Hz, -NCH,-), 3.905
(q, 2H, J=6.9 Hz, -OCH»-), 1.233 (t, 3H, —CH,).

HRFAB-MS calced for C20H21N204
353.150132. Found: 353.152184.

[M+H]":

6.3. 2-Ethoxy-3-[4-(2-pyrrolo|2,3-b]pyridine-1-yl-ethoxy)-
phenyl]-propionic acid (7a)

A solution of the appropriate 2-ethoxy-3-[4-(2-pyrrol-
0[2,3-b]pyridine-1-yl-ethoxy)-phenyl]-arylic acid ethyl
ester (300 mg, 0.78 mmol) in ethanol was added to
10% Pd-C and hydrogenated at 3 atm for 6 h. The mix-
ture was filtered and the filtrate was evaporated to dry-
ness under reduced pressure. The residue was
hydrolyzed according to the procedure described for
6a and recrystallized to give white crystals in 66.9%
yield. Mp 124-126 °C.

'"H NMR (DMSO-d,, 300 MHz) & ppm: 8.246 (dd, 1H,
J=5.1Hz, J=1.5Hz, ArH), 7.959 (dd, 1H, J = 7.5 Hz,
J=1.5Hz, ArH), 7.606 (d, 1H, J = 3.3 Hz, ArH), 7.090
(d, 2H, J=8.7Hz, ArH), 7.076 (d, 1H, J=7.5Hz,
ArH), 6.805 (d, 2H, J=8.7 Hz, ArH), 6.470 (d, 1H,
J=3.3Hz, ArH), 4.620 (t, 2H, J = 5.4 Hz, -OCH,),
4300 (t, 2H, J=5.4Hz, -NCH,-), 3.927-3.883 (m,
1H, ~-OCH-), 3.502-3.209 (m, 2H, ~-OCH,-), 2.878—
2.721 (m, 2H, —~ArCH,-), 1.008 (t, 3H, -CHj).

HRFAB-MS calcd for C20H23N204
355.165782. Found: 355.165161.

[M+H]*:

6.4. 2-Methoxy-3-[4-(2-pyrrolo|2,3-b]pyridine-1-yl-eth-
oxy)-phenyl]-arylic acid (6b)

The compound was prepared from 4-(2-pyrrolo|[2,3-
b)pyridine-1-yl-ethoxy)-benzaldehyde and ethyl o-me-
thoxyl acetate according to the procedure described
for 6a. Mp 157-159 °C.

'H NMR (DMSO-ds, 300 MHz) & ppm: 8.253 (d, 1H,
J=42Hz, ArH), 7.966 (d, 1H, J=7.8Hz, ArH),
7.673 (d, 2H, J=8.7Hz, ArH), 7.618 (d, 1H,
J=3.5Hz, ArH), 7.093 (dd, 1H, J=7.8Hz,
J=42Hz, ArH), 6.939 (d, 2H, J=8.7Hz, ArH),
6.855 (s, 1H, =CH-), 6.478 (d, 1H, J=3.5Hz, ArH),
4.649 (t, 2H, J=54Hz, -OCH,-), 4.389 (t, 2H,
J=5.4Hz, -NCH,-), 3.656 (s, 3H, -CH,).

HRFAB-MS caled for CioH9N,O4
339.134482. Found: 339.131874.

[M+H]":

6.5. 2-Methoxy-3-[4-(2-pyrrolo [2,3-b] pyridine-1-yl-eth-
oxy)-phenyl]-propionic acid (7b)

The compound was prepared from 2-methoxy-3-[4-(2-
pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-phenyl]-arylic  acid
ethyl ester according to the procedure described for
7a. Mp 118-119 °C.

'"H NMR (DMSO-dg, 300 MHz) & ppm: 8.251 (dd, 1H,
J=48Hz, J=12Hz, ArH), 7.963 (dd, IH,
J=17.5Hz, J=12Hz ArH), 7.611 (d, 1H, J=3.6 Hz,
ArH), 7.109-7.070 (m, 3H, ArH), 6.811 (d, 2H,
J=8.7Hz, ArH), 6.480 (d, 1H, J=3.6Hz ArH),
4.625 (t, 2H, J=5.4Hz, -OCH,), 4.308 (t, 2H,
J=5.4Hz, -NCH,-), 3.862-3.820 (m, 1H, ~OCH-),
3.183 (s, 3H, —~OCH 3), 2.898-2.726 (m, 2H, ArCH,-).
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HRFAB-MS caled for C19H21N204
341.150132. Found: 341.149010.

[M+H]":

6.6. 2-Isopropoxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-eth-
oxy)-phenyl]-arylic acid (6¢)

The compound was prepared from 4-(2-pyrrolo[2,3-
b]pyridine-1-yl-ethoxy)-benzaldehyde and ethyl a-iso-
propoxyl acetate according to the procedure described
for 6a. Mp 112-113 °C.

'"H NMR (DMSO-d,, 400 MHz) & ppm: 8.249 (d, 1H,
J=48Hz, ArH), 7.959 (d, 1H, J=7.6Hz, ArH),
7750 (d, 2H, J=88Hz, ArH), 7.615 (d, 1H,
J=3.6Hz, ArH), 7.088 (dd, 1H, J=7.6Hz
J=48Hz, ArH), 6912 (d, 2H, J=8.8Hz, ArH),
6.858 (s, 1H, =CH-), 6.472 (d, 1H, J = 3.6 Hz, ArH),
4.643 (t, 2H, J=52Hz, —-OCH,-), 4.431-4.416 (m,
1H, ~-OCH-), 4.376 (t, 2H, J=52Hz, -NCH>),
1.174 (s, 3H, -CH3), 1.158 (s, 3H, -CH3).

HRFAB-MS calcd for C21H23N204
367.165782. Found: 367.163269.

[M+H]*:

6.7. 2-Isopropoxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-eth-
oxy)-phenyl]-propionic acid (7c)

The compound was prepared from 2-isopropoxy-3-[4-(2-
pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-phenyl]-arylic acid eth-
yl ester according to the procedure described for 7a. Mp
85-87 °C.

'H NMR (DMSO-ds, 400 MHz) & ppm: 8.236 (d, 1H,
J=33Hz, ArH), 7.949 (d, 1H, J=7.6Hz, ArH),
7.595 (d, 1H, J=3.6 Hz, ArH), 7.096-7.060 (m, 3H,
ArH), 6.794 (d, 2H, J=8.4Hz, ArH), 6.459 (d, 1H,
J=3.6Hz, ArH), 4.609 (t, 2H, J=5.6 Hz, ~OCH,),
4289 (t, 2H, J=5.6Hz, "NCH,), 3.958-3.926 (m,
1H, ~OCH-), 3.456-3.426 (m, 1H, -OCH-), 2.836-
2.658 (m, 2H, ~ArCH,-), 1.008 (d, 2H, J= 6.0 Hz,
~CHs), 0.845 (d, 2H, J = 6.0 Hz, -CH3).

HRFAB-MS calcd for C21H25N204
369.181433. Found: 369.182716.

[M+H]":

6.8. 2-Cyclopentyloxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-
ethoxy)-phenyl]-arylic acid (6d)

The compound was prepared from 4-(2-pyrrolo[2,3-
blpyridine-1-yl-ethoxy)-benzaldehyde and ethyl a-cyclo-
pentyloxyl acetate according to the procedure described
for 6a. Mp 123-125 °C.

'H NMR (DMSO-ds, 400 MHz) & ppm: 8.248 (d, 1H,
J=44Hz, ArH), 7960 (d, 1H, J=7.6Hz, ArH),
7678 (d, 2H, J=84Hz, ArH), 7.616 (d, 1H,
J=3.6Hz, ArH), 7.088 (dd, 1H, J=7.6Hz
J=44Hz, ArH), 6909 (d, 2H, J=8.4Hz, ArH),
6.835 (s, 1H, =CH-), 6.472 (d, 1H, J = 3.6 Hz, ArH),
4831 (s, 1H, -OCH-), 4.640 (t, 2H, J=52Hz,
“OCH,), 4372 (t, 2H, J=5.2Hz, -NCH,"), 1.633—
1.487 (m, 8H, -CH,).

HRFAB-MS calcd for C23H27N204
393.181433. Found: 393.181343.

[M+H]":

6.9. 2-Cyclopentyloxy-3-[4-(2-pyrrolo|2,3-b]pyridine-1-yl-
ethoxy)-phenyl]-propionic acid (7d)

The compound was prepared from 2-cyclopentyloxyl-3-
[4-(2-pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-phenyl]-arylic
acid ethyl ester according to the procedure described
for 7a. Mp 94-96 °C.

'H NMR (DMSO-ds, 400 MHz) § ppm: 8.246 (d, 1H,
J=48Hz, ArH), 7.959 (d, 1H, J=7.6Hz, ArH),
7.600 (d, 1H, J=3.6 Hz, ArH), 7.101-7.071 (m, 3H,
ArH), 6.805 (d, 2H, J=8.0 Hz, ArH), 6.470 (d, 1H,
J=3.6Hz, ArH), 4.618 (t, 2H, J=5.6 Hz, ~OCH,),
4300 (t, 2H, J=5.6Hz, -NCH,-), 3.881-3.848 (m,
1H, ~OCH-), 3.828-3.821 (m, 1H, -OCH-), 2.842—
2649 (m, 2H, -ArCH,), 1.567-1276 (m, 8H,
“CH,).

HRFAB-MS calcd for C23H27N204
395.197083. Found: 395.195595.

[M+H]":

6.10. 2-Cyclohexyloxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-
yl-ethoxy)-phenyl]-arylic acid (6e)

The compound was prepared from 4-(2-pyrrolo[2,3-
b]pyridine-1-yl-ethoxy)-benzaldehyde and ethyl a-cyclo-
hexyloxyl acetate according to the procedure described
for 6a. Mp 87-89 °C.

'"H NMR (DMSO-d,, 400 MHz) & ppm: 8.248 (d, 1H,
J=44Hz, ArH), 7958 (d, 1H, J=8.0Hz ArH),
7733 (d, 2H, J=88Hz, ArH), 7.612 (d, 1H,
J=32Hz, ArH), 7.087 (dd, 1H, J=8.0Hz
J=44Hz, ArH), 6910 (d, 2H, J=8.8Hz, ArH),
6.826 (s, 1H, =CH-), 6.472 (d, 1H, J = 3.2 Hz, ArH),
4.643 (t, 2H, J=52Hz, -OCH,-), 4.377 (t, 2H,
J=52Hz, -NCH,-), 4.154-4.107 (m, 1H, -OCH-),
1.897-1.093 (m, 10H, ~CH,-).

HRFAB-MS calcd for C24H27N204
407.197083. Found: 407.193535.

[M+H]":

6.11. 2-Cyclohexyloxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-
yl-ethoxy)-phenyl]-propionic acid (7e)

The compound was prepared from 2-cyclohexyloxy-3-
[4-(2-pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-phenyl]-arylic
acid ethyl ester according to the procedure described for
7a. Mp 83-85 °C.

"H NMR (DMSO-d,, 400 MHz) & ppm: 8.246 (dd, 1H,
J=48Hz, J= 1.6 Hz, ArH), 7.957 (dd, 1H, J = 7.6 Hz,
J=16Hz, ArH), 7.596 (d, 1H, J=3.6Hz, ArH),
7.113-7.069 (m, 3H, ArH), 6.805 (d, 2H, J = 8.8 Hz,
ArH), 6.469 (d, 1H, J=3.6 Hz, ArH), 4.618 (t, 2H,
J=56Hz, -OCH,—), 4303 (t, 2H, J=5.6Hz
“NCH,-), 4.007-3.974 (m, 1H, ~OCH-), 3.196-3.153
(m, 1H, -OCH-), 2.857-2.679 (m, 2H, ~ArCH,),
1.708-0.974 (m, 10H, -CH,).
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HRFAB-MS calcd for C24H29N204
409.212733. Found: 409.213448.

[M+H]":

6.12. 2-Phenoxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-eth-
oxy)-phenyl]-arylic acid (6f)

The compound was prepared from 4-(2-pyrrolo[2,3-
blpyridine-1-yl-ethoxy)-benzaldehyde and ethyl o-phe-
noxyl acetate according to the procedure described for
6a. Mp 192-193 °C.

'H NMR (DMSO-ds, 400 MHz) & ppm: 8.226 (d, 1H,
J=48Hz, ArH), 7.942 (d, 1H, J=7.6Hz, ArH),
7617 (d, 2H, J=88Hz ArH), 7.579 (d, 1H,
J=3.6Hz, ArH), 7.339 (s, 1H, =CH-), 7.315-7.274
(m, 2H, ArH), 7.072 (dd, 1H, J=7.6 Hz, J=4.8 Hz,
ArH), 7.026-6.989 (m, 1H, ArH), 6.937-6.900 (m, 4H,
ArH), 6.449 (d, 1H, J=3.6 Hz, ArH), 4.612 (t, 2H,
J=52Hz, -OCH,), 4354 (t, 2H, J=52Hz
~NCH»).

HRFAB-MS caled for C24H21N204
401.150132. Found: 401.149345.

[M+H]":

6.13. 2-Phenoxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-eth-
oxy)-phenyl]-propionic acid (7f)

The compound was prepared from 2-phenoxy-3-[4-(2-
pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-phenyl]-arylic  acid
ethyl ester according to the procedure described for
7a. Mp 120-123 °C.

'H NMR (DMSO-ds, 300 MHz) & ppm: 8.243 (d, 1H,
J=45Hz, ArH), 7.947 (d, 1H, J=7.8Hz, ArH),
7.599 (d, 1H, J=3.6 Hz, ArH), 7.250-7.057 (m, SH,
ArH), 6.918-6.784 (m, SH, ArH), 6.458 (d, 1H,
J =3.6 Hz, ArH), 4.841-4.799 (m, 1H, -OCH-), 4.612
(t, 2H, J=5.4Hz, -0C,), 4301 (t, 2H, J=5.4 Hz,
“NCH), 3.129-2.994 (m, 2H, ~ArCH,).

HRFAB-MS calcd for C24H23N204
403.165782. Found: 403.167694.

[M+H]*:

6.14. 2-m-Tolyloxy-3-[4-(2-pyrrolo|2,3-b]pyridine-1-yl-
ethoxy)-phenyl]-arylic acid (6g)

The compound was prepared from 4-(2-pyrrolo[2,3-
b]pyridine-1-yl-ethoxy)-benzaldehyde and ethyl a-m-tol-
yloxyl acetate according to the procedure described for
6a. Mp 165-167 °C.

'"H NMR (DMSO-d,, 300 MHz) & ppm: 8.230 (d, 1H,
J=48Hz, ArH), 7.946 (d, 1H, J=7.5Hz ArH),
7.618 (d, 2H, J=8.7Hz, ArH), 7.582 (d, 1H,
J=3.3Hz, ArH), 7.319 (s, 1H, =CH-), 7.197-7.145
(m, 1H, ArH), 7.076 (dd, 1H, J=7.5Hz, J=4.8Hz,
ArH), 6.917 (d, 2H, J = 8.7 Hz, ArH), 6.838-6.694 (m,
3H, ArH), 6.453 (d, 1H, J=3.3 Hz, ArH), 4.617 (t,
2H, J=54Hz, -OCH,), 4359 (t, 2H, J=5.4Hz,
~NCH,-), 2.254 (s, 3H, —-CH3).

HRFAB-MS calcd for C25H23N204
415.165782. Found: 415.166252.

[M+H]*:

6.15. 2-m-Tolyloxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-
ethoxy)-phenyl]-propionic acid (7g)

The compound was prepared from 2-m-tolyloxy-3-[4-(2-
pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-phenyl]-arylic  acid
ethyl ester according to the procedure described for
7a. Mp 160-162 °C.

'H NMR (DMSO-dj, 300 MHz) & ppm: 8.238 (dd, 1H,
J=5.1Hz, J=12Hz ArH), 7.950 (dd, 1H, J = 8.1 Hz,
J=12Hz, ArH), 7.595 (d, 1H, J = 3.9 Hz, ArH), 7.182
(d, 2H, J=9.0 Hz, ArH), 7.114-7.058 (m, 2H, ArH),
6.826 (d, 2H, J=9.0Hz, ArH), 6.707 (d, IH,
J=17.5Hz, ArH), 6.620-6.571 (m, 2H, ArH), 6.459 (d,
1H, J=3.9Hz, ArH), 4.809-4.767 (m, 1H, ~OCH-),
4612 (t, 2H, J=54Hz, -OCH,-), 4.301 (t, 2H,
J=54Hz, NCH,), 3.066-3.022 (m, 2H, ~ArCH,),
2.206 (s, 3H, ~CH3).

HRFAB-MS calcd for C25H25N204
417.181433. Found: 417.180496.

[M+H]":

6.16. 2-p-Tolyloxy-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-
ethoxy)-phenyl]-arylic acid (6h)

The compound was prepared from 4-(2-pyrrolo|[2,3-
b]pyridine-1-yl-ethoxy)-benzaldehyde and ethyl a-p-tol-
yloxyl acetate according to the procedure described for
6a. Mp 187-190 °C.

’H NMR(DMSO-dg, 300 MHz) 5 ppm: 8.225 (d, 1H,
J=42Hz, ArH), 7942 (d, 1H, J=6.6Hz, ArH),
7.609 (d, 2H, J=8.7Hz, ArH), 7.577 (d, 1H,
J=3.3Hz, ArH), 7.304 (s, 1H, =CH-), 7.102-7.052
(m, 3H, ArH), 6.905 (d, 2H, J=8.7Hz, ArH),
6.806(d, 2H, J=8.1Hz, ArH), 6449 (d, 1H,
J=3.3Hz ArH), 4.613 (t, 2H, J= 5.4 Hz, -OCH,-),
4.354 (t, 2H, J = 5.4 Hz, -NCH?"), 2.216 (s, 3H, -CH};).

HRFAB-MS calcd for C25H23N204
415.165782. Found: 415.165710.

[M+H]":

6.17. 2-p-Tolyloxy-3-[4-(2-pyrrolo|2,3-b]pyridine-1-yl-
ethoxy)-phenyl]-propionic acid (7h)

The compound was prepared from 2-p-tolyloxy-3-[4-(2-
pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-phenyl]-arylic  acid
ethyl ester according to the procedure described for
7a. Mp 109-115 °C.

'H NMR (DMSO-ds, 300 MHz) § ppm: 8.240 (d, 1H,
J=45Hz, ArH), 7.953 (d, 1H, J=8.1Hz, ArH),
7593 (d, 1H, J=3.3Hz, ArH), 7.177 (d, 2H,
J=8.1Hz, ArH), 7.087 (m, 1H, ArH), 7.071 (m, 1H,
ArH), 7.014 (m, 1H, ArH), 6.837-6.794 (m, 2H, ArH),
6.689 (d, 2H, J=8.1Hz, ArH), 6459 (d, IH,
J=3.3Hz, ArH), 4.780-4.738 (m, 1H, ~OCH-), 4.612
(t, 2H, J = 5.4 Hz, -OCH>-), 4.300 (t, 2H, J = 5.4 Hz,
“NCH,), 3.058-3.021 (m, 2H, ArCH,), 2.176 (s, 3H,
_CH,).

HRFAB-MS calcd for C25H25N204
417.181433. Found: 417.180962.

[M+H]*:
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6.18. 2-(4-Methoxy-phenoxy)-3-[4-(2-pyrrolo|2,3-b]pyri-
dine-1-yl-ethoxy)-phenyl]-arylic acid (6i)

The compound was prepared from 4-(2-pyrrolo[2,3-
blpyridine-1-yl-ethoxy)-benzaldehyde and (4-methoxy-
phenoxy)-acetic acid ethyl ester according to the proce-
dure described for 6a. Mp 170-173 °C.

'H NMR (DMSO-ds, 300 MHz) & ppm: 8.233 (d, 1H,
J=45Hz, ArH), 7.948 (d, 1H, J=7.5Hz, ArH),
7628 (d, 2H, J=8.7Hz, ArH), 7.585 (d, IH,
J=3.6Hz, ArH), 7.283 (s, IH, =CH-), 7.078 (dd, 1H,
J=7.5Hz, J=4.5Hz, ArH), 6915 (d, 2H, J=8.7 Hz,
ArH), 6.880-6.823 (m, 4H, ArH), 6.456 (d, 1H,
J=3.6Hz, ArH), 4.621 (t, 2H, J= 5.4 Hz, ~OCH,),
4361 (t, 2H, J=54Hz, -NCH,), 3.677 (s, 3H,
~OCH3).

HRFAB-MS calcd for C25H23N205
431.160697. Found: 431.162766.

[M+H]":

6.19. 2-(4-Methoxy-phenoxy)-3-[4-(2-pyrrolo|2,3-
b]py ridine-1-yl-ethoxy)-phenyl]-propionic acid (7i)

The compound was prepared from 2-(4-methoxy-phen-
oxy)-3-[4-(2-pyrrolo[2,3-b]pyridine-1-yl-ethoxy)-phen-
yl]-arylic acid ethyl ester according to the procedure
described for 7a. Mp 152-153 °C.

"H NMR (DMSO-ds, 300 MHz) & ppm: 8.243 (d, 1H,
J=33Hz, ArH), 7.956 (d, 1H, J=7.8Hz ArH),
7600 (d, 1H, J=27Hz, ArH), 7.181 (d, 2H,
J=84Hz, ArH), 7.088 (m, IH, J=33Hz
J=7.8 Hz, ArH), 6.844-6.717 (m, 6H, ArH), 6.463(d,
1H, J=2.7Hz, ArH), 4.725-4.683 (m, 1H, ~OCH-),
4616 (t, 2H, J=5.1Hz, ~OCH,), 4.305 (t, 2H,
J=5.1Hz, -NCH,-), 3.650 (s, 3H, ~OCH;, 3.035-
3.010 (m, 2H, ArCH,).

HRFAB-MS calcd for C25H25N205
433.176347. Found: 433.175362.

[M+H]":

6.20. 2-Ethoxy-3-[4-(3-pyrrolo|2,3-b]pyridine-1-yl-prop-
oxy)-phenyl]-arylic acid (6j)

The compound was prepared from 4-(3-pyrrolo[2,3-
blpyridine-1-yl-propoxy)-benzaldehyde and ethyl a-eth-
oxyl acetate according to the procedure described for
6a. Mp 166-167 °C.

'H NMR (DMSO-ds, 300 MHz) & ppm: 8.233 (d, 1H,
J=48Hz, ArH), 7.950 (d, 1H, J=7.8Hz, ArH),
7723 (d, 2H, J=8.7Hz, ArH), 7.543 (d, 1H,
J=33Hz, ArH), 7.065 (dd, 1H, J=78Hz
J=48Hz, ArH), 6910 (d, 2H, J=8.7Hz, ArH),
6.873 (s, 1H, =CH-), 6.456 (d, 1H, J = 3.3 Hz, ArH),
4428 (t, 2H, J=6.9Hz, ~OCH,-), 3.991-3.894 (m,
4H, ~CH,-), 2.302-2.216 (m, 2H, -CH»-), 1.255 (t,
3H, -CH;).

HRFAB-MS calcd for C21H23N204
367.165782. Found: 367.164642.

[M+H]":

6.21. 2-Ethoxy-3-[4-(3-pyrrolo|2,3-b]pyridine-1-yl-prop-
oxy)-phenyl]-propionic acid (7j)

The compound was prepared from 2-ethoxy-3-[4-(3-pyr-
rolo[2,3-b]pyridine-1-yl-propoxy)-phenyl]-arylic acid
ethyl ester according to the procedure described for
7a. Mp 90-92 °C.

'H NMR (DMSO-d, 400 MHz) & ppm: 8.229 (dd, 1H,
J=4.4Hz, J=1.6Hz, ArH), 7.948 (dd, 1H, J = 7.6 Hz,
J=1.6 Hz, ArH), 7.532 (d, 1H, J = 3.6 Hz, ArH), 7.105
(d, 2H, J=8.4Hz, ArH), 7.066 (d, 1H, J=7.6 Hz,
J=44Hz, ArH), 6.795 (d, 2H, J=8.4Hz, ArH),
6452 (d, 1H, J=3.6Hz, ArH), 4419 (t, 2H,
J=68Hz, ~OCH,), 3.9383.884 (m, 3H, -NCH,,
~OCH-), 3.535-3.248 (m, 2H, -OCH,), 2.886-2.752
(m, 2H, ~ArCH,-), 2.267-2.201 (m, 2H, —-CH,-), 1.028
(t, 3H, -CHj).

HRFAB-MS calcd for C21H25N204
369.181433. Found: 369.182671.

[M+H]":

6.22. 2-Cyclopentyloxy-3-[4-(3-pyrrolo[2,3-b]pyridine-1-
yl-propoxy)-phenyl]-arylic acid (6k)

The compound was prepared from 4-(3-pyrrolo[2,3-
b)pyridine-1-yl-propoxy)-benzaldehyde and ethyl o-
cyclopentyloxyl acetate according to the procedure
described for 6a. Mp 169-171 °C.

'H NMR (DMSO-ds, 400 MHz) & ppm: 8.214 (d, 1H,
J=48Hz, ArH), 7.947 (d, 1H, J=7.6Hz, ArH),
7689 (d, 2H, J=8.8Hz, ArH), 7.542 (d, IH,
J=3.6Hz, ArH), 7.06] (dd, 1H, J=7.6Hz
J=48Hz, ArH), 6.883 (d, 2H, J=8.8Hz, ArH),
6.836 (s, IH, =CH-), 6.454 (d, 1H, J = 3.6 Hz, ArH),
4842 (s, 1H, ~OCH-), 4.425 (t, 2H, J=6.8 Hz,
“OCH,-), 3.967 (t, 2H, J=6.8 Hz, -NCH,-), 2.285-
2.220 (m, 2H, ~CH,-), 1.653-1.466 (m, 8H, -CH,).

HRFAB-MS calcd for C24H27N204
407.197083. Found: 407.199821.

[M+H]":

6.23. 2-Cyclopentyloxy-3-[4-(3-pyrrolo[2,3-b]pyridine-1-
yl-propoxy)-phenyl]-propionic acid (7k)

The compound was prepared from 2-cyclopentyloxy-3-
[4-(3-pyrrolo[2,3-b]pyridine-1-yl-propoxy)-phenyl]-ary-
lic acid ethyl ester according to the procedure described
for 7a. Mp 118-121 °C.

'H NMR (DMSO-ds, 400 MHz) & ppm: 8.225 (d, 1H,
J=44Hz, ArH), 7.945 (d, 1H, J=7.6Hz, ArH),
7.517 (d, 1H, J=3.2Hz, ArH), 7.104-7.046 (m, 3H,
ArH), 6.787 (d, 2H, J=7.6 Hz, ArH), 6.443 (d, 1H,
J=3.6Hz, ArH), 4416 (t, 2H, J=6.8 Hz, ~OCH-),
3.907-3.838 (m, 3H, -NCH,, -OCH-), 2.858-2.663
(m, 2H, ~ArCH,), 2.260-2.195 (m, 2H, —CH,),
1.598-1.292 (m, 2H, -CH,-).

HRFAB-MS caled for C24H29N204
409.212733. Found: 409.214523.

[M+H]*:
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6.24. 2-Phenoxy-3-[4-(3-pyrrolo[2,3-b]pyridine-1-yl-prop-
oxy)-phenyl]-arylic acid (6l)

The compound was prepared from 4-(3-pyrrolo[2,3-
blpyridine-1-yl-propoxy)-benzaldehyde and ethyl a-phe-
noxyl acetate according to the procedure described for
6a. Mp 190-191 °C.

'H NMR (DMSO-ds, 400 MHz) & ppm: 8.193 (d, 1H,
J=44Hz, ArH), 7.929 (d, 1H, J=7.6Hz, ArH),
7.628 (d, 2H, J=8.7Hz, ArH), 7.510 (d, 1H,
J=3.6Hz, ArH), 7.347 (s, 1H, =CH-), 7.330-7.290
(m, 2H, ArH), 7.059-6.868 (m, SH, ArH),6.432 (d, 1H,
J=3.6Hz, ArH), 4.393 (t, 2H, J= 6.8 Hz, -OCH,),
3.939 (t, 2H, J=6.8 Hz, -NCH,), 2.258-2.210 (m,
2H, -CH,).

HRFAB-MS calcd for C25H23N204
415.165782. Found: 415.169762.

[M+H]*:

6.25. 2-Phenoxy-3-[4-(3-pyrrolo|2,3-b]pyridine-1-yl-prop-
oxy)-phenyl]-propionic acid (71)

The compound was prepared from 2-phenoxy-3-[4-(3-
pyrrolo[2,3-b]pyridine-1-yl-propoxy)-phenyl]-arylic acid
ethyl ester according to the procedure described for
7a. Mp 106-108 °C.

"H NMR (DMSO-dg, 400 MHz) & ppm: 8.216 (dd, 1H,
J =48 Hz, J= 1.6 Hz, ArH), 7.940 (dd, 1H, J = 8.0 Hz,
J=16Hz, ArH), 7.522 (d, 1H, J=3.6Hz, ArH),
7.254-7.191 (m, 4H, ArH), 7.055 (d, 1H, J=8.0 Hz,
J=48Hz, ArH), 6.903 (t, 1H, J=72Hz, ArH),
6.827-6.799 (m, 4H, ArH), 6.443 (d, 1H, J=3.6 Hz,
ArH), 4.848 4.816 (m, 1H, -OCH-)4.409 (t, 2H,
J=68Hz, -OCH,), 3.895 (t, 3H, J=6.0Hz,
“NCH,), 3.133-3.020 (m, 2H, ~ArCH,), 2.257-2.192
(m, 2H, —CH,-).

HRFAB-MS calcd for C25H25N204
417.181433. Found: 417.184296.

[M+H]":
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Abstract—In order to develop structure—activity relationships and to provide access to antibacterial agents for dual action studies, a
variety of aryl group-substituted 2-aryl-5-nitro-1H-indoles were synthesized and the activity of the compounds assessed as inhibitors
of the NorA multidrug resistance pump in the bacterium Staphylococcus aureus. The NorA protein from the major facilitator super-
family of efflux pumps confers resistance to a variety of structurally dissimilar antimicrobials such as norfloxacin, ethidium bromide,
berberine and acriflavin. The compound [4-benzyloxy-2-(5-nitro-1H-2-yl)-phenyl]-methanol was the most potent pump inhibitor.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

In the vast heterocyclic structural space, the indole
nucleus occupies a position of major importance. Many
indole derivatives, including fused derivatives, form the
basis of a range of pharmaceuticals'-? and a high level of
activity continues in the search for new indole-based
medicinal agents.>* In this context and as part of a wid-
er programme on the development of dual action anti-
bacterial agents, we have investigated the synthesis of
5-nitro-2-aryl-1H-indoles. The known compound 5-ni-
tro-2-phenyl-1 H-indole (INFS5) is an inhibitor of the
NorA efflux pump in the human pathogenic bacterium
Staphylococcus aureus.’ While some related 2-aryl deriv-
atives (for example, an o-anisole group) have been pre-
dicted by CoMFA (3D-QSAR) analysis to be NorA
pump inhibitors,® there is a need to access a greater
range of 2-aryl indole derivatives with a variety of func-
tionalisation in the aryl substituent group, particularly
with respect to groups in the ortho position to the point
of indole attachment in the aryl ring. Such derivatives
would be of value in establishing structure—activity rela-
tionships in the pump inhibitors, and also in providing
handles for linking other antibacterial agents for dual
action studies. Several routes have been described for

Keywords: Indoles; 5-Nitro-2-phenyl-1H-indole derivatives; NorA

efflux pump inhibitors; Antibacterial agent potentiators.

* Corresponding author. Tel.: +61 2 4221 4255; fax: +61 2 4221
4287; e-mail: john_bremner@uow.edu.au
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the synthesis of 5-nitro-2-phenyl-1H-indole, including
a palladium-assisted reaction of 4-nitro-2-bromoaniline
and o-piperidinostyrene,’ the Fischer indole synthesis
of acetophenone with phenylhydrazine and subsequent
nitration,® and reaction of 4-nitroaniline and dimethyl-
(2-ox0-2-phenyl-ethyl)-sulfonium bromide followed by
cyclisation.® However, there are limitations with respect
to functional group tolerances in these approaches.
Another approach to such 2-aryl indoles involves a pre-
formed indole nucleus and subsequent introduction of a
functionalised 2-aryl group via N-acylation, palladium-
induced oxidative cyclisation, and ring opening of the
2-nitro-6 H-isoindolo[2,1-a]indol-6-one intermediate.

The NorA protein of S. aureus is a drug/proton antipor-
ter belonging to the major facilitator family of trans-
porters and extrudes chemically unrelated substances
such as norfloxacin, ciprofloxacin, ethidium bromide,
berberine and acriflavin.!® The effects of functionalised
INFS5S5 can be reported by a decrease of the minimum
inhibitory concentration (MIC) of berberine.'! Berber-
ine alkaloids are amphipathic cations, a preferred type
of MDR transporter substrate.!® Berberine is a plant
secondary metabolite and a phytoalexin produced in re-
sponse to stressors like microbial invasion.'?!3 Interest-
ingly, Berberis plants that make berberine also produce
an MDR inhibitor, 5’-methoxyhydnocarpin (5'-
MHC).!* The synergistic couple of berberine and 5'-
MHC produces an effective antimicrobial action.
Designing inhibitors to block resistance conferred by
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multidrug transporters could be an attractive strategy
for developing a new anti-infective.

Application of this methodology, with subsequent func-
tional group manipulations, to the synthesis of new aryl-
group functionalised 5-nitro-2-aryl-1H-indoles, together
with their assessment as NorA pump inhibitors, are now
described in this article.

2. Results and discussion
2.1. Synthesis of 2-aryl-5-nitro-1H-indoles

Commercially available 5-nitro-1H-indole (1) was used
as the starting point for the syntheses followed by direct
N-acylation using the carboxylic acids 2, and then palla-
dium cyclisation and hydrolytic ring opening of 4 to the
carboxylic acid derivatives 7 (Scheme 1).

The direct N-acylation of 1 with carboxylic acids 2a-2c,
which were prepared according to the reported proce-
dure,!> afforded 3a—3c in high yields. The intramolecular
ring-closure of the N-acylated indoles 3a—3c to the isoin-
dolo-indolones 4a—4c¢ (Scheme 1) was accomplished via
a palladium(II) acetate-promoted oxidative intramolec-
ular cyclisation, following the method for the intramo-
lecular  ring-closure of l-aroylindoles reported
previously by Itahara.!® The compounds 4a—4¢ were ob-
tained in moderate yields. The structure of 4a was con-
firmed by NMR spectroscopic analysis and mass
spectrometry. The 'H NMR spectrum revealed a dis-
tinctive signal attributed to H-11 at 6 6.79. In 4b, this
signal appeared at § 6.77.

In the case of the cyclisation of 3¢, 4c was obtained in
20% yield together with the unexpected products 5 and
6 in 22% and 35% yields, respectively.

\ OH
V1)
5 0O

Debenzylation can be accomplished under acidic condi-
tions at reflux.!” Therefore, the cleavage of the benzyl-
oxy substituent in 3¢ and 4c could both occur together
with the cyclisation of 3c. Compound 5 can be converted
to 4¢ in good yield by benzylation of the phenoxide an-
ion with benzyl bromide. The structure of 4¢ was con-
firmed by the presence of a singlet signal attributed to
H-11 at 6 6.79 in the '"H NMR spectrum.

Ring-opening by amide hydrolysis'® of compounds 4a—
4c then afforded the acids 7a—7c in high yield. The '*C
NMR spectra of these acids revealed a signal ascribed
to the carbonyl carbon of the carboxylic acids in the
range of ¢ 167.9-171.7.

Further selective functional group manipulations in the
indole derivatives were based on the carboxylic acids 7,
starting with carboxylic acid group reduction to the

COOH
ON_ 2 3
\ 2 a
6 N + -
7 H
R
1 2

aR=H

b R = OCHj

¢ R = OCH,Ph

HOOG, _
O,N 1 c
ooy ——
N
7 R

Scheme 1. Reagents: (a) DCC, DMAP, DCM; (b) Pd(OAc),, AcOH;
(¢) t-BuOK, #-BuOH, H,0.

corresponding alcohols 8 without affecting the nitro sub-
stituent. Subsequently, conversion of the alcohols to the
azides 9 and then the amines 10 was also established; no
indolic NH protection was required in these sequences
(Scheme 2). Selective reduction of the benzoic acid
derivatives 7a-7c¢ to the corresponding alcohols 8a—8c
was achieved with borane in tetrahydrofuran.'®?° The
reaction was remarkably facile and proceeded in high
yield. The "H NMR analysis of 8a-8¢ confirmed the for-
mation of the benzyl alcohol derivatives with a distinc-
tive signal ascribed to the methylene protons in the
range of 6 4.63-4.77, and the loss of the signal assigned
to the carbonyl carbon in the starting materials 7a—7c
was observed in the '>°C NMR spectra.

Treatment of alcohols 8a—8b with sodium azide and tri-
phenylphosphine?! afforded the azides 92-9b in moder-
ate yields. Reduction of the azides 9a-9b to the amines
10a-10b was achieved using NaBH,. The initial reduc-
tion attempt involved the reduction of 9a with NaBH4
in THF with dropwise addition of MeOH.?? Two prod-
ucts were obtained, one of which was the amine 10a, and
the other was the new cyclised productll (Scheme 3).
The '"H NMR spectrum of 11 revealed the absence of
a signal which could be ascribed to the indolic NH pro-
ton and the appearance of a downfield singlet integrat-
ing for two protons at ¢ 5.12, which was attributed to

HOOG, HOM,C .

O,N O,N
| -
N N
H H
7 R 8 R
aR=H
b R= OCH3
¢ R = OCH,Ph l b
HoNH,C N3H,C

O,N 1 O,N 2
CIA ) = TR
N N
H H
R R
10 9

Scheme 2. Reagents: (a) BH;-THF; (b) NaN3, PPh;, CCly-DMF; (c)
NaBH4, HS(CH2)3SH
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N3H2C

1 11
oaN N\ O Nast, O N
. 9
N 3 N + 10a
H 4 8

9a 1 6 7

Scheme 3. Reduction of azide 9a with NaBH,.

the methylene protons (H-6). The '"H NMR spectrum of
10a showed an upfield signal integrating for two protons
at 0 3.99 as a singlet, which was assigned to the methy-
lene protons adjacent to the amine group, and a signal
ascribed to the indolic NH was apparent at ¢ 13.63.

When reduction of the azides 9a-9b was undertaken
using NaBH, and 1,3-propanedithiol®* in i-PrOH and
triethylamine at low temperature, to avoid cyclisation,
the amines 10a—-10b were obtained in high yields.

Since the palladium-induced oxidative cyclisation of 3¢
gave 4c¢ in low yield and two by-products 5 and 6, the
synthesis of benzyloxy analogues of the azide and amine
derivatives from 4c was omitted.

The various 2-aryl-5-nitro-1H-indoles prepared were
then evaluated as inhibitors of the NorA MDR efflux
pump in S. aureus.

2.2. Assessment of NorA MDR pump inhibitory activity

The NorA inhibitory activity of synthetic indole deriva-
tives 7a-b, 8a—c, 9a-b and 10a—c was assayed in the wild
type S. aureus 8325-4, in a mutant deleted in NorA
(K1758), and in a strain overexpressing the pump from
a recombinant plasmid (K2361). The inhibitors did not
have a direct activity (MICs > 50 pg/mL), except for
9a (MIC 3 pg/mL) and 10b (25 pg/mL) against S. aureus
K1758. The MIC of berberine alone against the

Table 1. Potentiation of berberine by MDR inhibitors in Staphylo-

coccus aureus

Compound MIC (pg/mL) of inhibitor
AnorA WT NorA**
K1758 plus 8325-4 plus K2361 plus
berberine berberine berberine
(3 pg/mL) (30 pg/mL) (30 pg/mL)

Ta >50 >50 >50

8a 6.25 12.5 12.5

9a 0.8 6 3

7b 12.5 12.5 >50

8b 3 12.5 6.25

9b 0.4 1.5 1.5

8c 0.4 0.4 0.8

10a <0.2 0.4 12.5

10b 0.8 0.4 12.5

INF271 3 0.8 3

INF55 0.8 0.2 3

Inhibitors were added to S. aureus cells growing in MH broth in the
presence of sub-inhibitory amounts of berberine and inhibition of
growth was measured by recording the optical density after 18 h of
incubation.

S. aureus strains was 15 pg/mL for K1758, 125 pg/mL
for 8325-4 and >500 pg/mL for K2361 (Table 2). All
inhibitors, with the exception of 7a, increased S. aureus
susceptibility to berberine (Table 1). Compound 8¢ had
the highest activity against the strain overexpressing the
NorA pump. At a concentration of 0.8 pg/ml, it poten-
tiated berberine more than 15-fold.

Compound 9b was almost as active as 8¢, and both
showed higher activity as compared to the known inhib-
itors INF271 and INF55. Compounds 10a and 10b were
highly active against the strain deleted in NorA and the
wild type, but relatively ineffective against K2361 over-
expressing NorA. This suggests that these two inhibitors
are more effective in blocking some additional pumps in
S. aureus, rather than NorA.

The nature of the functional group in the 2-aryl substi-
tuent is clearly significant in determining relative poten-
cy. With a neutral group at the 1’ position in the aryl
ring and an ether substituent in the 4’ position, an in-
crease in potency was observed. In the case of the pri-
mary amines 10a and 10b, the presence of the 4-
methoxy group in the latter decreased potency as an
inhibitor. Protonation of the primary amino group at
physiological pH may be a factor in determining poten-
cy between the strains in the case of 10a.

H

O,N N.__O
\ Y
HN
: &
H
INF55 INF271 H,co

Next, we tested the ability of the most potent inhibi-
tor, 8¢ to potentiate a variety of chemically unrelated
antimicrobial compounds, which are substrates of
NorA. Compound 8¢ was comparable in its potency
to the known inhibitor INF55 (Table 2). Potentiation
of a number of substrates was highly significant, for
example, the MIC of berberine changed from
>500 pg/mL in a strain overexpressing NorA to
2 pg/mL in the presence of 8c; and the potency of
the fluoroquinolone antibiotic norfloxacin increased
16-fold.

Potentiation of berberine accumulation by 8¢ into cells
of S. aureus was measured by following fluorescence of
berberine bound to DNA (Fig. 1). The rate of berberine
accumulation increased sharply in the presence of 8c in
all strains tested. The initial accumulation rate was high-
er with 8¢ as compared to INF55.

3. Conclusions

The synthesis of a range of new 2-aryl-5-nitroindole
derivatives was achieved using a palladium-mediated
cyclisation to establish the crucial indole C2-aryl C
bond formation. These compounds were then shown
to be effective NorA MDR pump inhibitors, apart
from an acid derivative. Overall, compounds 8a-8c,
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Table 2. Potentiation of antimicrobials by an indole-based MDR inhibitor 8c.

MIC (ug/mL) MIC (pg/mL)plus INF55 (5 pg/mL)  Fold change MIC (pg/mL)plus 8¢ (5 pg/mL) Fold change

Wild-type (8325-4)

Berberine 125 1
Ciprofloxacin 1 0.1
Ethidium bromide 4 0.03
Norfloxacin 1 0.25
NorA™ (K2361)
Berberine ~ 500 2
Ciprofloxacin 4 0.5
Ethidium bromide 31 0.5
Norfloxacin 16 2
AnorA (K1758)
Berberine 15 0.5
Ciprofloxacin 0.24 0.1
Ethidium bromide 0.24 0.03
Norfloxacin 0.24 0.5

125 1 125
10 0.1 10
130 0.1 40
4 0.25 4
250 2 250
8 0.5 8
62 0.1 310
8 1 16
30 0.5 30
2.4 0.12 2
8 0.03 8
0.5 0.24 No change

Conditions as described in legend to Table 1.
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Figure 1. Accumulation of berberine in S.aureus. Accumulation of
berberine in S. aureus cells. The uptake of berberine with no addition
(O O A) or with the addition of INF55 (@ B A); 8¢ (O ¢ ¥); in AnorA
(O @ ¢), WT (C] M ¢) and NorA*" (A AV) was measured by increase
in fluorescence, and is expressed as relative fluorescence units (RFUs).
Berberine was present at a concentration of 30 pg/mL and INFS55 and
8¢ were added at 10 pg/mL.

9a-9b and 10a-10b potentiated the action of the anti-
bacterial agent berberine by blocking the NorA MDR
pump in S. aureus. The alcohol 8¢ was the most effec-
tive inhibitor in the 2-aryl-5-nitroindole series against
all strains of S. aureus. Compound 8¢ also potentiated
the action of other antibiotics (e.g., ciprofloxacin) in
S. aureus.

4. Experimental

4.1. General chemistry methods

All starting materials were used without further purifica-
tion. Tetrahydrofuran (THF) and diethyl ether were

distilled from sodium in the presence of benzophenone.
Other solvents used were of AR grade, and were used as
received, except for dichloromethane (DCM), which was
of LR grade and was distilled before use. The term
petroleum spirit (PS) refers to petroleum spirit within
the boiling range of 40-60 °C. Flash chromatography
was performed under medium pressure using silica gel
60 (230-400 mesh, Merck); this silica gel was also used
with vacuum liquid chromatography (VLC). Preparative
TLC was done on Merck Silica gel 60 F,s4 with a thick-
ness of 0.2 mm on aluminium sheet. Reactions were
monitored by thin-layer chromatography (TLC) on
Merck Silica gel 60 F,s4 with a thickness of 0.2 mm on
aluminium sheet, and the compounds were detected by
examination under ultraviolet light and by exposure to
iodine vapour. Organic solvents were dried over anhy-
drous sodium sulfate and the solvent was removed un-
der reduced pressure with a Biichi rotary evaporator.
Solvent ratios are vol/vol. All com}])ounds were judged
to be greater than 95 % purity by '"H NMR and TLC
analysis. High resolution (EI) MS (for M) was run
using a VG Autospec spectrometer operating at 70 eV
and a source temperature of 250 °C with PFK reference.
The "H and '*C NMR were determined at 299.92 and
75.42 MHz with a Varian Unity-300 spectrometer, and
at 499.91 and 125.71 MHz with Varian Inova-500 spec-
trometer. Unless otherwise stated, the spectra were ob-
tained from solutions in CDCl; and referenced to
TMS (proton) and the chloroform mid-line (77) (car-
bon). Chemical shifts of the outer peaks are given for
specified multiplet patterns in the '"H NMR spectra.
The assignments were made by standard gradient corre-
lation spectroscopy (gCOSY), gradient heteronuclear
single quantum correlation (gHSQC) and gradient het-
eronuclear multiple bond correlation (gHMBC) spec-
troscopy. The same superscript assignments may be
reversed for the signals designated in the same com-
pound. The infrared spectrum was measured (KBr disc)
with an AVATAR 370 FT-IR spectrometer. The melt-
ing point (mp) determinations were recorded with a
Reichert melting point apparatus and are reported
uncorrected.
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4.2. Synthesis

4.2.1. Preparation of 4-benzyloxybenzoic acid 2¢.>** To
a suspension of p-hydroxybenzoic acid (3.0g,
22.8 mmol) and dry K,CO; (7.0 g, 50.0 mmol) in dry
DMF (60 mL) was added dropwise benzyl bromide
(5.4 mL, 45.8 mmol) under a nitrogen atmosphere. The
reaction mixture was heated (with a reflux condensor at-
tached) at 80 °C for 6 h. The mixture was evaporated,
added to ice water (500 mL) and acidified with 5M
HCl to pH1. The suspension was filtered, washed several
times with H,O, then dried and chromatographed on sil-
ica gel by VLC (60% DCM in PS) to give benzyl 4-(ben-
zyloxy) benzoate (5.62 g, 81%) as an off-white solid, mp
93-95 °C. To the suspension of the dibenzylated product
(5.0 g, 15.7 mmol) in MeOH (50 mL) was added 30%
aqueous solution of KOH (10 mL) and heated at reflux
for 6 h. The solvent was evaporated, added to ice water
(300 mL) and acidified to pH1. The white precipitate
was filtered, washed thoroughly with water and then
20% DCM in PS (100 mL) to remove the dibenzylated
starting material, and dried to give the acid 2¢ (3.25 g,
91%) as white needles, mp 185-187°C (lit.>> 187—
190 °C).

4.2.2. N-Acylation of 5-nitro-1H-indole (1): typical
procedure. To a solution of indole 1 (0.2 mmol),
DMAP (0.2 mmol) and carboxylic acid 2a, 2b, or 2¢
(0.4 mmol) in DCM (2mL) at 0 °C under a nitrogen
atmosphere were added a stirred solution of DCC
(0.4 mmol) in DCM (1 mL). The solution was warmed
to rt and stirred for 4-6h, and was monitored by
TLC until no starting material remained. The resulting
suspension was concentrated in vacuo. The residue
was treated with MeOH (20 mL), the mixture filtered
and the precipitate was then washed with MeOH
and dried to give the desired product (3a-3b). The fil-
trate was concentrated and the residue was recrystal-
lised from MeOH. In the case of 3¢, a different
workup procedure was used. After evaporation of
the solvent, the residue was chromatographed on silica
gel (40% DCM in PS) to obtain 3c.

4.2.2.1. 1-Benzoyl-5-nitro-1H-indole (3a). Yield:
48.4 mg (91%); mp 158-159 °C (Lit.! 158-159 °C).

4.2.2.2. 1-(4-Methoxybenzoyl)-5-nitro-1H-indole (3b).
Yield: 56.1mg (95%); mp 199-200°C (lit.!> 199-
200 °C).

4.2.2.3. 1-(4-Benzyloxybenzoyl)-5-nitro-1 H-indole
(3¢c). Yield: 64.7mg (87%) as off-white needles, mp
177-179 °C. '"H NMR (300 MHz, CDCl5): § 5.19 (s,
2H, OCH,), 6.77 (dd, J=3.8, 0.8 Hz, 1H, H-3), 7.12
(d, J=9.0Hz, 2H, H-3’), 7.36-7.48 (m, 5H, ArH),
7.55 (d, J=3.6 Hz, 1H, H-2), 7.77 (d, J = 8.7 Hz, 2H,
H-2%), 8.25 (dd, J=9.3, 2.1 Hz, 1H, H-6), 8.41 gd,
J=9.0Hz, H-7), 8.54 (d, J=2.1Hz, 1H, H-4). 1°C
NMR (75 MHz, CDCl): 6 70.3 (OCH,), 108.3 (C3),
115.0 (2C, C3’), 116.2 (C7), 117.2 (C4), 119.6 (Co),
125.4 (C1'), 127.5 (2C, C3’), 128.4 (2C, C4"), 128.8
(C2"), 130.4 (C3a), 130.5 (C2), 132.1 (2C, C2'), 135.8
(C17), 139.1 (C7a), 144.2 (C5), 162.5 (C4'), 167.9

(CO). HMRS (EI); m/z caled for C,H¢N,O4 [M]":
372.1110; found: 372.1105.

4.2.3. Palladium cyclisation of compounds 3a—3c: typical
procedure. A solution of 3a, 3b, or 3¢ (0.75 mmol) and
palladium (II) acetate (0.75 mmol) in glacial acetic acid
(20 mL) was heated at 110 °C under a nitrogen atmo-
sphere for 11-20 h (3a, 11 h; 3b, 16 h; 3¢, 20 h). The
reaction was monitored by TLC until there was no
change in the concentration of cyclised product. The
reaction was allowed to cool to rt. The black suspension
was filtered through Celite and washed with acetone and
then the filtrate was evaporated. The residue was added
to ice water (200 mL), the precipitate filtered, dried and
chromatographed on silica gel by VLC (40-60% DCM
in PS) to give the desired products (4a—4c).

4.2.3.1. 2-Nitro-isoindolo|2,1-a]indol-6-one (4a). Yield:
100.1 mg (50%) as pale yellow needles, mp 268.8 °C
(decomposed). 'H NMR (CDCls, 300 MHz): 6 6.79 (d,
J=0.6Hz, 1H, H-11), 7.43-7.49 (ddd, J=84, 5.9,
2.6 Hz, 1H, H-9) 7.62-7.65 (m, 2H, H-10, H-8), 7.84
(dt, J=17.5, 0.9 Hz, 1H, H-7), 7.98 (d, J=8.7 Hz, 1H,
H-4), 823 (dd, J=38.7, 2.1 Hz, 1H, H-3), 8.41 (d,
J=2.1Hz, 1H, H-1). °C NMR (125 MHz, DMSO-
dg): 6 104.2 (C11), 112.6 (C4), 118.8 (C1), 121.8 (C3),
122.8 (C7), 125.6 (C10), 130.2 (C9)*, 132.5 (Cl0a),
133.8 (Clla), 134.6 (C6a), 135.1 (C8)?, 136.1 (Cda),
141.1 (C10b), 143.9 (C2), 162.0 (C6). HRMS (EI); m/z
caled for C;sHgN,O5 [M]": 264.0535; found: 264.0533.

4.2.3.2. 9-Methoxy-2-nitro-isoindolo|2,1-a]indol-6-one
(4b). Yield: 163.7 mg (74%) as pale yellow needles, mp
238-240 °C. '"H NMR (300 MHz, CDCl; + CD;0D): §
395 (s, 3H, OCHj3), 6.77 (s, 1H, H-11), 6.91 (dd,
J=28.7, 2.1 Hz, 1H, H-8), 7.11 (d, J=2.7 Hz, 1H, H-
10), 7.74 (d, J=8.4 Hz, 1H, H-7), 7.95 (d, J = 8.7 Hz,
1H, H-4), 8.20 (dd, J =8.7, 2.1 Hz, 1H, H-3), 8.40 (d,
J=2.1Hz, 1H, H-1). ®C NMR (75 MHz, CDCl; +
CD;0D): 6 55.8 (OCHj3), 103.0 (C11), 107.7 (C10),
112.6 (C4), 115.1 (C8), 118.3 (C1), 121.7 (C3), 125.0
(C10a), 127.5 (C7), 134.1 (Clla), 136.3 (C4a), 136.5
(C6a), 140.8 (C10b), 144.0 (C2), 162.3 (CO), 165.1
(C9) HRMS (EI), m/z calcd for C16H10N204 [M]+I
294.0641; found: 294.0648.

4.2.3.3.  9-Benzyloxy-2-nitro-isoindolo|2,1-a]indol-6-
one (4¢). Yield: 51.5 mg (20%) as pale yellow needles,
mp > 250 °C. IR (KBr): vy, 1736, 1615, 1597, 1516,
1342, 1245, 1130, 1077cm™'. 'H NMR (300 MHz,
CDCl; + CD50D): § 5.21 (s, 2H, OCH,), 6.79 (s, 1H,
H-11), 7.01 (dd, J=8.7, 2.1 Hz, 1H, H-8), 7.22 (d,
J=2.1Hz, 1H, H-10), 7.43-7.50 (m, 5H, ArH), 7.76
(d, /=8.7Hz, 1H, H-7), 7.97 (d, J = 8.7 Hz, 1H, H-6),
8.22 (dd, J=8.7, 2.4 Hz, 1H, H-3), 8.42 (d, J = 2.1 Hz,
1H, H-1) *C NMR (CDCl; + CD;0D or DMSO-d;)
spectrum showed only methine and methylene carbon
signals without quaternary carbon signals due to precip-
itation whilst the experiment was underway. '*C NMR
(125 MHz, DMSO-dy): 6 70.9 (CH,), 105.4, 109.9,
113.1, 117.5, 119.7, 126.6, 128.2, 128.7, 129.4 (>1C).
HRMS (EI); m/z caled for CpH;N,O, [M]":
370.0954; found: 370.0944.
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4.2.3.4. 9-Hydroxy-2-nitro-isoindolo|2,1-a]indol-6-one
(5). Yield: 47.5 mg (22%) as pale yellow needles, mp 199-
201 °C. '"H NMR (300 MHz, DMSO-d,): & 6.82 (dd,
J=28.6, 2.3 Hz, 1H, H-8), 7.07 (s, 1H, H-11), 7.16 (d,
J=2.1Hz, 1H, H-10), 7.60 (d, J=8.7Hz, 1H, H-7),
7.81 (d, J=9.0 Hz, 1H, H-4), 8.13 (dd, J=8.7, 2.4 Hz,
1H, H-3), 845 (d, J=1.8Hz 1H, H-1). >*C NMR
(75 MHz, DMSO-dg): 6 103.6 (C11), 109.6 (C10),
112.1 (C4), 116.7 (C8), 118.6 (C1), 121.5 (C3), 122.7
(C10), 127.6 (C7), 134.1 (Clla), 1359 (C4a), 136.2
(C6a)?, 140.6 (C10b)?, 143.4 (C2), 161.6 (CO), 163.9
(C9). HRMS (EI); m/z caled for C;sHsN-O, [M]*:
280.0484; found: 280.0480.

4.2.3.5. 1-(4-Hydroxybenzoyl)-5-nitro-1H-indole (6).
Yield: 73.7 mg (35%) as a pale yellow solid, mp 201-
203°C. 'H NMR (300 MHz, DMSO-d;): 6 6.92 (d,
J=3.3Hz 1H, H-3), 6.91-6.93 (m, 2H, ArH), 7.64—
7.67 (m, 2H, ArH), 7.73 (d, J=3.3 Hz, 1H, H-2), 8.17
(dd, J=9.3, 2.4 Hz, 1H, H-6), 8.27 (d, /=9.0 Hz, 1H,
H-7), 8.60 (d, J=1.8 Hz, 1H, H-4), 10.53 (br s, 1H,
OH). °C NMR (75 MHz, DMSO-d): 6 108.1 (C3),
115.6 2 x ArCH), 115.8 (C7), 117.3 (C1’), 119.3 (Co),
123.0 (C4), 130.3 (C2), 131.7 (C3a), 132.5 (2 x ArCH),
138.6 (C7a), 143.4 (C5), 162.0 (C4'), 167.6 (CO). HRMS
(EI); m/z caled for C;sH oN>,O4 [M]™: 282.0641; found:
282.0638.

4.2.4. Conversion of 5 to 4c. To a suspension of 5
(200.0 mg, 0.7l mmol) and caesium carbonate
(230.0 mg, 0.70 mmol) in dry DMF (20 mL) was added
dropwise with stirring benzyl bromide (0.1 mL,
0.84 mmol). The reaction was heated at 80 °C under a
nitrogen atmosphere for 7 h. The reaction was allowed
to cool to rt and then filtered. The precipitate was
washed thoroughly with water and dried to give a pale
yellow solid 4¢ (196.1 mg, 74%). '"H NMR and HRMS
(EI) data for 4¢ were the same as those noted for this
compound above.

4.2.5. Ring opening of compounds 4a—4c: typical proce-
dure. A solution of -BuOH (192 mL for 4a or 4b;
22.5mL for 4¢) and H,O (19.2 mL 4a or 4b; 2.3 mL
for 4c¢) containing #-BuOK (37.9 mmol 4a or 4b;
4.45 mmol for 4¢) was added to 4a or 4b (3.79 mmol;
0.45 mmol for 4¢) and heated at 82 °C for 12 h. The mix-
ture was evaporated and added to ice water (400 mL 4a
or 4b; 50 mL for 4c¢). The solution was acidified to pH 1
with 5 M HCI and then saturated with solid NaCl. The
solution was stirred vigorously for 2 h and then extract-
ed with diethyl ether (3 x 400mL 4a or 4b; 3 x 50 mL for
4c). The combined ether extract was dried and evaporat-
ed to give the desired acids (7a-7c).

4.2.5.1. 2-(5-Nitro-1H-indol-2-yl)benzoic acid (7a).
Yield: 1.016 g (95%) as a pale yellow solid, mp 250—
252°C. '"H NMR (300 MHz, DMSO-dy): § 6.98 (s,
IH, H-3), 7.33-7.45 (m, 2H, H-4', H-5), 7.52 (d,
J=9.0Hz, 1H, H-7), 7.67 (br.d, J = 7.2 Hz, 1H, H-3'),
7.75 (br d, J=17.5Hz, 1H, H-6'), 7.94 (dd, J=9.03,
2.4 Hz, 1H, H-6), 8.52 (d, J=2.4, H-4). 3C NMR (75
MHz, DMSO-dg): 6 102.2 (C3), 117.8 (C7), 116.3 (C6),
116.8 (C4), 127.5 (C3a), 127.8 (C5'), 128.5 (C2), 128.7

(C4), 128.9 (C6'), 129.9 (C3%), 138.5 (C2'), 139.3
(C7a), 140.5 (C5), 142.2 (C1), 171.7 (CO). HRMS
(EI); miz caled for C;sH;(N,O, [M]": 282.0641; found:
282.0643.

4.2.5.2. 4-Methoxy-2-(5-nitro-1H-indol-2-yl)benzoic
acid (7b). Yield: 1.113 g (94%) as a pale yellow solid,
mp 206-208 °C. '"H NMR (300 MHz, DMSO-d;): 6
3.86 (s, 3H, OCHy), 6.78 (dd, J =2.1, 0.6 Hz, 1H, H-
3), 7.08 (dd, J = 7.8, 2.7 Hz, 1H, H-5'), 7.11 (s, 1H, H-
3", 7.50 (d, J =8.7Hz, 1H, H-7), 7.89 (d, J=7.8 Hz,
1H, H-6'), 8.00 (dd, J=9.0, 2.4 Hz, 1H, H-6), 8.55 (d,
J=24Hz, 1H, H-4), 12.07 (s, 1H, NH). *C NMR
(75 MHz, DMSO-dg): ¢ 55.7 (OCHj;), 103.3 (C3),
111.5 (C7), 114.0 (C5"), 116.4 (C3'), 116.7 (C6), 117.1
(C4), 123.8 (C2), 1274 (C3a), 132.3 (Co6’'), 134.1
(C11)?, 139.6 (C7a), 140.7 (C5), 141.5 (C2')*, 161.3
(C4), 1679 (CO). HRMS (EI); m/z caled for
Ci6H12N,O5 [M]": 312.0746; found: 312.0749.

4.2.5.3. 4-Benzyloxy-2-(5-nitro-1H-indol-2-yl)benzoic
acid (7c). Yield: 167.0 mg (96%) as a pale yellow solid,
m.p. 223-235°C. '"H NMR (300 MHz, DMSO-d;): ¢
5.24 (s, 2H, OCH,), 6.78 (s, 1H, H-3), 7.16 (dd,
J=28.6, 2.6 Hz, 1H, H-5), 7.24 (d, J =2.7 Hz, 1H, H-
3%, 7.30-7.50 (m, 5SH, ArH), 7.52 (d, J=9.0 Hz, 1H,
H-7), 7.85 (d, J=28.7, 1H, H-6’), 8.00 (dd, J=8.9,
2.3 Hz, 1H, H-6), 8.55 (d, J=2.4 Hz, H-4), 12.20 (s,
1H, NH), 12.57 (s, 1H, COOH). >*C NMR (75 MHz,
DMSO-dy): 6 69.6 (OCH,), 103.2 (C3), 111.5 (C7),
114.6 (C5'), 116.6 (C6), 117.0 (C3'), 117.1 (C4), 124.1
(C2), 127.3 (C3a), 127.7 (2x ArCH), 128.0 (ArCH),
128.4 (2x ArCH), 132.1 (C6’), 133.8 (C2'), 1364
(C1"), 139.6 (C7a), 140.6 (C5), 141.1 (C1’), 160.2
(C5), 1679 (CO). HRMS (EI); m/z caled for
CH;¢N,O5 [M]": 388.1059; found: 388.1069.

4.2.6. Selective reduction of acids 7a—7c: typical proce-
dure. To a solution of 7a or 7b (3.54mmol; 0.52 mmol
for 7¢) in dry THF (90 mL for 7a or 7b; 15 mL for 7c¢)
was slowly added 1 M BH;-THF complex solution
(7.1 mL, 7.1 mmol for 7a or 7b; 1.0 mL, 1.0 mmol for
7¢) at 0 °C under a nitrogen atmosphere. After vigorous
stirring for 2 h at room temperature, the excess hydride
was carefully destroyed by slowly adding a solution of
50% THF in H,O (20 mL for 7a or 7b; 2 mL for 7¢) until
no gas bubbling was observed in the reaction mixture.
The aqueous layer was saturated with anhydrous
K,COj;. The THF layer was separated and the aqueous
layer was extracted with diethyl ether (3 x 20mL). The
combined THF and ether extract was dried, then evap-
orated, and the residue was chromatographed on silica
gel by VLC (2% MeOH in DCM) to give the desired
alcohols (8a-8c).

4.2.6.1. |2-(5-Nitro-1H-indol-2-yl)-phenyl]-methanol
(8a). Yield: 940.5 mg (99%) as bright yellow needles,
mp 132-134°C. '"H NMR (300 MHz, CDCl5): 6 4.77
(s, 2H, CH,0), 6.91 (d, J=1.2Hz, 1H, H-3), 7.36-
7.47 (m, 4H, H-7, ArH), 7.79 (br d, J=7.8 Hz, 1H,
ArH), 8.12 (dd, J=8.9, 2.4Hz, 1H, H-6), 8.61 (d,
J=2.4Hz 1H, H-4), 10.92 (s, 1H, NH). °C NMR
(75 MHz, CDCl3): 6 65.1 (CH,), 103.5 (C3), 111.2
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(C7), 117.5 (Co6), 117.6 (C4), 127.8 (C3a), 128.8 (ArCH),
129.4 (ArCH), 130.3 (ArCH), 131.1 (ArCH), 132.8 (C2),
135.8 (C2%), 139.6 (C7a), 141.4 (C1’), 141.8 (C5). HRMS
(EX); m/z caled for C;sH,N,O5 [M]": 268.0848; found:
268.0838.

4.2.6.2. [4-Methoxy-2-(5-nitro-1H-indol-2-yl)-phenyl]-
methanol (8b). Yield: 997.8 mg (95%) as bright yellow
needles, mp 206-208 °C. "H NMR (300 MHz, CDCl;):
0 3.89 (s, 3H, OCHj3), 4.70 (s, 2H, CH,OH), 6.91 (d,
J=18Hz, 1H, H-3), 6.92 (dd, J =84, 2.7 Hz, 1H, H-
5", 7.30 (d, J=2.7 Hz, 1H, H-3'), 7.34 (d, J=8.7 Hz,
IH, H-6'), 7.46 (d, J=8.7Hz, 1H, H-7), 8.10 (dd,
J=28.7, 2.1 Hz, 1H, H-6), 8.62 (d, J=2.1 Hz, 1H, H-
4), 11.02 (s, 1H, NH). '*C NMR (75 MHz, CDCls): §
55.5 (OCHj), 64.6 (CH,0O), 103.5 (C3), 111.3 (C7),
113.9 (C5"), 115.7 (C3’), 117.6 (C6), 117.7 (C4), 127.7
(C3a), 128.3 (C2), 132.6 (C6'), 134.2 (C1)*, 139.6
(C2)%, 141.4 (C7a), 141.8 (C5), 160.1 (C4’). HRMS
(EX); m/z caled for C1gH14N>O4 [M]™: 298.0954; found:
298.0941.

4.2.6.3. [4-Benzyloxy-2-(5-nitro-1H-indol-2-yl)-phen-
yll-methanol (8c). Yield: 163.5 mg (85%) as bright yellow
needles, mp 70-72 °C. '"H NMR (300 MHz, CDCl5): §
4.63 (s, 2H, CH,OH), 5.08 (s, 2H, OCH,), 6.80 (dd,
J=2.0, 0.8 Hz, 1H, H-3), 6.90 (dd, J=8.4, 2.7 Hz,
1H, H-5), 7.23-7.42 (m, 8H, H-7, H-3', H-6', ArH),
8.03 (dd, J=9.0, 2.1 Hz, 1H, H-6), 8.54 (d, J =2.4 Hz,
1H, H-4), 10.92 (s, 1H, NH). *C NMR (75 MHz,
CDCl): 6 64.6 (CH,OH), 70.2 (OCH,), 103.5 (C3),
111.3 (C7), 114.7 (C5'), 116.7 (C6'), 117.6 (C6), 117.7
(C4), 1124 (2xArCH), 127.7 (C2), 128.2 (ArCH),
128.5 (C3a), 128.7 (2xArCH), 132.6 (C3’), 134.2
(C1"), 136.4 (C2"), 139.6 (C7a), 141.3 (CS5), 1419
(C1), 159.3 (C4’). HRMS (El); m/z caled for
CyH sN>O4 [M]": 374.1267; found: 374.1256.

4.2.7. Synthesis of azides 9a-9b: typical procedure. A
mixture of 8a or 8b (1.06 mmol), sodium azide
(1.16 mmol) and triphenyl phosphine (2.08 mmol) in a
solution of 25% CCly in DMF (10 mL) was heated at
90 °C under a nitrogen atmosphere for 5 h. The reaction
mixture was then cooled to room temperature, quenched
by adding H,O (10 mL) and stirred for 10 min. The mix-
ture was diluted with diethyl ether (40 mL) and washed
thoroughly with H,O. The organic layer was dried, con-
centrated, and then chromatographed on silica gel by
VLC (30% DCM in PS) to give the azides (9a-9b).

4.2.7.1. 2-(2-Azidomethyl-phenyl)-5-nitro-1H-indole
(9a). Yield: 231.0 mg (74%) as bright yellow needles,
mp 146-148 °C. '"H NMR (300 MHz, CDCls): § 4.40
(s, 2H, CH,Nj3), 6,86 (dd, J=2.1 Hz, 0.6 Hz, 1H, H-
3), 7.44-7.54 (m, 4H, H-7, ArH), 7.69 (dd, J=6.2,
1.7 Hz, 1H, ArH), 8.13 (dd, J=9, 2.1 Hz, 1H, H-6),
8.61 (d, J=2.1Hz, 1H, H-4), 9.53 (s, 1H, NH). *C
NMR (75 MHz, CDCls,): ¢ 54.0 (CH,N3), 104.7 (C3),
111.1 (C7), 117.8 (C6), 117.9 (C4), 127.8 (C3a), 129.2
(ArCH), 129.5 (ArCH), 130.7 (ArCH), 131.2 (ArCH),
132.1 (C2), 132.3 (C1’), 139.4 (C7a), 140.0 (C2), 142.1
(C5). HRMS (EI); m/z caled for C;sH,NsO, [M]*:
294.0991; found: 294.0987.

4.2.7.2. 2-(2-Azidomethyl-5-methoxy-phenyl)-5-nitro-
1H-indole (9b). Yield: 209.88 mg (61%) as bright yellow
needles, mp 138-140 °C. "H NMR (300 MHz, CDCls):
0 3.79 (s, 3H, OCHsy), 4.26 (s, 2H, CH,), 6.78 (dd,
J=21, 09 Hz, 1H, H-3), 6.89 (dd, J=8.7, 2.7 Hz,
1H, H-4'), 7.12 (d, J=2.7Hz, 1H, H-6'), 7.29 (d,
J=8.7Hz, 1H, H-3'), 7.37 (d, J=8.4Hz, 1H, H-7),
803 (dd J=9.0, 21Hz, 1H, H-6), 852 (d,
J=2.1Hz, 1H, H-4), 9.77 (s, 1H, NH). '*C NMR
(75 MHz, CDCl): 6 53.6 (CH,), 55.5 (OCH3), 104.6
(C3), 111.2 (C7), 114.2 (C5"), 116.1 (C6"), 117.7 (C4),
117.9 (Ce6), 124.6 (C2), 127.7 (C3a), 132.6 (C3’),
133.5 (C1’)?, 139.5 (C7a), 140.0 (C2')?, 142.3 (C9),
160.1 (C5'). HRMS (EI); m/z calcd for CisH 3N50;
[M]*: 323.1018; found: 323.1024.

4.2.8. Reduction of azides 9a-9b: typical procedure. To
a solution of 9a or 9b (0.34 mmol), tricthylamine
(TEA) (0.09 mL, 0.68 mmol) and 2 drops of 1,3-prop-
anedithiol (ca 0.1 mL, 1.0 mmol) in 35% MeOH in i-
PrOH (12mL) was added sodium borohydride
(128.6 mg, 3.4 mmol) at 0 °C. After 2 h, more sodium
borohydride (64.3 mg, 1.7mmol) was added and the
mixture was stirred for a further 10 min. The reaction
mixture was then evaporated, the residue was added to
H,O (50 mL) and the mixture was extracted with 40%
diethyl ether in PS (2 x40 mL). The aqueous layer was
basified to pH 11 with a saturated NaOH solution and
extracted with DCM (3 x 50 mL). The combined DCM
extract was dried, concentrated and then chromato-
graphed on silica gel by VLC (4% MeOH in DCM).
The amine products (10a-10b) were washed with
40% diethyl ether in PS to remove traces of 1,3-
propanedithiol.

4.2.8.1. 2-(5-Nitro-1H-indol-2-yl)-benzylamine (10a).
Yield: 81.6 mg (90%) as a brown yellow solid, mp 127—
129 °C, '"H NMR (300 MHz, CDCl): & 3.99 (s, 2H,
CH,), 6.87 (br s, 1H, H-3), 7.26-7.46 (m, 4H, H-7,
ArH), 7.78 (d, J=7.5 Hz, 1H, ArH), 8.08 (dd, J=8.7,
2.4 Hz, 1H, H-62, 8.61 (d, J=2.1 Hz, 1H, H-4), 13.63
(s, 1H, NH). °C NMR (75 MHz, CDCl;): § 46.0
(CH»), 102.5 (C3), 111.2 (C7), 117.1 (C6), 117.6 (C4),
127.9 (C3a), 128.5 (ArCH), 128.7 (ArCH), 130.3
(ArCH), 131.4 (ArCH), 133.1 (C2), 136.4 (C2'), 139.6
(C7a), 141.4 (C5), 142.7 (C1'). HRMS (EI); m/z calcd
for C;sH,Ns50, [M]": 267.1008; found: 267.0095.

4.2.8.2. 4-Methoxy-2-(5-nitro-1H-indol-2-yl)-benzyl-
amine (10b). Yield: 91.0 mg (91%) as a yellow solid,
mp 170-178 °C. 'H NMR (300 MHz, CDCls): § 3.86
(s, 3H, OCHj3), 3.91 (s, 2H, CH,), 6.84 (br s, 1H, H-
3), 686 (dd, /=79, 2.6 Hz, 1H, H-5), 7.23 (d,
J=8.1Hz, 1H, H-6'), 7.28 (s, 1H, H-6'), 7.40 (d,
J=93Hz 1H, H-7), 806 (dd, /=93, 24 Hz, 1H,
H-6), 8.59 (d, J=2.1Hz, 1H, H-4), 13.66 (s, 1H,
NH). '*C NMR (75 MHz, DMSO-dq): 6 42.5 (CH,),
55.3 (OCHj3), 103.4 (C3), 111.9 (C7), 114.1 (C5",
114.6 (C3"), 116.7 (C6), 117.0 (C4), 127.6 (C3a),
129.0 (C2), 131.8 (C6%), 1329 (C1')*, 139.6 (C2')?,
140.7 (CS5), 141.4 (C7a), 158.6 (C4’). HRMS (EI); m/
z caled for C;¢HsN;O; [M]": 297.1113; found:
297.1101.
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4.2.9. Reduction of azide 9a with NaBH, in THF/MeOH.
To a mixture of 9a (260.0 mg, 0.89 mmol) and sodium
borohydride (25.0 mg, 0.66 mmol) in dry THF (10 mL)
heated at reflux was slowly added MeOH (1.0 mL) and
the mixture was stirred for 2 h. Further sodium borohy-
dride (25.0 mg, 0.66 mmol) was then added and stirring
was continued for 3 days. The mixture was cooled to
room temperature and then 1 M HCI (3 mL) was added
until the gas bubbling ceased. The mixture was basified
to pHI11 with a saturated NaOH solution and then
extracted with DCM (3 x 20 mL). The combined DCM
extract was dried, concentrated and then chromato-
graphed on silica gel by VLC (PS, PS and DCM, then
MeOH and TEA) to give starting material 9a
(70.2 mg, 0.24 mmol; eluent: 30% DCM in PS), 2-ni-
tro-6 H-isoindolo[2,1-aJindole (11) (30.1 mg, 14%; elu-
ent: 40% DCM in PS) as a yellow solid and the
benzylamine 10a (70.6 mg, 30%; eluent: 30:1:2 DCM/
MeOH/TEA) as a brown solid.

Compound 11: mp 234-236°C. '"H NMR (300 MHz,
CDCly): ¢ 5.12 (s, 2H, H-6), 6.75 (s, 1H, H-11), 7.33
(d, J=9.0 Hz, 1H, H-4), 7.38-7.51 (m, 3H, ArH), 7.74
(d, J=72Hz, 1H, ArH), 8.09 (dd, J=9.0, 2.1 Hz,
1H, H-3), 8.58 (d, J=2.1 Hz, 1H, H-1). *C NMR
(75 MHz, CDCl;): ¢ 48.8 (C6), 93.6 (C11), 108.8 (C4),
117.3 (C3), 118.7 (C1), 121.6 (ArCH) 123.7 (ArCH),
128.3 (ArCH), 128.6 (ArCH), 132.0 (C10b), 136.6
(Clla), 141.3 (C6a, Cl0a), 141.6 (C2), 147.1 (C4a).
HRMS (EI); m/z caled for C;sH;(N,O, [M]":
250.0742; found: 250.0732.

4.3. Bacterial strains and growth conditions

The following bacterial strains were used in this study:
S. aureus 8325-4%° (wild-type), K1758%7 (AnorA) and
K2361 (K1758 with pK364:norA). Cells were grown
in Mueller-Hinton broth (MH) with aeration at
37 °C. Growth of K1758 was supplemented with eryth-
romycin (25 pg/mL) and K2361 with chloramphenicol
(25 pg/mL).

4.3.1. Antimicrobial compounds. Erythromycin, cipro-
floxacin, chloramphenicol, berberine chloride, ethidium
bromide and norfloxacin were purchased from Sigma-—
Aldrich Chemical Co. (St. Louis, MO). Penelope Mark-
ham provided INF271. INF55 was obtained from
ChemBridge (San Diego, CA). Erythromycin and chlor-
amphenicol were dissolved in ethanol at 10 mg/mL and
diluted in water to desired concentrations. Ciprofloxacin
was dissolved in water. Norfloxacin was dissolved in
0.01 N NaOH. Berberine was dissolved in methanol at
10 mg/mL and diluted in DMSO. INF55, INF271 and
all synthetic indoles were dissolved in DMSO at
10 mg/mL and diluted in DMSO to desired concentra-
tions. For MIC determination the final concentration
of DMSO never exceeded 2.5%.

4.3.2. Determination of antimicrobial susceptibility. Cells
(10°/mL) were inoculated into Mueller—Hinton broth
and dispensed at 0.2 mL/well in 96-well microtitre
plates. MICs were determined in triplicate by serial 2-
fold dilution of the test compounds. The MIC was

defined as the concentration of an antimicrobial or anti-
microbial plus inhibitor that completely inhibited cell
growth during an 18 h incubation at 37 °C. Growth
was assayed with a microtitre plate reader (Spectramax
PLUS384; Molecular Devices) by monitoring absorp-
tion at 600 nm.

4.3.3. Berberine uptake assay?%. Cells were cultured with
aeration at 37°C to an optical density at 600 nm
(ODgqg) of 1.5, pelleted by centrifugation for 2 min at
9000 RPMs and washed with fresh MH broth. The
above procedure was repeated twice. The cells were then
resuspended to an ODyggg of 0.4 in MH broth. Assays
were performed in 96-well flat-bottomed white plates
(NUNCQ) in a final volume of 200 uL. Berberine was
added at 30 pg/mL and inhibitor when present was
added at 10 pg/mL. Fluorescence was measured with a
Spectramax GeminiXS spectrofluorometer (Molecular
Devices) at a 355-nm excitation wavelength and a 517-
nm emission wavelength.
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Abstract—In an effort to develop new and more effective therapies to treat tuberculosis, a series of benzothiadiazine 1,1-dioxide
derivatives were synthesized and their in vitro activity against Mycobacterium tuberculosis, Mycobacterium avium and Mycobacte-
rium intracellulare was evaluated. One of the compounds, 8c, exhibited potent anti-tubercular activity, particularly for the resistant
strains and thus prompted us to investigate its in vivo profile. However, the in vivo testing in a mouse model of tuberculosis infection
did not show significant anti-tubercular activity, probably because of its poor bioavailability.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis is one of the leading infectious causes of
death in the world and has re-emanated as a growing
global health problem. This is not only because of the
lack of proper therapeutic agents for its treatment but
also due to the development of drug-resistant strains.!
Additionally, patients infected with HIV have a higher
resistance of primary or reactivated tuberculosis, thus
enhancing HIV replication and increasing the risk of
death. The emergence of multidrug-resistant (MDR)
tuberculosis®® renders the present type of treatment
much more difficult and may also become sometimes
ineffective. Historically, no new drugs have been intro-
duced in the clinic since the discovery of rifampin? in
spite of major advances that have been made in the drug
discovery process.

As a result, there is a dire need to develop novel, faster
acting chemotherapeutics with lower toxicity that can be
administered with other drugs for the treatment of HIV
infections. In recent years, some new classes of com-
pounds based on fluoroquinolones,® nitroimidazoles,®
phenazines,’ azoles® and oxazolidinones’ have emerged
for the treatment of tuberculosis. A new molecule

* Corresponding author. Tel.: +91 40 27193157; fax: +91 40 27193189/
27160512; e-mail addresses: ahmedkamal@iict.res.in; ahmedkamal@
iictnet.org

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

doi:10.1016/j.bmc.2005.08.063

R207910, a diarylquinoline'® class of compounds, has
been discovered recently that potently inhibits both
drug-sensitive and  drug-resistant  Mycobacterium
tuberculosis.

The discovery of sulfonamides as anti-bacterial agents in
the early 1930s was the beginning of one of the most fas-
cinating areas of chemotherapeutic agents. The sulfon-
amide group is considered as the pharmacophore
which is present in a number of biologically active mol-
ecules, particularly in anti-microbial agents.!! 4H-1,2.4-
Benzothiadiazine 1,1-dioxides can be considered as a
cyclic sulfonamide class of molecules and have been
extensively studied as potassium channel openers, for
example, diazoxide.!> Moreover, this ring system has
also been known for anti-microbial activity.'*!* Some
of the benzothiadiazine derivatives have attracted par-
ticular interest because of their action as partial alloste-
ric modulators of  o-amino-3-hydroxy-5-methyl
isoxazolepropionic acid (AMPA) receptor desensitiza-
tion to make them virtually devoid of neurotoxicity.'>!°
Similarly, this class of compounds has been shown to
inhibit hepatitis C virus (HCV) replication effectively
in cell based replication systems with no apparent cyto-
toxicity!” (Fig. 1). Recently, a research programme has
been initiated in this laboratory to develop new anti-tu-
bercular agents based on different types of heterocyclic
scaffolds'®!° to explore their anti-tubercular potential.
In view of the above facts and in continuation of our
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and considered 4H-1,2,4-benzothiadiazine 1, 1-dioxide.

search for anti-tubercular compounds, the encouraging
anti-microbial properties of 4H-1,2,4-benzothiadiazine
1,1-dioxides have prompted us to synthesize new mole-
cules based on the 4H-1,2,4-benzothiadiazine 1,1-diox-
ide ring system by incorporating pyridine and pyrazine
moieties, which are known to exhibit anti-tubercular
activity.?®2! This paper describes the synthesis and
anti-tuberculosis activity of this new class of compounds
and also discusses efforts to develop the structure—activ-
ity relationship for this ring system.

2. Chemistry

The preparation of key intermediates 3-hydrazino-4-al-
kyl/aryl-4H-1,2,4-benzothiadiazine 1,1-dioxide and 3-
chloro-4-alkyl/aryl-4 H-1,2,4-benzothiadiazine 1,1-diox-
ide was accomplished by synthetic sequence illustrated
in Scheme 1. The treatment of chlorosulfonyl isocyanate
(2) with N-alkyl/aryl aniline (1a—e) in nitromethane, fol-
lowed by cyclization with aluminium chloride, provided
4-alkyl/aryl-2H-1,2,4-benzothiadiazin-3(4 H)-one 1,1-di-
oxide (3a—e).??> This upon chlorination with PCls affor-
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ded 3-chloro-4-alkyl/aryl-4 H-1,2,4-benzothiadiazine
1,1-dioxide (4a—e) which on treatment with hydrazine
hydrate in chloroform yielded 3-hydrazino-4-alkyl/aryl-
4H-1,2,4-benzothiadiazine 1,1-dioxide (5a—e).”> The
synthesis of target compounds 8a-m was carried out
by refluxing 3-hydrazino-4-alkyl/aryl-4H-1,2,4-benzo-
thiadiazine 1,1-dioxides (5a—e) with acid chlorides (6a—
d) (nicotinoyl chloride hydrochloride, pyrazinoyl chlo-
ride, isonicotinoyl chloride hydrochloride and 6-chlo-
ro-nicotinoyl chloride) in THF and triethylamine as a
base. Alternatively the synthesis of 8a-m was also car-
ried out by the reaction of 3-chloro-4-alkyl/aryl-4H-
1,2,4-benzothiadiazine 1,1-dioxides (4a—e) with corre-
sponding hydrazides (7a—c) (pyrazine-2-carbohydrazide,
nicotinic hydrazide and isonicotinic hydrazide) in THF
and triethylamine at room temperature (Scheme 2).
However, the latter method was found to be more versa-
tile in terms of yield and reaction conditions. The other
target compounds, 3-amino substituted-4-alkyl/aryl-4 H-
1,2,4-benzothiadiazine 1,1-dioxides 10a-c, were pre-
pared by N-substitution of amide precursors (9a-b)
(pyrazinamide, 6-chloro-nicotinamide) with 3-chloro-4-
alkyl/aryl-4 H-1,2 4-benzothiadiazine 1,1-dioxides (4d—
e) in THF by employing sodium hydride (Scheme 3).

3. Results and discussion

The anti-mycobacterial activity of the compounds was
determined with the objective of identifying the com-
pounds having inhibitory activity against susceptible
(sensitive strains; inhibited by the front line anti-tuber-
cular drug viz. isoniazid) and resistant strains (not inhib-
ited by isoniazid) of M. tuberculosis (causative agent of
human tuberculosis). In addition to M. tuberculosis,
the anti-mycobacterial activity was also evaluated
against Mycobacterium avium and Mycobacterium intra-
cellulare, which are primary causative agents for avian
tuberculosis but are also associated with the disease in
humans in the developed countries in AIDS patients
and immunocompromised individuals for the selection
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Figure 2. In vivo efficacy of compound 8¢ in intravenous mouse model against M. tuberculosis (sensitive strain) (treatment period: 4 weeks).
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of the compounds possessing broad-spectrum activity. additionally against the opportunistic pathogens M. avi-
Since the resistant strains of M. tuberculosis, M. avium um and M. intracellulare.
and M. intracellulare are not inhibited by the isoniazid
(control drug), it was our objective to develop molecules The results of anti-mycobacterial activity (MIC) of

having activity primarily against M. tuberculosis and evaluated compounds are summarized along with
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Table 1. Anti-mycobacterial activity of 4H-1,2,4-benzothiadiazine 1,1-dioxide analogues against Mycobacterium sp.

Compound MIC (pg/mL)
M. th. H3;Rv ATCC 27294 M. tb. clinical isolates M. a. ATCC 49601 M. i. ATCC 13950
Sensitive Resistant

8a >16.0 >16.0 >16.0 >16.0 >16.0
8b >16.0 >16.0 >16.0 >16.0 >16.0
8c 0.5 0.5-1.0 0.5-2.0 2.0 2.0
8d >16.0 >16.0 >16.0 >16.0 >16.0
8e 4.0 4.0-8.0 4.0-8.0 >16.0 >16.0
8f >16.0 >16.0 >16.0 >16.0 >16.0
8g >16.0 >16.0 >16.0 >16.0 >16.0
8h >16.0 >16.0 >16.0 >16.0 >16.0
8i 8.0 8.0-16.0 8.0-16.0 16.0 8.0
8j >16.0 >16.0 >16.0 >16.0 >16.0
8k >16.0 >16.0 >16.0 >16.0 >16.0
8l >16.0 >16.0 >16.0 >16.0 >16.0
8m 8.0 8.0-16.0 8.0-16.0 >16.0 >16.0
10a >16.0 >16.0 >16.0 >16.0 >16.0
10b >16.0 >16.0 >16.0 >16.0 >16.0
10c >16.0 >16.0 >16.0 >16.0 >16.0
Isoniazid 0.25 0.125-0.25 8.0->16.0 8.0->16.0 8.0

M. tb., Mycobacterium tuberculosis; M. a., Mycobacterium avium; M. i., Mycobacterium intracellulare.

standard drug isoniazid in Table 1. Among the
screened compounds, four compounds were found to
be active in the preliminary screen, that is, they
showed inhibition of M. tuberculosis at either of the
three concentrations (12.5, 25 and 50 pg/mL). These
four molecules were then tested by agar dilution as-
say?* to determine the minimum inhibitory concentra-
tion against a panel of sensitive and resistant clinical
isolates. Three of four compounds 8e, 8i and 8m
exhibited activity against Mycobacterium isolates hav-
ing 4.0-16.0 pg/mL, while compound 8c containing
pyrazine-2-carbohydrazide as a substituent at the three
position of 4H-1,2 4-benzothiadiazine 1,1-dioxide dem-
onstrated excellent anti-mycobacterial activity with
MIC of 0.5-2.0 pg/mL against both drug-resistant
and drug-sensitive clinical isolates of M. tuberculosis
(H3;Rv ATCC 27294), and a MIC of 2.0 pg/mL
against M. avium (ATCC 49601) and M. intracellulare
(ATCC 13950). Of the four active compounds 8¢, 8i
and 8m are substituted with pyrazine-2-carbohydra-
zides and their activity is in the order of R = CHj;
(8¢c) >R =C,Hs (8i)~R =Ph (8m)> R = CH(CHj),
(8j data not shown). It is known that hydrazide of
pyrazine-2-carboxylic acid has not exhibited any
anti-mycobacterial activity;>> however, N’-substitution
of pyrazine-2-carbohydrazide moiety with 4H-1,2,4-
benzothiadiazine 1,1-dioxide ring system shows anti-
mycobacterial activity. Therefore, combination of
4H-1,2 4-benzothiadiazine 1,1-dioxide ring system with
pyrazine-2-carbohydrazide in present investigation has
produced a new class of structures possessing in vitro
anti-tubercular activity. Another observation is that
the presence of electron-withdrawing chloro substitu-
tion at the seventh position on the benzene moiety
of 8¢ makes this compound devoid of any anti-myco-
bacterial activity (8f). Further, the other related com-
pounds, that is, amide derivatives of 4H-1,24-
benzothiadiazine ring system (10a—c) were not found
to be active.

Table 2. Mean viable counts of M. tuberculosis Hz7 Rv recovered from
the target organs (lung and spleen) of mice treated with different
concentrations of the compound 8¢

Logio CFU of M. tuberculosis
recovered from target organs

Treatment groups

Mean lung Mean spleen

Early control 5.6£0.27 5.26£0.30
Late control 6.65 + 0.65 6.62 +0.57
Isoniazid 12.5 mg/kg 5.06 £ 0.87 3.93+0.88
Isoniazid 25 mg/kg 3.18 £0.76 2.97+0.80
8c

(12.5 mg/kg) 5.36 £ 0.48 4.4510.48

(25 mg/kg) 522+0.15 4.43+0.16

(50 mg/kg) 5.06 £0.78 4.21%0.77

(100 mg/kg) 4.41%0.39 3.88+0.39

Since compound 8¢ demonstrated good in vitro activity
against M. tuberculosis isolates and also has moderate
activity against M. avium and M. intracellulare, it was
selected for in vivo activity studies. The in vivo efficacy
of the compound 8¢ was determined in murine model of
pulmonary tuberculosis. Treatment of M. tuberculosis
infected animals showed no reduction in the load (viable
count) of tubercle bacilli in the target organs (lungs and
spleen) of all animals treated with four different concen-
trations of compound 8¢ (Table 2, Fig. 2). However, ani-
mals treated with 25 mg/kg dose of isoniazid >2 log
reduction in the viable count of tubercle bacilli were ob-
served compared to control. The inactivity of compound
8c (in vivo) may be due to its poor bioavailability.

4. Conclusion

The synthesis and screening of anti-mycobacterial activ-
ity for a novel series of 4H-1,2,4-benzothiadiazine 1,1-
dioxides has been investigated. These heterocyclic com-
pounds with pyrazine-2-carbohydrazide as a substituent
at three position have emerged as potential compounds





654 A. Kamal et al. | Bioorg. Med. Chem. 14 (2006) 650-658

endowed with moderate to good activity. The possible
improvement of anti-tubercular activity of this basic
benzothiadiazine structure through suitable modulation
of the ring substituents as well as additional functional-
ization suggests further exploration of this class of com-
pounds. In summary, it has been shown that the good
activity of these molecules makes them possible leads
for synthesizing new compounds that possess better
activity and required bioavailability.

5. Experimental section
5.1. General

Melting points were determined with an electrothermal
melting point apparatus and are reported uncorrected.
'"H NMRs were recorded on a Bruker UXNMR/
XWIN-NMR (200 MHz) or Varian VXR-Unity
(400 MHz) with TMS (0 ppm) as an internal standard.
Coupling constants are reported in Hertz (Hz). IR (as
KBr discs) spectra were taken on a Thermo Nicolet
Nexus 670 spectrometer. EI mass spectra were recorded
on a VG-7070H Micromass mass spectrometer at
200 °C, 70 eV, with a trap current of 200 pA and 4 kV
of acceleration voltage. FAB mass spectra were recorded
on a LSIMS-VG-AUTOSPEC-Micromass spectrome-
ter. Analytical TLC of all reactions was performed on
Merck prepared plates (silica gel 60 F-254 on glass).
Column chromatography was performed using Acme
silica gel (100-200 mesh, unless otherwise mentioned).
Yields were not optimized. THF was distilled under ar-
gon from sodium benzophenone ketyl prior to use. Pyr-
azine-2-carbohydrazide,?® pyrazinoyl chloride?’” and
pyrazine-2-carboxamide?® were prepared according to
the literature procedures reported elsewhere. All remain-
ing compounds carbohydrazides (isonicotinic hydrazide,
nicotinic hydrazide), 6-chloro-nicotinamide, acid chlo-
rides (nicotinoyl chloride hydrochloride, isonicotinoyl
chloride hydrochloride and 6-chloro-nicotinoyl chlo-
ride) and commercially available N-substituted anilines
were purchased from Lancaster. All solvents and re-
agents were used without further purification unless
otherwise specified. Elemental analysis was within
10.4% of the theoretical values.

6. General procedures

6.1. Synthesis of 3-hydrazino substituted-4-alkyl/aryl-4 H-
1,2,4-benzothiadiazine 1,1-dioxide (8a—m)

6.1.1. Method A. To a magnetically stirred solution of 3-
hydrazino-4-alkyl/aryl-4 H-1,2,4-benzothiadiazine  1,1-
dioxide (5a—¢)?* (1 mmol) and acid chloride hydrochlo-
ride (1 mmol) in dry THF (10 mL) was added triethyl-
amine (0.35mL, 2.51 mmol) at 0°C under nitrogen
atmosphere. The resulting mixture was allowed to stir
at reflux temperature for 3 h. The reaction mixture
was then cooled to room temperature and concentrated
under reduced pressure. The residue thus obtained was
dissolved in water (50 mL). The aqueous layer was
extracted with ethyl acetate (4x 25 mL). The combined

organic layer was washed with 10% aqueous NaHCO;
solution, brine and dried over anhydrous Na,SO,4. The
resulting product was purified on column chromatogra-
phy employing CHCI;/CH;OH (19:1) as an eluent.

6.1.2. Method B. To a stirred solution of carbohydrazide
(7a—c) (I mmol) and triethyl amine (0.17 mL,
1.22 mmol) in THF (10 mL) at room temperature was
added a solution of 3-chloro-4-alkyl/aryl-4H-1,2,4-ben-
zothiadiazine 1,1-dioxide (4a—e)>* (1 mmol) in THF
(10 mL). The resulting mixture was stirred overnight at
room temperature and then concentrated under reduced
pressure. The residue thus obtained was dissolved in
water (50 mL). The aqueous layer was extracted with
ethyl acetate (4x 25 mL). The combined organic layer
was washed with brine solution and dried over anhy-
drous Na,SO,4. The resulting product was purified on
column chromatography employing CHCI;/CH;0H
(19:1) as an eluent. However, the yields of the procedure
are higher in method B when compared to method A.

6.2. N'-(4-Methyl-1,1-dioxido-4 H-1,2,4-benzothiadiazin-
3-yD)nicotinohydrazide (8a)

The title compound was obtained from 3-hydrazino-4-
methyl-4H-1,2,4-benzothiadiazine  1,1-dioxide  (5a,
226 mg, 1 mmol), nicotinoyl chloride hydrochloride
(6a, 178 mg, 1 mmol) and triethyl amine (0.35 mL,
2.51 mmol) as described in method A (yield 68%) or from
3-chloro-4-methyl-4 H-1,2,4-benzothiadiazine 1,1-diox-
ide (4a, 231 mg, 1 mmol) and nicotinic hydrazide (7a,
137 mg, 1 mmol) as described in method B (yield 75%).

Mp 308-310 °C; '"H NMR (400 MHz, CDCl; + DMSO-
dg): 6 10.9 (s, 1H), 9.9 (br s, 1H), 9.2 (br s, 1H), 8.7 (d,
1H, J=3.0Hz), 8.3 (d, 1H, J=8.0 Hz), 7.8 (m, 1H),
7.64 (t, 1H, J=8.05Hz), 7.45 (m, 1H), 7.35 (m, 2H),
3.68 (s, 3H); FABMS m/z 332 (M*+1, 50); IR (KBr)
(vmax/em ') 3267, 3005, 2914, 1706, 1594, 1540, 1478,
1386, 1267, 1169, 1103. Anal. Calcd for C,4H;3N505S:
C, 50.75; H, 3.95; N, 21.14%. Found: C, 50.72; H,
3.85; N, 21.26%.

6.3. N'-(4-Methyl-1,1-dioxido-4 H-1,2,4-benzothiadiazin-
3-yl)isonicotinohydrazide (8b)

The title compound was obtained from 3-hydrazino-
4-methyl-4 H-1,2,4-benzothiadiazine 1,1-dioxide (5a,
226 mg, 1 mmol), isonicotinoyl chloride hydrochloride
(6b, 178 mg, 1 mmol) and triethyl amine (0.35 mL,
2.51 mmol) as described in method A (yield 65%) or from
3-chloro-4-methyl-4 H-1,2,4-benzothiadiazine 1,1-diox-
ide (4a, 231 mg, 1 mmol) and isonicotinic hydrazide (7b,
137 mg, 1 mmol) as described in method B (yield 75%).

Mp 175-178 °C; '"H NMR (200 MHz, CDCl; + DMSO-
dg): 6 11.2 (br s, 1H), 10.1 (br s, 1H), 8.85 (d, 2H,
J=52Hz), 8.0 (d, 2H, J=5.2Hz), 7.7 (m, 2H), 7.45
(m, 2H), 3.7 (s, 3H); FABMS m/z 332 (M*+1, 60); IR
(KBr) (vimax/ cm ™) 2955, 1680, 1604, 1585, 1559, 1466,
1355, 1312, 1171, 1099. Anal. Calcd for C4H3N505S:
C, 50.75; H, 3.95; N, 21.14%. Found: C, 50.84; H,
3.85; N, 21.24%.
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6.4. N'-(4-Methyl-1,1-dioxido-4H-1,2,4-benzothiadiazin-
3-yl)pyrazine-2-carbohydrazide (8c)

The title compound was obtained from 3-hydrazino-4-
methyl-4H-1,2,4-benzothiadiazine  1,1-dioxide  (5a,
226 mg, 1 mmol), pyrazinoyl chloride (6c, 143 mg,
1 mmol) and triethyl amine (0.17 mL, 1.22 mmol) as de-
scribed in method A (yield 65%) or from 3-chloro-4-
methyl-4H-1,2 4-benzothiadiazine  1,1-dioxide  (4a,
231 mg, 1 mmol) and pyrazine-2-carbohydrazide (7c,
137 mg, 1 mmol) as described in method B (yield 70%).

Mp 266-268 °C; 'TH NMR (400 MHz, CDCl; + DMSO-
de): 0 10.8 (s, 1H), 10.0 (brs, 1H), 9.2 (s, 1H), 8.8 (d, 1H,
J=23Hz), 87 (d, 1H, J=23Hz), 7.7 (d, 1H,
J=17.6Hz), 7.6 (t, 1H, J=7.6 Hz), 7.35 (m, 2H), 3.65
(s, 3H); FABMS m/z 333 (M"+1, 60); IR (KBr) (Vpmax/
em ') 3357, 3085, 3009, 1711, 1592, 1546, 1505, 1475,
1374, 1291, 1176, 1097; Anal. Calcd for C;3H[,N¢O3S:
C, 46.98: H, 3.64: N, 25.29%. Found: C, 46.61; H,
3.65; N, 25.34%.

6.5. 6-Chloro-N'-(4-methyl-1,1-dioxido-4 H-1,2,4-benzo-
thiadiazin-3-yl)nicotinohydrazide (8d)

The title compound was obtained from 3-hydrazino-4-
methyl-4H-1,2,4-benzothiadiazine  1,1-dioxide  (5a,
226 mg, 1 mmol), 6-chloro-nicotinoyl chloride (6d,
176 mg, 1mmol) and triethyl amine (0.17 mL,
1.22 mmol) as described in method A. Yield 68%; mp
226-228 °C; '"H NMR (400 MHz, CDCl; + DMSO-dg):
0 10.95 (s, 1H), 9.9 (br s, 1H), 9.0 (s, 1H), 8.3 (d, 1H,
J=82Hz), 7.7 (d, 1H, J=82Hz), 7.56 (t, 1H,
J =8.2 Hz), 7.42 (m, 1H), 7.3 (m, 2H), 3.62 (s, 3H); FAB-
MS m/z 366 (M +1, 60); IR (KBr) (vpmax/cm ') 3218,
3063, 2963, 1693, 1593, 1543, 1465, 1375, 1267, 1160,
1099; Anal. Calcd for C4H;,CINsO5S: C, 45.97; H,
3.31; N, 19.15%. Found: C, 45.97; H, 3.31; N, 19.15%.

6.6. N'-(7-Chloro-4-methyl-1,1-dioxido-4 H-1,2,4-benzo-
thiadiazin-3-yl)nicotinohydrazide (8e)

The title compound was obtained from 3,7-dichloro-4-
methyl-4 H-1,2,4-benzothiadiazine 1,1-dioxide (4,
265 mg, 1 mmol) and nicotinic hydrazide (7a, 137 mg,
1 mmol) as described in method B.

Yield 75%; mp 248 °C (charred) 284-286 °C (melted);
"H NMR (400 MHz, CDCl; + DMSO-d):  11.0 (br s,
1H), 10.0 (br s, 1H), 9.2 (s, 1H), 88 (d, 1H,
J=44Hz), 83 (d, 1H, J=8.1Hz), 7.7 (s, 1H), 7.5
(m, 1H), 74 (m, 1H), 7.3 (dd, 1H, J=8.8 Hz,
0.74 Hz), 3.6 (s, 3H); FABMS m/z 365 (M"+1, 20).
Anal. Calcd for C14H>,CINsO5S: C, 4597; H, 3.31; N,
19.15%. Found: C, 45.92; H, 3.28; N, 19.27%.

6.7. N'-(7-Chloro-4-methyl-1,1-dioxido-4 H-1,2,4-benzo-
thiadiazin-3-yl)pyrazine-2-carbohydrazide (8f)

The title compound was obtained from 3,7-dichloro-4-
methyl-4H-1,2,4-benzothiadiazine  1,1-dioxide (e,
265mg, 1 mmol) and pyrazine-2-carbohydrazide (7c,
138 mg, 1 mmol) as described in method B.

Yield 72%; mp 284-286°C; 1H NMR (400 MHz,
CDCIl; + DMSO-dg): 6 10.6 (s, 1H), 9.3 (s, 1H), 8.8 (d,
1H, J=2.2Hz), 8.6 (s, 1H), 7.75 (d, 1H, J=2.2 Hz),
7.55 (dd, 1H, J=892Hz, 22Hz), 7.3 (d, 1H,
J=8.9Hz), 3.6 (s, 3H); FABMS m/z 367 (M*+1, 60);
IR (KBr) (vpmax/cm ') 3274, 3031, 2940, 1690, 1592,
1551, 1477, 1409, 1367, 1285, 1154, 1114. Anal. Calcd
for C;3H;;CINsOsS: C, 42.57; H, 3.02; N, 22.91%.
Found: C, 42.54; H, 3.12; N, 22.58%.

6.8. N'-(4-Ethyl-1,1-dioxido-4H-1,2,4-benzothiadiazin-3-
yDnicotinohydrazide (8g)

The title compound was obtained from 3-chloro-4-ethyl-
4H-1,2 4-benzothiadiazine 1,1-dioxide (4b, 245 mg,
1 mmol) and nicotinic hydrazide (7a, 137 mg, 1 mmol)
as described in method B.

Yield 78%; mp 184-186°C; 'H NMR (400 MHz,
CDCl; + DMSO-dg): 6 10.95 (s, 1H), 9.8 (br s, 1H),
9.2 (s, 1H), 8.7 (br s, 1H), 8.3 (d, 1H, J=7.0Hz), 7.8
(d, 1H, J=7.0Hz), 7.6 (m, 1H), 7.4 (m, 2H), 7.3 (t,
1H, J=7.0Hz) 4.2 (q, 2H, J=7.0Hz), 1.4 (t, 3H,
J=17.0Hz); EIMS m/z 346 (M"+1); IR (KBr) (Vpmax/
cm™ ') 3205, 2990, 1664, 1594, 1532, 1391, 1282, 1170,
1100. Anal. Calcd for C;sH;5sNsOsS: C, 52.16; H, 4.38;
N, 20.28%. Found: C, 52.24; H, 4.44; N, 20.32%.

6.9. N'-(4-Ethyl-1,1-dioxido-4H-1,2,4-benzothiadiazin-3-
yl)isonicotinohydrazide (8h)

The title compound was obtained from 3-chloro-4-ethyl-
4H-1,2 4-benzothiadiazine 1,1-dioxide (4b, 245 mg,
1 mmol) and isonicotinic hydrazide (7b, 137 mg,
1 mmol) as described in method B.

Yield 78%; mp 102-104°C; 'H NMR (200 MHz,
CDCl; + DMSO-dg): 6 11.0 (br s, 1H), 9.8 (br s, 1H),
8.8 (d, 2H, J=5.07Hz), 7.9 (d, 2H, J=5.07 Hz) 7.6
7.8 (m, 2H), 7.3-7.5 (m, 2H), 4.2 (q, 2H, J= 6.3 Hz),
1.45 (t, 3H, J = 6.3 Hz); FABMS m/z 344 (M*—1, 50).
Anal. Calcd for CsH;sNsO3S: C, 52.16; H, 4.38; N,
20.28%. Found: C, 52.18; H, 4.32; N, 20.21%.

6.10. N'-(4-Ethyl-1,1-dioxido-4H-1,2,4-benzothiadiazin-
3-yl)pyrazine-2-carbohydrazide (8i)

The title compound was obtained from 3-chloro-4-ethyl-
4H-1,2 4-benzothiadiazine 1,1-dioxide (4b, 245.0 mg,
1 mmol) and pyrazine-2-carbohydrazide (7c, 138 mg,
1 mmol) as described in method B (yield 70%) or from
3-hydrazino-4-ethyl-4 H-1,2,4-benzothiadizine 1,1-diox-
ide (5b, 240 mg, 1 mmol) and pyrazinoyl chloride (6c,
143 mg, 1mmol) and triethyl amine (0.167 mL,
1.2 mmol) as described in method A (yield 66%).

Mp 234-236 °C; '"H NMR (400 MHz, CDCl; + DMSO-
dg): 0 10.6 (brs, 1H), 9.3 (s, 1H), 8.8 (d, 1H, J = 2.3 Hz),
8.7 (d, 1H, J=2.3Hz), 7.8 (d, 1H, J=8.4 Hz), 7.6 (t,
1H, J=8.4Hz), 7.3 (m, 2H), 4.2 (q, 2H, J=6.9 Hz),
1.4 (t, 3H, J=6.9 Hz); EIMS m/z 346 (M*, 20); IR
(KBr) (vpmax/ cm 1) 3392, 3265, 3065, 2984, 1709, 1594,
1547, 1501, 1393, 1276, 1167. Anal. Calcd for
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C14H14NeO5S: C, 48.55; H, 4.07; N, 24.26%. Found: C,
48.19; H, 4.05; N, 24.32%.

6.11. N'-(4-Isopropyl-1,1-dioxido-4 H-1,2,4-benzothiadia-
zin-3-yl)pyrazine-2-carbohydrazide (8j)

The title compound was obtained from 3-chloro-4-iso-
propyl-4H-1,2,4-benzothiadiazine  1,1-dioxide  (4c,
259 mg, 1 mmol) and pyrazine-2-carbohydrazide (7c,
138 mg, 1 mmol) as described in method B.

Yield 71%; mp 269-271 °C; '"H NMR (400 MHz,
CDCl; + DMSO-d): 6 10.6 (br s, 1H), 9.3 (s, 1H), 8.8
(d, 1H, J=2.2Hz), 8.6 (d, 1H, J=2.2 Hz), 7.8 (d, 1H,
J=174Hz), 7.5 (m, 2H), 7.3 (t, 1H, J=7.4 Hz), 4.7 (q,
1H, J=7.4Hz), 1.6 (d, 6H, J=7.4 Hz); FABMS m/z
361 (M*+1, 20); IR (KBr) (vmay/ cm™ ') 3340, 3241,
1696, 1589, 1538, 1480, 1353, 1293, 1169, 1113. Anal.
Calcd for CisH;(NgO3S: C, 49.99; H, 4.47; N, 23.32%.
Found: C, 49.83; H, 4.51; N, 23.14%.

6.12. N'-(1,1-Dioxido-4-phenyl-4 H-1,2,4-benzothiadia-
zin-3-yl)nicotinohydrazide (8k)

The title compound was obtained from 3-chloro-4-phen-
yl-4H-1,2,4-benzothiadiazine 1,1-dioxide (4d, 293 mg,
1 mmol) and nicotinic hydrazide (7a, 137 mg, 1 mmol)
as described in method B.

Yield 75%; mp 143-145°C; 'H NMR (200 MHz,
CDCl; + DMSO-dg): o 11.1 (br s, 1H), 9.15 (s,
1H), 87 (d, 1H, J=63Hz), 83 (d, 1H,
J=7.8Hz), 795 (m, 1H), 7.6-7.8 (m, 4H), 7.2-7.4
(m, 4H), 6.4 (d, 1H, J=7.8 Hz); FABMS m/z 392
(M"—1, 100). Anal. Caled for C;oH;sNsO5S: C,
58.00; H, 3.84; N, 17.80%. Found: C, 58.31; H,
3.78; N, 17.51%.

6.13. N'-(1,1-Dioxido-4-phenyl-4 H-1,2,4-benzothiadia-
zin-3-yl)isonicotinohydrazide (8I)

The title compound was obtained from 3-chloro-4-phen-
yl-4H-1,2,4-benzothiadiazine 1,1-dioxide (4d, 293 mg,
I mmol) and isonicotinic hydrazide (7b, 137 mg,
1 mmol) as described in method B.

Yield 76%; mp 273-275°C; 'H NMR (200 MHz,
CDCl; + DMSO-dg): 6 11.0 (br s, 1H), 8.7 (d, 2H,
J=5.0Hz), 7.7-7.9 (m, 6H), 7.6 (m, 2H), 7.3 (m, 2H),
6.4 (d, 1H, J = 6.3 Hz); EIMS m/z 393 (M*, 80). Anal.
Calcd for C;oH;5sN503S: C, 58.00; H, 3.84; N, 17.80%.
Found: C, 58.24; H, 3.87; N, 17.94%.

6.14. N'-(1,1-Dioxido-4-phenyl-4 H-1,2,4-benzothiadia-
zin-3-yl)pyrazine-2-carbohydrazide (8m)

The title compound was obtained from 3-chloro-4-phen-
yl-4H-1,2,4-benzothiadiazine 1,1-dioxide (4d, 293 mg,
I mmol) and pyrazine-2-carbohydrazide (7c¢, 138 mg,
1 mmol) as described in method B.

Yield 70%; mp 264-266°C; 'H NMR (400 MHz,
CDCl; + DMSO-dy): & 10.6 (s, 1H), 9.2 (s, 1H), 8.8

(d, 1H, J=22Hz), 87 (d, 1H, J=22Hz), 7.82
(dd, 1H, J=74Hz, 1.5Hz), 7.64-7.74 (m, 3H),
7.5-7.55 (m, 2H), 7.38 (dt, 1H, J=7.4Hz, 1.5Hz),
7.32 (t, 1H, J=743Hz), 64 (d, 1H, J=8.2 Hz?;
FABMS m/z 395 (M™+1, 15); IR (KBr) (vpax/cm ™)
3352, 3086, 1694, 1593, 1553, 1498, 1347, 1292,
1166, 1132. Anal. Caled for C;gH4N¢O3S: C, 54.81;
H, 3.58; N, 21.31%. Found: C, 54.54; H, 3.68; N,
21.62%.

6.15. Synthesis of 3-amino substituted-4-alkyl/aryl-4 H-
1,2,4-benzothiadiazine 1,1-dioxide (10a—c)

To a stirred solution of carboxamide (9a-b) (1 mmol)
and a suspension of sodium hydride (60% oil suspen-
sion, 48 mg, 1.2 mmol) in dry THF (10 mL) was add-
ed a solution of 3-chloro-4-alkyl/aryl-4H-1,2,4-
benzothiadiazine 1,1-dioxide (4d-e) (1 mmol) in dry
THF (10mL) at 0°C under nitrogen atmosphere.
The resulting mixture was allowed to warm to
room temperature slowly and then stirred at room
temperature for 2 h. The final reaction mixture was
slowly poured into water (50 mL). Two layers separat-
ed and water layer was extracted with ethyl acetate
(3x25mL). The combined organic layer was washed
with brine solution, dried over Na,SO,, concentrated
under reduced pressure and purified on column chro-
matography employing CH3;OH/CHCl; (19:1) as
eluent.

6.16. 6-Chloro-N-(7-chloro-4-methyl-1,1-dioxido-4 H-
1,2,4-benzothiadiazin-3-yl)nicotinamide (10a)

The title compound was obtained from 3,7-dichloro-4-
methyl-4H-1,2 4-benzothiadiazine  1,1-dioxide  (4e,
265mg, 1mmol) and 6-chloro-nicotinamide (9a,
157 mg, 1 mmol) by following the above procedure.

Yield 75%; mp 264-265°C; 'H NMR (400 MHz,
CDCl; + DMSO-dg): 6 11.8 (br s, 1H), 9.0 (s, 1H),
84 (dd, 1H, J=8.3Hz 25Hz), 79 (s, 1H), 7.7
(m, 1H), 7.6 (d, 1H, J=83Hz), 7.5 (d, 1H,
J=83Hz), 3.6 (s, 3H); FABMS m/z 385 (M"+1,
45). Anal. Caled for Ci4H;oClLN405S: C, 43.65; H,
2.62; N, 14.54%. Found: C, 43.64; H, 2.83; N,
14.57%.

6.17. N-(7-Chloro-4-methyl-1,1-dioxido-4H-1,2,4-benzo-
thiadiazin-3-yl)pyrazine-2-carboxamide (10b)

The title compound was obtained from 3,7-dichloro-4-
methyl-4H-1,2,4-benzothiadiazine  1,1-dioxide (e,
265mg, 1 mmol) and pyrazine-2-carboxamide (9b,
123 mg, 1 mmol) by following the same procedure as
used for 10a.

Yield 70%; mp 286-288°C; 'H NMR (400 MHz,
CDCl; + DMSO-dg): 6 11.1 (br s, 1H), 9.3 (s, 1H),
8.85 (d, 1H, J=23Hz), 87 (s, 1H), 79 (d, 1H,
J=23Hz), 7.7 (m, 1H), 7.5 (m, 1H), 3.7 (s, 3H?;
FABMS m/z 352 (M™+1, 30); IR (KBr) (Vpax/cm ')
3284, 3066, 2924, 1732, 1546, 1486, 1372, 1313,
1247, 1158, 1102. Anal. Calcd for C;3H;yCINsO;S:
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C, 44.39; H, 2.87; N, 19.91%. Found: C, 44.21; H,
2.84; N, 20.12%.

6.18. 6-Chloro-N-(1,1-dioxido-4-phenyl-4 H-1,2,4-benzo-
thiadiazin-3-yl)nicotinamide (10c)

The title compound was obtained from 3-chloro-4-
phenyl-4H-1,2,4-benzothiadiazine  1,1-dioxide  (4d,
293 mg, 1mmol) and 6-chloro-nicotinamide (9a,
157 mg, 1 mmol) by following the procedure as used
for 10a.

Yield 72%; mp 152-154°C; 'H NMR (400 MHz,
CDCl; + DMSO-dg): & 11.5 (br s, 1H), 8.9 (s, 1H),
8.25 (dd, 1H, J=8.2 Hz, 1.5 Hz), 7.95 (s, 1H), 7.9 (d,
1H, J=82Hz), 7.1-74 (m, 6H), 7.0 (t, IH,
J=174Hz), 6.84 (t, 1H, J=7.4 Hz); FABMS m/z 413
(M*+1); IR (KBr) (vpax/em™Y) 3377, 3165, 1702, 1587,
1504, 1451, 1353, 1256, 1145. Anal. Calcd for
C19H13C1N403SZ C, 5528, H, 317, N, 13.57%. Found:
C, 55.13; H, 2.93; N, 13.81%.

7. Microbiology

7.1. Growth and maintenance of mycobacterial strains

Cultures of M. tuberculosis (Hz;Rv ATCC 27294), M.
avium (ATCC 49601), M. intracellulare (ATCC 13950)
and clinical isolates were obtained from various medical
institutions. These cultures were grown on LJ medium
and maintained at —70 °C. The cultures revived from
—70 °C were subcultured on Middlebrook 7H9 broth
for 10 days and stored at 4 °C until used.

7.2. Drug and compound preparation

Stock solutions were made in dimethylsulfoxide
(DMSO). It has been verified that DMSO did not sup-
press or delay M. avium or M. tuberculosis strains growth
when added undiluted producing 5% concentration in
the medium. Isoniazid was employed as reference drug.

8. In vitro studies
8.1. Agar diffusion assay

The ability of the compounds to inhibit the growth of
Mpycobacterium species was determined by agar diffusion
assay. Briefly, reference strains M. tuberculosis (Hz7Rv
ATCC 27294), M. avium (ATCC 49601) and M. intra-
cellulare (ATCC 13950) were grown in Middlebrook
7H9 broth containing 10% ADC supplement at 37 °C
on a rotary shaker at 150 rpm for 10 days. The turbidity
of the culture was adjusted to 0.5 McFarland, 0.50 mL
of the individual cultures was then added to the molten
Middlebrook 7H10 in 150 mm petri plates. Uniform
holes were then made in the media in which the different
concentrations (50, 25 and 12.5 pg/mL) of individual
compounds were added. The plates were then incubated
at 37 °C for 21-28 days. Compounds showing zone of
inhibition greater than or equal to the standard were
considered active.

8.2. Agar dilution assay

Minimum inhibitory concentrations (MIC in pg/mL) of
compounds against strains of Mycobacterium were deter-
mined by a reference agar dilution method as per the
NCCLS-M24-T2 recommendations.?* The compounds
and reference drug were dissolved in DMSO and diluted
twofold to obtain 10 serial dilutions of each compound.
Appropriate volumes of compounds were incorporated
into duplicate plates of Middlebrook 7H10 agar medium
supplemented with 10% Middlebrook supplement oleic
acid—albumin—-dextrose—catalase (OADC) enrichment
at concentration of 0.03-16 ug/mL. Test organisms
(Mycobacterium strains) were grown in Middlebrook
7H9 broth containing 0.05% Tween 80 and 10% ADC
supplement. After 10 days of incubation at 37 °C, the
broths were adjusted to the turbidity of 0.5 McFarland
standard. The organisms were further diluted 10-fold in
sterile water containing 0.10% Tween 80. The resulting
mycobacterial suspensions were spotted (3-5 pL/spot)
onto drug supplemented 7H10 media plates. The plates
were sealed and incubated at 37 °C for 3-4 weeks in up-
right position. The MIC was recorded as the highest dilu-
tion/lowest concentration of the drug that completely
inhibited the growth of mycobacterial cultures.

9. In vivo studies

The in vivo efficacy of 8¢ was determined in a murine
model of pulmonary tuberculosis. Four-week-old fe-
male out bred Swiss albino mice housed in a pathogen
free; biosafety level 3 environments within micro isola-
tor cages were infected by intravenous injection of 10°
CFU of M. tuberculosis suspension. Following infec-
tion mice were randomly distributed in different groups
of six each. All animals were treated with once daily
dose after 14 days of infection. Therapy was given sev-
en days a week for 4 weeks. All agents were adminis-
tered by oral gavage and were dosed with 3-4
different concentrations 100, 50, 25 and 12.5 mg/kg of
body weight. Control group of infected but untreated
mice was killed at the initiation of therapy (baseline
control) or at the end of the treatment period (late con-
trol) along with treated animals. Mice were sacrificed
by cervical dislocation 5 days after the administration
of the last dose of drug. The spleens and lungs were re-
moved aseptically and homogenized in tissue homoge-
nizer. At least 6 serial 10-fold dilutions of the
homogenate were plated onto selective Middlebrook
7HI11 agar plates in duplicate. The colony counts were
recorded after incubation at 37 °C for 4 weeks. The
viable cell counts were converted to Log;o values. A
compound showing complete absence of growth >2
Log reduction in viable counts compared to the base
line control was considered significant.
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Abstract—Multidrug resistance (MDR) mediated by over-expression of P-glycoprotein (Pgp) is one of the major causes of failure of
chemotherapy in cancer treatment. Colchicine, a naturally occurring alkaloid, is a Pgp substrate and acts as an antimitotic agent by
binding to microtubules. Hence, Colchicine and its analogues radiolabeled with *™Tc may have potential for visualization of MDR
in tumors. Here we report *™Tc-labeling of colchicine derivatives using [**™Tc(CO)3(H,0);]" and [ Tc=NJ** cores. Trim-
ethylcolchicinic acid synthesized from colchicine was used as the precursor to prepare iminodiacetic acid and dithiocarbamate deriv-
atives which were then radiolabeled with [**™Tc(CO);(H,0);]" and [P™Tc=NJ*" cores, respectively. Radiolabeling yield for both
the complexes was >98% as observed by HPLC and TLC patterns. In vitro studies in tumor cell lines showed significant uptake for
9mTe carbonyl as well as for *™Te-nitrido colchicine complexes. Biodistribution studies in Swiss mice bearing fibrosarcoma tumor
showed 4.1 £ 1.2% ID/g of uptake at 30 min pi for *™Tc(CO);-complex as against 0.42 + 0.24% ID/g for the **™TcN-complex.
99mTe(CO)5—colchicine complex exhibited better pharmacokinetics with lower liver accumulation as compared to the *™TcN-com-
plex. Thus, colchicine radiolabeled with [*™Tc(CO);(H,0)5]" core is more promising with respect to in vivo distribution character-

istics in tumor model.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Colchicine is the main bioactive alkaloid of Colchicum
autmnale and is used in diagnosis and treatment of gout.
It acts as a potent inhibitor of cellular mitosis by binding
to microtubules. Colchicine, like many other cytotoxic
drugs, enters the cell through the lipid bilayer by passive
diffusion and binds reversibly to P-glycoprotein (Pgp).!
Pgp is one of the mechanisms involved in multidrug resis-
tance (MDR) for chemotherapeutic drugs. Pgp-mediated
transport of chemotherapeutic drugs has been studied
using single photon emission computed tomography
(SPECT) and positron emission tomography (PET).

Keywords: Colchicine; [*™Tc(CO)3(H,0)5]"; [P Tc=NP**; Iminodi-

acetic acid; Dithiocarbamate; Tumor.
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[''C]Colchicine has been reported to be a feasible sub-
strate for imaging Pgp functions in tumors.>? Tri-
methylcolchicinic acid, a colchicine derivative, has also
been used for preparation of **™Tc-EC(ethylenedicys-
teine)—colchicine in targeting tumors and reported to
exhibit good tumor uptake.* Bearing in mind the poten-
tial of trimethylcolchicinic acid to exhibit tumor affinity,
we report herein labeling of trimethylcolchicinic acid
derivatives with two different novel cores of *™Tc viz.
[P™Tc(CO)5(H,0)5]" and [*™Tc=NJ]*" cores and the
evaluation of the resultant complexes for tumor imaging.

Commonly used technetium complexes based on
9mTe(V) oxo core suffer from low specific activity due
to high concentration of chelating agents required for
stabilization of +5 oxidation state. Advent of novel
cores of technetium has opened fresh avenues for prep-
aration of stable complexes with high specific activity.>-
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Alberto et al. have developed and demonstrated the
merits of using the new organometallic ™ Technetium
carbonyl precursor [**™Tc¢(CO);(H,0)s]" containing
technetium in +1 oxidation state which is less sensitive
to oxidation and hence does not require high concentra-
tion of ligands for stabilization.” Low ligand concentra-
tion is a specific feature aimed at the designing of **™Tc-
labeled targeted radiopharmaceuticals. The tricarbonyl
core [P"™Tc(CO)5(H,0)5]" possesses a low spin d°
Tc(I) center which is kinetically inert and hence offers
more flexibility toward choosing ligands for designing
complexes of desirable size, charge, and lipophilicity
suitable for the specific study. The three substitutionally
labile aqua ligands facilitate the formation of stable
complexes with a tridentate ligand. The N-containing li-
gands such as histidine, histamine, imidazole, iminodi-
acetic acid, diethylenetriamine, and Schiff's bases
which readily form stable complexes with the tricarbon-
yl precursor have been functionalized for the develop-
ment of site-specific radiopharmaceuticals using varied
biologically avid molecules.®® Another novel nitrido
core ["™Tc=N]*" isoelectronic with the [*™TcO]** core
used earlier was synthesized by Baldas and Bonnyman,
and found to exhibit a very high stability over a wide
range of experimental conditions. It shows high affinity
toward chelating ligands containing sulfur and phos-
phorus atoms. Dithiocarbamate ligand forms complexes
of high radiochemical purity with the [**"Tc=N]*" syn-
thon.'%!! Colchicine has been functionalized to iminodi-
acetic acid (IDA) and dithiocarbamate (DTC) capable
of com9plexation with the respective cores [*>™Tc(CO)5]"
and [""Tc=N]*" in near-quantitative yields. In vitro
binding studies with tumor cell lines as well as in vivo
studies in tumor-bearing animals were carried out to
explore the potential of these radiolabeled species to
localize in tumors.

2. Results and discussion
2.1. Chemistry

Derivatization of colchicine to the suitable precursor
was necessary for subsequent complexation with the
PmTc-cores. Hence, introduction of amino group to
yield the precursor, trimethylcolchicinic acid, was
attempted by acid hydrolysis of the parent colchicine 1
using 30% concentrated sulfuric acid.!? The amino
group of trimethylcolchicinic acid 2 was further deriva-
tized to the iminodiacetic acid 3 and dithiocarbamate 4
for radiolabeling with [**™Tc(CO)s]* and [ Tc=NJ]**
cores, respectively. The IDA of trimethylcolchicinic acid
was prepared by reaction with 1.6 equiv of bromoacetic
acid under alkaline conditions. The DTC of colchicine
was prepared by reaction with carbon disulfide in the
presence of KOH (Fig. 1). Hydrolysis of the -NHC-
OCHj; group as well as the concomitant demethylation
of ~OCH; group of 1 could be ascertained by the 'H
NMR of 2 wherein the two 3H singlets corresponding
to -OCH;3; and -NHCOCH; observed in 1 were found
to be absent in 2. The formation of the IDA 3 was con-
firmed by the appearance of a 4H singlet at 6 3.36
corresponding to the N-CH,—COOH group. The dithio-

carbamate 4 could be characterized with the help of ecle-
mental analysis and mass spectra.

To prepare the technetium-99m complexes of 3 and 4,
99mTc—carbon‘;/l and *™Tc-nitrido cores were first pre-
pared. The “™Tc-tricarbonyl synthon was prepared
in situ according to the reported procedure and then
used for complexation.” It could be prepared in >98%
yield as determined by C-18 reverse-phase HPLC sys-
tem. The **™Tc(CO)s—colchicine-IDA complex could
be obtained by incubation of IDA 3 with the
[?™Tc(CO)5(H,0)5]" synthon. While the retention time
of the synthon was 13.7 min, that of the radiolabeled
complex, eluted as a single species in HPLC, was ob-
served to be 18 min. The percentage complexation as ob-
tained by HPLC analyses was >98% (Fig. 2).
Complexation yields were studied at different pH by
adjusting the pH of the [**™Tc(CO);(H,0)s]" synthon
prepared at pH ~ 10 using PO,>~ buffer (pH 7.5,
0.5 M): HCI (1.0 M) (1:3, v/v), prior to addition of the
ligand colchicine-IDA. Standardization and optimiza-
tion studies for obtaining maximum complexation
showed that the radiolabeling yield depends on the reac-
tion pH and concentration of the ligand. The reaction
was favorable at acidic pH (4.0) leading to 98% com-
plexation. Increasing the pH led to a fall in the complex-
ation yield which decreased to 70% and 40% at pH 7 and
9, respectively. In paper electrophoresis studies, it was
observed that the ™Tc¢(CO);—colchicine-IDA complex
5 does not show any movement. Lipophilicity of the
radiolabeled complex was determined by distribution
in octanol and water, and the partition coefficient (log P)
was found to be 1.3. In vitro serum stability of the com-
plex was studied by 1 h incubation of § at 37 °C. Obser-
vation of a single peak at 18 min, on analysis by HPLC,
indicated serum stability of the complex.

9mTe nitrido core was prepared by addition of
PmTcO,” to the kit vial followed b;/ preparation of
the complex by incubation of 4 with [ Tc=NJ*" pre-
cursor. Formation of **™Tc-nitrido complex in good
yields (>98%) was confirmed by TLC and electrophore-
sis. TLC was carried out in ethanol/chloroform/toluene:
0.5 M ammonium acetate mixture (6:3:3:0.5 v/v) as well
as in saline. In the former solvent system, ™ TcN inter-
mediate as well as reduced technetium remained at the
point of spotting (R; = 0-0.1), whereas **™TcO,~ moved
at R; 0.4-0.6. However, in saline, both **™TcO,” and
9MTeN intermediate moved with the solvent front
(Ry=0.8-1.0) with reduced technetium at the point of
spotting. Radiolabeling yield of the complex (>98%)
could be determined by TLC in saline wherein the com-
plex remained at the point of spotting (R = 0). In paper
electrophoresis, while the ™ TcN intermediate showed a
movement of 5cm toward the anode, the complex did
not show any movement indicating neutrality of the
complex.

2.2. In vitro cell binding studies
99mT(CO)s—colchicine complex as well as [**™TcN]-col-

chicine complex corresponding to 1 nmol of colchicine
were studied for in vitro binding with fibrosarcoma





A. Korde et al. | Bioorg. Med. Chem. 14 (2006) 793-799 795

CH0: CHL0.

an INHCOCH3
100°C, 5h

30% H,S0,

Colchicine

COOH
-|I||

CH COOH

OH
Colchicine-IDA

©)

[*"Te(CO)”
0]

CH30.
""N_7°_co

CHg / \

CHZ0

—0 Co
=~ /NO
OH

99—mTc( CO)3-colchicine-IDA

(5)

OCH;
BICH,COOH
RT, 5 days
(@) K2C0s Trimethyl colchicinic acid

2

I =
C— HyCO,
co

HaCO

CHg

|NH—cC

CHg

SNa'
o
Colchicine-DTC OH
(4)
[99m-|- CN] +2
N OCH;

H s lll_s H
lllN% >Tc< />—N|Il
s s

OCH
7 \ °
OCH, OCH,
o o —

OH HO

99mT eN-colchicineDTC

(6)

Figure 1. Synthesis of *™Tc¢(CO);—colchicine-IDA and *™TcN-colchicine-DTC complexes.

and melanoma tumor cells. Compound 5 exhibited sig-
nificant binding of 50.6 + 2.2% and 54.2 £ 2.3% with
fibrosarcoma and melanoma cells, respectively. Similar-
ly 6 also showed binding of 54.3 + 1.7% and 57.4 £ 2.9%
with respective tumor cells. Since tumor cells have more
percentage of dividing cells as compared to normal
spleen, normal murine spleen cells showed comparatively
much less binding (15%) with both the tracers. Blank
experiments were carried out using [ ™Tc(H,0)(CO);]*
synthon and [*™Tc¢=N]** intermediate under similar
experimental conditions. In this case, activity associated
with the cell pellet was only around 10% and 6%, respec-
tively. The in vitro results (Table 1) clearly indicate the
affinity of both the products for tumor cells.

2.3. Biodistribution studies

In biodistribution studies in mice bearing fibrosarcoma
tumor, [**™TcN}-colchicine complex showed significant
liver accumulation (~60% ID/organ) within 30 min with
slow hepatic clearance. There was also very high uptake
in lungs and spleen. Although tumor/blood and tumor/
muscle ratios were found to increase from 0.52 to 2.4
and 0.68 to 1.16 between 30 min and 4 h, the actual
tumor uptake was not very significant (0.42% ID/g at

1 h pi) (Table 2). On the contrary, **™Tc(CO)s—colchi-
cine-IDA complex exhibited greater tumor accumula-
tion (4.1+1.2% ID/g at 30min pi) and better
pharmacokinetics. The compound partly excreted via
the hepatobiliary route and around 25% ID/g was re-
tained in the liver at 4 h pi. Figure 3 shows the detailed
results of the biodistribution study with **™Tc¢(CO)s—
colchicine-IDA complex.

2.4. Imaging studies

99mTe(CO)s—colchicine-IDA complex was injected in
nude mice bearing MCF-7 tumors and scintigraphic
images (Fig. 4) were obtained at 1 h pi and 3 h pi. The
uptake in tumor is observable, more predominantly at
3 h pi, albeit with significant amount of radioactivity
associated with the liver. The activity observed in the
bladder was found to be cleared at 3 h pi in concurrence
with the results obtained from biodistribution studies as
well.

The complexation of tropolone with a number of metal-
lic ions has been reported indicating a possibility of the
tropolone moiety complexing with ~"™Tc.'3 However, in
the present case since the colchicine molecule has been
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Figure 2. HPLC pattern of *™Tc¢(CO);—colchicine-IDA at different
pH.

derivatized to the iminodiacetate substituent and the
radiolabeling  precursor is not **™TcO, but
[®™Tc(CO)5(H,0)s]" which is known to form stable
complexes with the iminodiacetate group (a tridentate

Table 1. In vitro studies in tumor cells

Table 2. Biodistribution studies of *™TcN-colchicine-DTC complex

Organ % injected dose per organ (n = 3)

30 min 1h 4h
Blood 1.2 (0.16) 0.84 (0.23) 0.29 (0.06)
Liver 61.7 (1.28) 63.4 (0.85) 62.6 (4.08)
Int + GB 2.57 (0.27) 5.29 (0.46) 11.25(0.7)
Lungs 13.5 (0.69) 11.4 (1.21) 10.69 (3.3)
Spleen 2.68 (0.33) 3.21 (0.12) 2.65 (0.65)
Tumor/gm 0.3 (0.08) 0.42 (0.24) 0.36 (0.1)
Tumor/blood 0.52 0.95 24
Tumor/muscle 0.68 0.97 1.16

130 min.pi
B 1hopi
h.p.i

% ID/g

Figure 3. Biodistribution studies of **™Tc(CO)s—colchicine-IDA in a
murine fibrosarcoma tumor model (n = 3 for each time point).

chelator) at a low concentration, the complexation with
the iminodiacetate derivative is expected to be by far a
greater possibility in comparison with that of the chelat-
ing groups of tropolone. This has been confirmed by
carrying out a blank complexation of trimethylcolchici-
nic acid 2 with [?*™Tc¢(CO)(H,0);]" wherein no com-
plexation was observed.

Since the [**™TcN]-colchicine complex was found to be
neutral, a possible structure which can be proposed indi-
cates the probable involvement of two DTC molecules.
Such a speculation could be further corroborated by
the observation of Abram et al.!* wherein formation
of an analo;ous complex structure has been confirmed.
However, ~’™Tc¢(CO);—colchicine-IDA complex with
nitrogen and carboxyl as coordinating groups of the

Tracer Fibrosarcoma Melanoma Normal spleen cells
99mT¢(CO)s—colchicine—IDA 50.6 £ 2.2 542+23 12+1.6
[?*™Tc¢=N]-colchicine— dithiocarbamate 543+ 1.7 574+%29 15+2.1

PmMTeO,~ 1.9+0.8 22+1.1 —

[’"Tc=NJ** intermediate 60+12 58+25 —
[’™Tc(H,0)5(CO)5]* 10.4 +0.7 95+ 1.6 —
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UBladder

Figure 4. Scintigraphic images of **™Tc(CO)s—colchicine-IDA images in nude mice bearing MCF-7 tumor.

IDA moiety is expected to be uni-negative. **™Tc-car-
bonyl complex bearing polar IDA group has shown low-
er liver accumulation compared to the **™Tc-nitrido
complex bearing two lipophilic DTC molecules.
Although both the radiolabeled complexes exhibited sig-
nificant binding in vitro with tumor cells, the difference
in tumor uptake and pharmacokinetic patterns in vivo
clearly indicates the influence of lipophilicity of ligands
used for complexation. Scintigraphic images also sup-
port the results obtained by biodistribution studies.

3. Conclusion

Colchicine derivatives could be successfully radiolabeled
with [*™Tc(H,0)5(CO)s]* and [P Tc=NJ*" in high
yield and purity. Both the products showed good in vitro
tumor cell uptake. However, **™Tc(CO);—colchicine
complex showed more promising results in vivo with re-
spect to reduced liver accumulation and higher uptake in
tumor. The tumor-specificity of this agent provides
further insight toward its possible utility for imaging
multi-drug resistant states.

4. Experimental
4.1. General

All reagents were of commercial grade. Carbon monox-
ide in 0.5 L refillable canisters was obtained from M/s
Alchemie Gases & Chemicals, Mumbai, India.
PmTc0,” was eluted from an in-house *’Mo/*”™Tc¢ col-
umn generator using normal saline. Commercial kit for
preparation of *™Tc-nitrido species was obtained from
CIS Bio International. Electrophoresis experiments were
carried out using 0.025 M phosphate buffer (pH 7.5) at
300 V/ecm for 1 h. HPLC analyses were performed on a

Jasco PU 1580 system with a Jasco 1575 tunable absorp-
tion detector and a radiometric detector system. A C-18
reversed-phase HiQ Sil (5 uM, 250 x 4 mm) column has
been used. About 25 pL of the test solution was injected
into the column and the elution was monitored by
observing the radioactivity profile. The flow rate was
maintained at 1 mL/min. The gradient system consisting
of eluting solvents H,O (solvent A) and acetonitrile (sol-
vent B) with 0.1% trifluoroacetic acid was used (0—
28 min, 90% A-10% A; 28-30 min, 10% A; 30-32 min,
10% A-90% A). Proton NMR spectra were recorded
on a 300 MHz Varian VXR 300 S spectrophotometer.
Mass spectra were recorded on a QTOF Micromass
Instrument using electron spray ionization (ESI) in posi-
tive mode. Elemental analyses were performed on C, H,
N, and S elemental analyzer, Thermofinnigan, Flash EA
1112 series. Melanoma and Fibrosarcoma cell lines were
procured from ‘National Centre of Cell Sciences,” Pune,
India. Fibrosarcoma tumors were raised in Swiss mice
by subcutaneous injection of ~10° cells/animal. MCF-
7 (human breast cancer) tumor-bearing animals were
maintained at the nude mice housing facility of the
‘Laboratory & Nuclear Medicine Section.” All the
animal experiments were carried out in compliance with
the relevant national laws as approved by the Local
Committee on the Conduct and Ethics of Animal
Experimentation.

4.2. Chemical synthesis

4.2.1. Trimethylcolchicinic acid 2. A mixture of 1
(150 mg, 0.37 mmol) and 4.5 mL of 30% concd. sulfu-
ric acid was heated for 5h at 100 °C in an oil bath.
After 5h, while hot, neutralization of the reaction
mixture to pH 7-7.5 was effected with solid sodium
carbonate. The resulting frothy mass was filtered
and washed with cold water. The filtrate was extract-
ed in chloroform (3x 10 mL), the combined extracts
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were washed with water and dried over anhydrous
sodium sulfate. TLC (silica): 5% glacial acetic acid/
acetonitrile. Ry (colchicine) =0.4, R; (product)=0.
MS (ESI): mass calcd for Ci9H»OsN, 343; m/z
(obsd): 344 [M+H]*. 'TH NMR (CD;OD, 6 ppm) 3.6
(s, 3H, —-OCHs;); 3.86 (s, 3H, -OCH;); 3.9 (s, 3H, -
OCH3) 6.7 (s, 1H, 8H); 7.16 (d, 11H); 7.42 (d,
12H); 7.9 (s, 1H, Ar).

4.2.2. Colchicine-IDA derivative (3). Compound 2
(15mg, 43.4 umol) was dissolved in methanol and
bromoacetic acid (10 mg, 71.96 pmol) was added to it
along with potassium carbonate (3 mg, 21.7 umol) and
stirred at room temperature for 5 days. The solvent
was removed under vacuum. The product was charac-
terized by TLC in 30% glacial acetic acid/acetonitrile.
Ry (trimethylcolchicinic acid) = 0.1, R, (product) = 0.4.
MS (ESI): mass calcd for C,3H>509N, 459; m/z found,
413, 414 (M—COOH). 'H NMR (CD;OD, § ppm)
3.36 (s, 4H, NCH,); 3.55 (s, 3H, -OCHs;); 3.84 (s, 6H,
-OCH,;).

4.2.3. Colchicine—dithiocarbamate derivative (4). Com-
pound 2 (20 mg, 58 pmol) was dissolved in diethyl ether
and 1:1 equivalent of carbon disulfide (3.5 pL) was add-
ed to it along with crushed NaOH (20 mg). The reaction
mixture was stirred at room temperature for 2 h when
the formation of a yellow precipitate was observed.
After removal of the solvent, the precipitate was repeat-
edly washed with diethyl ether to remove any unreacted
trimethylcolchicinic acid. The product was characterized
by elemental analyses. C, H, N, S: obsd (calcd) 53.95
(54.16), 5.45 (5.00), 3.12 (3.16), 14.35 (14.46). MS
(ESI): mass caled for C,oH»0OsNS,Na, 441; m/z found,
419 [(M+H)—Nal].

4.2.4. [™Tc(H,0)5(CO)s|* synthon. The synthon was
prepared by a modified procedure reported by Alberto
et al.” A typical procedure consists of preparation of a
mixture of 0.5mL aqueous solution of NaBH,4
(5.5 mg), Na,CO; (4 mg), and Na/K tartrate (15 mg),
and purging of carbon monoxide through it for 5 min.
After the addition of 1 mL **™TcO,~ (37 MBq) to the
solution, it was heated at 70 °C for 20 min. The reaction
mixture was cooled and the pH was adjusted to 8 with
300 uL of 1:3 mixture of 0.5 M phosphate buffer (pH
7.5): 1M HCL

4.2.5. *™T¢(CO)s—colchicine IDA. 0.1 mL of methano-
lic solution of the colchicine IDA derivative (800 pg,
3.4mM) was added to 0.4mL [P™Tc(H,0)5(CO);]"
synthon, adjusted to pH 4.0, and heated at 70 °C
for 20min. The complex was characterized by
HPLC.

4.2.6. [ Tc=N]*" core. The commercially available kit
vial, containing succinic dihydrazide (5.0 mg), stannous
chloride dihydrate (100 pg), 1,2-diaminopropane—
N,N,N',N'-tetraacetic acid (5 mg), sodium dihydrogen
phosphate (0.5 mg), and disodium hydrogen phosphate
(5.8 mg) in freeze-dried form, was used for preparing
the precursor. The kit vial stored at 4 °C was allowed
to attain ambient temperature. One milliliter of freshly

eluted **™TcO,~ (1 mCi, 37 MBq) was added to the vial,
vortexed, and allowed to stand at room temperature for
20 min. The **™Tc-nitrido intermediate thus prepared
was characterized by TLC.

4.2.7. *™TcN-colchicine—dithiocarbamate. To 0.5 mL
solution  of  colchicine-dithiocarbamate (1 mg,
4.34 mM), 0.5 mL of freshly prepared [**"Tc=N]*" pre-
cursor was added, vortexed, and incubated for 30 min at
room temperature. The final *™TcN-complex formed
herein was characterized by TLC and paper
electrophoresis.

4.3. In vitro studies in tumor cells

Melanoma and fibrosarcoma cells were isolated under
aseptic conditions from tumor-bearing mice. The cells
were washed and cell suspension of 5x 10° cells/mL
was prepared in plain Dulbecco’s modified Eagle medi-
um (DMEM). The radiolabeled products namely
9MTe(CO)s—colchicine-IDA as well as *™TcN—colchi-
cine—dithiocarbamate corresponding to 1 nmol colchi-
cine were incubated at 37 °C for 1 h with 5x 10> cells.
After incubation, the cells were separated by centrifuga-
tion. The cell pellet was washed twice and was counted
to determine the percentage of activity associated with
cells. Nonspecific binding of [*™Tc(H,0)5(CO)s]* syn-
thon as well as of ["*"Tc=N]*" intermediate was stud-
ied similarly following identical experimental
conditions. Uptake in normal spleen cells was also stud-
ied for comparison to determine specific binding to tu-
mor cells.

4.4. Biodistribution studies

Biodistribution studies for both the products were
carried out in Swiss mice bearing fibrosarcoma tumor.
0.1 mL of the product containing 3—7 MBq of activity
was injected via the tail vein. The studies were carried
out in triplicate at 30 min, 1 h and 4 h post injection.
All major organs as well as tumor were excised,
rinsed, weighed, and counted in a Nal(Tl) flat geome-
try detector in order to estimate the percent of inject-
ed dose per gm of the tissue. Blood, muscle, and bone
were taken as 7%, 40%, and 10% of total body
weight.

4.5. Imaging studies

A Single Head Digital SPECT Gamma Camera (MPS
GE, USA) with a parallel hole LEAP collimator was
used for imaging studies. **™T¢(CO);—colchicine-IDA
complex (~15 MBq) was injected intravenously through
tail vein in nude mice bearing MCF-7 tumors. Static
images were acquired using 256 x 256 matrix with 125
KCounts at 1 and 3 h post injection.
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Abstract—To study the structure—activity relationships of aromatic cytokinins, the cytokinin activity at both the receptor and cel-
lular levels, as well as CDK inhibitory and anticancer properties of 38 6-benzylaminopurine (BAP) derivatives were compared in
various in vitro assays. The compounds were prepared by the condensation of 6-chloropurine with corresponding substituted ben-
zylamines. The majority of synthesised derivatives exhibited high activity in all three of the cytokinin bioassays employed (tobacco
callus, wheat senescence and Amaranthus bioassay). The highest activities were obtained in the senescence bioassay. For some com-
pounds tested, significant differences of activity were found in the bioassays used, indicating that diverse recognition systems may
operate and suggesting that it may be possible to modulate particular cytokinin-dependent processes with specific compounds. Posi-
tion-specific steric and hydrophobic effects of different phenyl ring substituents on the variation of biological activity were con-
firmed. In contrast to their high activity in bioassays, the BAP derivatives were recognised with much lower sensitivity than
trans-zeatin in both Arabidopsis thaliana AHK3 and AHK4 receptor assays. The compounds were also investigated for their effects
on cyclin-dependent kinase 2 (CDK?2) and for antiproliferative properties on cancer and normal cell lines. Several of the tested com-
pounds showed stronger inhibitory activity and cytotoxicity than BAP. There was also a significant positive correlation of the inhib-
itory effects on human and plant CDKs with cell proliferation of cancer and cytokinin-dependent tobacco cells, respectively. This
suggests that at least a part of the antiproliferative effect of the new cytokinins was due to the inhibition of CDK activity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

6-Benzylaminopurine (BAP) and its derivatives are
active and ecasily obtainable plant growth promoting
substances. They have long been thought to be purely
synthetic compounds. However, some of them have also
been detected and identified in different plant tissues (for
details, see!).

BAP is also one of the most effective and affordable cyt-
okinins used in many micropropagation systems. Never-
theless, it has disadvantages in some crops, including
acclimatization problems, heterogenity in growth and
rooting inhibition.>? One way to eliminate the side

Keywords:  6-Benzylaminopurine; Cytokinin; Receptor; Bioassay;

Cyclin-dependent kinase; Cytotoxicity.

*Corresponding author. Tel.. +420 585634940; fax: +420
585634870; e-mail: dolezal@risc.upol.cz

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

doi:10.1016/.bmc.2005.09.004

effects might be based on the development and examina-
tion of BAP derivatives that do not exhibit unwanted
side effects. For example, the high biological activity
of 6-(3-hydroxybenzylamino)purine (meta-topolin, mT)
in different bioassays has been described by several
authors,>* The positive effect of mT versus BAP was lat-
er shown in the in vitro shoot and root production and
post vitro rooting of Spathiphyllum floribundum. Plants
grown on media containing 10 pM of mT rooted better
during acclimatization compared with those developed
on an equimolar concentration of BAP. This fact can
be explained by differences in the metabolism of BAP
and mT.? In addition, it was shown that the endogenous
occurrence of hydroxylated BAP analogues in Zantedes-
chia aethiopica fruits is correlated with the self-inhibition
of fruit senescence.’ The aim of this study was to pre-
pare a large family of other BAP derivatives, substituted
on the phenyl ring, and to compare the cytokinin activ-
ity of prepared compounds in three different bioassays,
based on the stimulation of tobacco callus growth, the
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retention of chlorophyll in excised wheat leaves and the
dark induction of betacyanin synthesis in Amaranthus
cotyledons. The new cytokinin derivatives have also
been screened for their capacity to be recognised by
the recently discovered cytokinin receptor proteins
AHK3 and AHK4.58

Although cytokinins regulate many cellular processes,
the control of cell division is crucial and is considered
diagnostic for this class of phytohormones; hence, the
generic name is ‘cytokinins’.” Cytokinins are involved
in the regulation of both G1/S and G2/M transitions
of the cell cycle. They elevate the expression of the
CYCD3 gene, which encodes a D-type cyclin.!®!! In ani-
mal cells, D-cyclins are regulated by a wide variety of
growth factors and play a key role in regulating the pas-
sage through the cell cycle restriction point in G1. It has
also been shown that the constitutive expression of
CYCD3 can bypass the cytokinin requirement for cell
proliferation, thus causing the cytokinin-independent
growth of Arabidopsis thaliana calli.'®

Cytokinins are also important for the regulation of the
G2/M transition. In tobacco BY-2 cells, which are cyto-
kinin-autonomous, endogenous zeatin cytokinins peak
around S and M phases.!'? The application of lovastatin,
an inhibitor of mevalonic acid synthesis, inhibits cytoki-
nin accumulation and mitosis, respectively. Applied
trans-zeatin (tZ) overrides the lovastatin block. This
indicates that tZ is indispensable for the G2/M transi-
tion.!3 The regulation of the G2/M transition is medi-
ated by activated cyclin-dependent kinases (CDK). In
pea root tissues, mRNA of mitotic CDK was induced
within 10 min by auxin application. High levels of an
inactive CDC2-like protein were also found in tobacco
pith cultured on auxin medium.!* The cytokinin effect
has been linked to the activation of a Cdc25-like phos-
phatase which dephosphorylates plant homologue of
CDKI1 on Thr 14/Tyrl5 residues.'> This process pro-
vides one of the potential links between cytokinin and
auxin effects on the regulation of the cell cycle.

Recently, another important property of cytokinin ana-
logues has been proved. The natural isoprenoid and aro-
matic cytokinins were found to inhibit several human
protein kinases in a non-specific manner, including
CDKs. On the other hand, the screening of chemically
synthesised cytokinin analogues revealed selective
CDK inhibitor olomoucine, that is, the BAP derivative
6-benzylamino-2-(2-hydroxyethylamino)-9-methylp-
urine. Small modifications of the BAP molecule led to
the specific inhibition of several important protein ki-
nases like CDK1/cyclin B, CDK2/cyclin A, CDK2/cy-
clin E, brain CDK5/p35 and ERKI/MAP kinase.'®
Because of the strong anticancer properties of these
compounds (olomoucine, roscovitine, etc.),'”-!® the new-
ly prepared BAP analogues have also been tested in an
in vitro CDK2/cyclin E kinase inhibition assay and also
for their possible cytotoxic activity against selected can-
cer cell line lines and normal mouse fibroblasts (NIH/
3T3). In this report, we are also trying, for the first time,
to correlate the relationships between the molecular
mode of action with appropriate cellular effects.

2. Results and discussion
2.1. Synthesis

Thirty-eight analogues of BAP with various substituents
attached to the phenyl ring had been synthesised (Table
1) in order to determine their structure—activity relation-
ships. The prepared compounds were characterised by
elemental analysis, TLC, melting point, ES + MS (Table
2) as well as '"H and '3C NMR (Supplementary data).
The previously published syntheses of BAPs, monosub-
stituted on the benzyl ring with CH;3, NH,, NO,, OH,

Table 1. Structures of prepared compounds

R4
R3 R5
R2 R6
HN
NN
00
N N
\
H
Compound R, R; R, Rs R¢
1 F H H H H
2 H F H H H
3 H H F H H
4 Cl H H H H
5 H Cl H H H
6 H H Cl H H
7 Br H H H H
8 H Br H H H
9 H H Br H H
10 H 1 H H H
11 CHj3 H H H H
12 H CH3; H H H
13 H H CHj3 H H
14 CH;0 H H H H
15 H CH;0 H H H
16 H H CH;0 H H
17 H NO, H H H
18 H H NO, H H
19 Cl H Cl H H
20 H Cl Cl H H
21 CH;0 CH;0 H H H
22 CH;0 H CH;0 H H
23 H CH;0 CH;0 H H
24 H CH;0 H CH;0 H
25 CH;0 H CH;0 H CH;0
26 H CH;0 CH;0 CH;0 H
27 F H F H H
28 H F H F H
29 F F F H H
30 F F H H F
31 F H F F H
32 Cl H F H H
33 H Cl F H H
34 OH CH;0 H H H
35 OH H CH;0 H H
36 OH OH H H H
37 H OH H OH H
38 H CH;0 OH MeO H






K. Dolezal et al. | Bioorg. Med. Chem. 14 (2006) 875-884 877

Table 2. Elemental analyses, ES+ mass spectrometry analyses and melting points of prepared substituted 6-benzylaminopurines

Compound Elemental analysis calculated/found Mp (°C) ES-MS [M+H"]
%C %H %N
1 59.3/59.1 4.1/3.8 28.8/27.8 245-246 244
2 59.3/59.1 4.1/3.9 28.8/27.7 247-248 244
3 59.3/59.2 4.1/4.0 28.8/27.9 267-268 244
4 55.5/55.7 3.8/4.2 27.0/26.0 227-228 260
5 55.5/55.2 3.8/3.9 27.0/26.2 252-253 260
6 55.5/55.3 3.8/3.8 27.0/26.6 277-278 260
7 47.4/47.6 3.3/3.5 23.0/22.5 222-223 304
8 47.4/47.1 3.3/3.4 23.0/23.1 256-257 304
9 47.4/47.8 3.3/3.4 23.0/22.3 292-293 304
10 41.0/41.4 2.8/2.8 20.0/19.5 248-249 352
11 65.2/65.0 5.5/5.8 29.3/28.8 267-268 240
12 65.2/64.8 5.5/6.0 29.3/29.1 232-235 240
13 65.2/65.8 5.5/5.4 29.3/27.5 288-290 240
16 61.2/60.7 5.1/5.3 27.4/26.7 263-265 256
17 53.3/53.1 3.7/3.6 31.1/30.8 356-357 271
18 53.3/53.1 3.7/3.5 31.1/30.9 335-337 271
19 49.0/49.4 3.1/3.1 23.8/23.1 309-311 295
20 49.0/49.1 3.1/3.2 23.8/23.0 332-333 295
21 58.9/59.3 5.3/5.5 24.5/23.5 229-230 286
22 58.9/59.3 5.3/4.9 24.5/23.5 189-191 286
23 58.9/59.7 5.3/5.6 24.5/23.8 262-263 286
24 58.9/59.7 5.3/5.3 24.5/23.4 311-313 286
25 57.1/57.3 5.4/5.3 22.2/21.9 208-210 316
26 57.1/57.2 5.4/5.2 22.2/21.9 227-229 316
27 55.2/55.2 3.5/3.4 26.8/26.2 255-256 262
28 55.2/54.4 3.5/3.2 26.8/26.4 261-262 262
29 51.6/52.2 2.9/2.7 25.124.5 280-281 280
30 51.6/51.2 2927 25.124.5 280-281 280
31 51.6/50.6 2.9/2.8 25.1/24.5 274-275 280
32 51.9/51.8 3.3/3.2 25.2/24.9 172-173 279
33 51.9/51.8 3.3/3.3 25.2/24.7 262-263 279
34 57.6/57.8 4.8/4.8 25.8/25.5 253-254 272
35 57.6/57.1 4.8/4.0 25.8/24.9 253-254 272
36 56.0/55.4 4.3/4.8 27.2/26.6 256-257 258
37 56.0/56.4 4.3/4.0 27.2/27.5 273-274 258
38 55.8/56.1 5.0/5.0 23.2/22.9 247-248 302

CH;0 and Cl, were achieved by condensing 6-(methyl-
mercapto)purine with 2-3 molecular equiv of corre-
sponding amines.’ However, this method usually gives
lower yields, compared with our results, which were
achieved using 6-chloropurine. The melting points,
reported for the compounds prepared using an earlier
method, are also somewhat lower. The preparation of
some BAP derivatives, substituted by single halogen
atom on the phenyl ring, using 6-(methylmercapto)pu-
rine has been previously reported by other authors.?®?°
However, no physico-chemical data to validate the iden-
tity and purity of the prepared compounds are present in
these reports. Moreover, because different assays were
used to evaluate their biological activity, it is difficult
to compare the results.

2.2. Cytokinin activity in bioassays

The effect of introduced substituents on BAP has been
investigated in three cytokinin bioassays, based on the
stimulation of different physiological processes in plants
(Table 3). As a comparison, BAP itself, a highly active
and widely practically used cytokinin, was employed
as standard compound.

Derivatives 1 and 2 containing a fluorine atom in the
ortho and/or meta position of the phenyl ring topped
BAP activity in the Amaranthus bioassay by 16% and
40%, respectively. Among the monosubstituted BAP
derivatives, any substituent at the para-position (com-
pounds 3, 6, 9, 13, 16 and 18) reduced the activity dras-
tically in this bioassay. In contrast, all tested di- and
trifluoro derivatives 27-31 were found to be very active
(in all three biotests), even those containing the substitu-
ent in the para position (27, 29 and 31). However, di-
and trisubstituted hydroxy/methoxy derivatives (21-26
and 33-37) have been found to be inactive in this assay.
A similar pattern of relative activity was also obtained in
the callus bioassay, except for the high activity of 3.

In contrast, the senescence bioassay revealed responses
different from those of the other two biotests. As we pre-
viously reported for endogenously occurring 2- and 3-
methoxy derivatives of BAP,'? their activity was either
comparable or slightly lower in the Amaranthus and
tobacco callus bioassays, but double that of BAP in
the senescence assay. This indicates that these com-
pounds may preferentially affect physiological processes
associated with the impact of different stress factors on
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Table 3. Relative cytokinin bioassay activity of prepared 6-benzylaminopurine derivatives at optimal concentration compared with the activity of 6-
benzylaminopurine (BAP) (100% means 10~> M BAP for the Amaranthus betacyanin bioassay, 10~* M BAP in the case of the senescence bioassay

and 107° M BAP for the tobacco callus bioassay)

Compound Amaranthus bioassay Senescence bioassay Tobacco callus bioassay
Optimal concentration  Relative activity ~Optimal concentration Relative activity =~ Optimal concentration Relative
(mol 171 (%) (mol 171 (%) (mol 171 activity (%)

1 107* 116 (£3) 10 169 (+20) 10°¢ 111 (£21)
2 1074 140 (+5) 1074 200 (25) 1073 135 (+8)
3 1073 44 (+4) 1074 95.5 (+3.5) 1076 122 (£12)
4 1073 109 (+8) 1074 116.5 (£6.5) 10°° 93 (+4)
5 1073 96 (*5) 1074 82 (*2) 1073 94 (%6)
6 1073 35 (£7) 1074 64.5 (+13.5) 10°¢ 64 (£8)
7 107* 94 (£6) 10°* 52 (£14) 1073 102 (+5)
8 1074 71 (£5) 1074 48 (£6) 107° 85 (£11)
9 103 17 (£7) 1073 30 (£15) 1076 15 (£9)

10 10°° 79 (£3) 107 83.5 (£23) 1073 76 (£8)

11 1073 98 (+22) 1074 158 (£29) 1076 118 (£3)

12 1073 84 (£14) 1074 111 (+16) 107° 79 (£5)

13 1073 26 (£10) 10~* 35 (£23) 107¢ 52 (£8)

16 1074 23 (£2) 1074 79 (£6) 10°° 39 (£17)

17 107* 66 (£7) 107* 60 (+15) nt nt

18 1074 25 (£2) 1074 83 (+9) nt nt

19 1074 19 (£8) 103 0 nt nt

20 1074 63 (£10) 1074 117 (£22) nt nt

21 107* 22 (£3) 107* 109 (5) 107¢ 7 (£3)

22 1073 12 (+2) 1077 26 (£11) nt nt

23 1074 2 (%1) 1074 16 (x1) nt nt

24 1074 27 (£6) 1074 43 (£17) nt nt

25 1074 3 (£3) nt nt nt nt

26 1074 2 (%2) 1074 25 (+2) nt nt

27 1074 88 (£7) 1073 139 (+2) 10°° 95 (%1)

28 107 107 (£2) 107° 156 (+4) nt nt

29 107* 107 (£5) 10°° 131 (+22) 10°¢ 76 (14)

31 10~ 108 (%1) nt nt 103 101 (%1)

33 107* 91 (£7) 10°° 141 (+20) 107¢ 90 (%1)

34 107 19 (£3) 107° 34 (£5) nt nt

37 1073 43 (19) 1074 134 (+12) 10°° 39 (+6)

the photosynthetic apparatus. In the present study, we
found this tendency to be more or less general among
aromatic cytokinins (Table 3). Moreover, 6-(2,3-dim-
ethoxybenzylamino)purine (21), an inactive compound
in the two other biotests, was still able to exceed the
activity of BAP in the senescence bioassay. Strong differ-
ences in activities of the same cytokinin compounds
(e.g., 3, 18 and 21) in the different bioassays indicate that
it may be possible to design-specific compounds that can
be used to modulate cytokinin-dependent processes in a
targeted fashion. This may also indicate that another
receptor and/or signalling system is involved in mediat-
ing the influence of cytokinins on the senescence process
than in mediating their influence on cell growth and
division.

Three membrane-located sensor histidine kinases of A.
thaliana have been identified recently to function as
cytokinin receptors. The AHK4 protein (identical to
CRE1 and WOL)®® was shown to bind directly cytoki-
nins®?3 and two of its homologues, AHK2 and AHK3,
have also been found to be cytokinin-binding recep-
tors.?>3! We employed ArcsC Escherichia coli strains
that express AHK4 and AHK37-?* to study the relative
sensitivity of these receptors to the prepared com-
pounds. This system was previously successfully used

to systematically investigate the relative activities of nat-
ural cytokinin metabolites.?* However, in contrast with
our bioassay results, only few BAP derivatives tested
were able to activate AHK4 significantly (namely 2, 3
and 15), although with much lower sensitivity (below
10%), when compared to trans-zeatin (Fig. 1). Most of
the prepared compounds were recognised by the
AHK3 receptor (1-5, 14, 17, 20, 27 and 29), but also
only with low sensitivity, between 10% and 32% of
trans-zeatin activity (Fig. 1). The differences of activities
in bioassays and the receptor assay may indicate that
either AHK?2. the cytokinin receptor that was not tested
in this study, preferentially recognises BAP derivatives
or that another recognition system, also able to interact
with BAP derivatives, exists in plants.

2.3. Antitumour and kinase assays

We also tested the prepared compounds for their antit-
umour activity against cell lines derived from human
T-lymphoblastic leukaemia (CEM), promyelocytic leu-
kaemia (HL-60), human malignant melanoma (G-361),
human chronic myelogenous leukaemia (K-562), human
osteogenic sarcoma (HOS), breast carcinoma (MCF-7)
and mouse melanoma (B16). The cytotoxicity of selected
compounds for NIH-3T3 (normal mouse fibroblasts)
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Figure 1. Comparison of the sensitivities of CRE1/AHK4 and AHK3 to different cytokinin derivatives in the Escherichia coli assay. Concentration of
tested compounds was 1 pM. The B-galactosidase activity in non-induced strains (control) is indicated by the dotted line. Error bars show SD (n = 3).

tZ means trans-zeatin.

was examined as well. The data obtained from a calcein
AM viability/cytotoxicity assay are presented in Table 4.
The obtained ICsy values show interesting cytotoxic
properties of compound 34 (ICsq=26.6 umol/l for
MCEF-7), in contrast to other very similar derivatives
(e.g., compounds 35 and 36), which displayed no activity
in this assay. Weak cytotoxicity of several other mono-
substituted halogen-, methyl- and methoxy-BAPs (1, 3,
4,13, 15 and 16) was also confirmed (Table 4). The cyto-
toxic properties as well as the cytokinin activity of relat-
ed ribosides will be described elsewhere (Dolezal et al.,
manuscript in preparation).

The growth-inhibiting ability of several well-known cyt-
okinins as well as their ribosides on the HL-60 cells has

been previously reported.’>73® Ribosides have been
shown to be potent inducers of apoptosis. In contrast,
cytokinin free bases did effectively induce HL-60 cell
differentiation and transformation into mature
granulocytes.

It is also known that natural cytokinins are weak and
non-specific inhibitors of various protein kinases.'®
However, systematic screening of purine derivatives of
cytokinin origin led to the discovery of 2,6,9-trisubsti-
tuted purines and revealed a large number of highly
active CDK inhibitors such as olomoucine and roscovi-
tine.!®17 To verify the anticancer properties of BAP
analogues, they were screened for the ability to
inhibit human recombinant CDK2 (summarised in
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Table 4. Cytotoxicity of prepared BAP derivatives in calcein AM assay (ICs,, pumol/l)

Compound Cell line/ICs, (pmol/l)

HOS HL 60 K-562 MCF7 NIH-3T3 G-361 B16 CEM
BAP >166.7 >166.7 138.9 >166.7 nt nt nt >166.7
1 >166.7 147.1 132.6 >166.7 nt 116.0 79.1 111.4
2 >166.7 >166.7 105.2 nt >166.7 nt >166.7
3 >166.7 59.2 >166.7 >166.7 nt >166.7 nt 66.4
4 122.6 109.6 95.7 146.2 >166.7 56.6 16.9 58.4
5 >166.7 >166.7 >166.7 >166.7 nt 148.6 nt >166.7
6 nt >166.7 >166.7 >166.7 nt nt nt >166.7
10 >166.7 133.3 94.7 >166.7 nt >166.7 nt 124.6
11 >166.7 >166.7 156.6 >166.7 nt >166.7 nt >166.7
12 >166.7 >166.7 >166.7 102.5 nt >166.7 164.1 >166.7
13 >166.7 88 72.8 >166.7 nt 160.4 nt 72.1
14 >166.7 >166.7 >166.7 115.8 nt 134.9 107.8
15 >166.7 >166.7 121.7 158.1 >166.7 124.7 41.5 >166.7
16 >166.7 >166.7 142.4 >166.7 >166.7 >166.7 84.7 >166.7
17 nt >166.7 >166.7 >166.7 nt nt nt >166.7
18 nt >166.7 >166.7 >166.7 nt nt nt >166.7
24 nt >166.7 >166.7 >166.7 nt nt nt >166.7
25 nt 153.4 >166.7 >166.7 nt nt >166.7 99.5
27 nt >166.7 >166.7 >166.7 nt nt nt 139.7
28 nt nt >166.7 >166.7 nt nt nt nt
29 nt >166.7 >166.7 >166.7 nt nt nt 32.6
31 nt nt >166.7 >166.7 nt nt nt nt
33 nt >166.7 >166.7 >166.7 nt nt >166.7 124.4
34 nt 64.3 >166.7 26.6 nt nt 69 46.3
35 nt nt >166.7 >166.7 nt nt nt nt
36 >166.7 nt >166.7 >166.7 nt >166.7 nt nt
37 >166.7 nt >166.7 >166.7 nt >166.7 nt nt
38 >166.7 nt >166.7 >166.7 nt >166.7 nt nt

The following cell lines were used: CEM—human T-lymphoblastic leukaemia, HL-60—promyelocytic leukaemia, G-361-—human malignant mel-
anoma, K-562—human chronic myelogenous leukaemia, HOS—human osteogenic sarcoma, MCF-7—human breast carcinoma, B 16—mouse

melanoma and NIH/T3T—mouse normal fibroblasts.

Table 5). The results showed that the attachment of one
halogen (compounds 1-10), methyl (11 and 13) or meth-
oxy (14-16) group at any position of the benzyl ring led
to an approximately 2-fold increase in inhibitory activity
compared to BAP. Nitro derivatives (17 and 18) were
however less potent. Certain losses of inhibitory activity
were also observed after the introduction of more than
one hydroxy and/or methoxy substituents to the benzyl
moiety (21, almost completely inactive 23 and 26). On
the other hand, difluoro, trifluoro and corresponding
chloro derivatives (27-32) still led to a slight increase
in activity. Some recent studies have also suggested that
different substituents on the benzyl ring (Cl and OCH3)
may further enhance the ability of purines to block
CDKI1 activity.?”-3® Although none of the 6-substituted
purines tested here was found to be a very potent
CDK2/cyclin E inhibitor, we assume that our results
may also be useful for the future design and synthesis
of the next successful class of related trisubstituted pur-
ine-based inhibitors.

In along-term experiment, the treatment of tobacco callus
with cytokinin stimulates the rate of cell division. The
optimal cytokinin concentration for cell proliferation is
typically 10~ to 10~> M. At higher concentrations (above
107> M) cytokinins become less effective; above about
10~* M they become inhibitory. This is shown in Figure
2 where the growth curve falls below the dashed line,
which represents growth in the absence of exogenous cyt-

okinins. While this is valid for many of the compounds
tested, it is not so for all of them (nitro derivatives)
(Fig. 2). Using high concentrations of different BAP
derivatives, a good correlation between callus growth
inhibition and the ability to inhibit human recombinant
CDK2/cyclin E kinase has been found. This was further
verified by testing selected BAP derivatives in a plant ki-
nase inhibition assay. Figure 3 shows that several of the
cytokinins tested (isopentenyladenine (iP), BAP, 4) also
have the ability to inhibit plant CDKs (in concentrations
higher than 50 uM). On the other hand, 6-(3-nitro-
benzylamino)purine 17, the compound, which did not
show any inhibition of callus growth, was also inactive
in the plant CDK assay (see Figs. 2 and 3 for comparison).
Because these results again confirmed our previous
hypothesis, it might be concluded that the tobacco callus
growth inhibition, which is caused by excessive cytokinin
concentrations, is at least partially due to the cytokinin
inhibition of CDK activity. However, many other en-
zymes besides CDKs, involved in regulation of cell
growth and division, could also be inhibited.'®

3. Conclusions

In summary, a group of 6-benzylaminopurine deriva-
tives with different phenyl ring substituents has been
prepared. Many of them have been found to be very
active in different cytokinin bioassays. In contrast, only
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Table 5. Inhibition of CDK2/cyclin E by BAP derivatives at 50 pM
concentration, with iP and olomoucine, 2-(2-hydroxyethylamino)-6-
benzylamino-9-methylpurine, as controls

Compound Residual CDK2 activity (%)
1 36.0 (x1.5)
2 37.4 (£1.2)
3 40.8 (£1.8)
4 27.3 (+0.3)
5 36.2 (£1.1)
6 39.6 (+2.4)
7 26.2 (+0.6)
8 27.8 (£3.2)
9 37.4 (£3.1)

10 33.6 (£3.1)

11 34.0 (£1.9)

13 47.6 (£2.8)

14 68.3 (+5.0)

15 48.7 (£3.7)

16 34.4 (+3.9)

17 78.7 (£5.9)

18 67.8 (£7.2)

19 34.9 (+9.4)

20 47.9 (£3.8)

21 56.4 (+8.0)

23 92.6 (+9.8)

26 99.1 (¥2.4)

27 44.1 (x1.9)

29 47.5 (+4.3)

34 43.9 (£3.3)

BAP 62.0 (+4.6)

iP 50.6 (£5.0)

Olomoucine 7.1 (£1.8)

All values are averaged from three independent experiments.

a few were able to interact with the cytokinin AHK
receptors. One tentative conclusion is that a different
sensing mechanism for aromatic cytokinins may exist
in plants.
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Figure 3. Inhibition of histone kinase activity by purine derivatives.
CDK-like protein kinases were purified from Arabidopsis thaliana
callus by binding to p13*““!-Sepharose and assayed in the presence of
increasing concentrations of BAP, 4 and 17. Effects of isopentenylad-
enine (iP) and roscovitine, 2-{[(1-hydroxymethyl)propyllamino}-6-
benzylamino-9-isopropylpurine, were evaluated as controls in the
same conditions.

On the other hand, some of the prepared compounds
displayed (in higher concentrations) cytotoxic activity
against both animal and plant cells. This effect may
be, at least partially, caused by the inhibition of CDK
activity in these cells. This would provide a mechanistic
explanation for the dose-response curves of the callus
growth test to cytokinins. The results from the antitu-
mour assay and human recombinant CDK?2 inhibition
assay can also help to design novel trisubstituted com-
pounds potent as CDK inhibitors and apoptosis induc-
ers in cancer cells.

— @ — control

1,00E-09 1,00E-08 1,00E-07 1,00E-06 1,00E-05 1,00E-04 1,00E-03

Concentration [mol/I]

Figure 2. Typical dose-response curves for cytokinin-induced growth of cytokinin-dependent tobacco callus. Error bars show standard deviations of
the mean for 10 replicate determinations. Dashed line indicates the value for the control treatment without any cytokinin, 4.0 + 0.4 g.
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4. Materials and methods
4.1. General procedures

The melting points were determined on a Boetius stage
apparatus and are uncorrected. Analytical thin-layer
chromatography (TLC) was carried out using silica gel
60 WF,s4 plates (Merck). Elemental analyses (C, H
and N) were performed using an EA1108 CHN analyser
(Fissons Instruments). ES + mass spectra were recorded
using direct probe on Waters ZMD 2000 mass spec-
trometer. The mass monitoring interval was 10—
1500 amu. The spectra were collected using 3.0 s cyclical
scans and applying sample cone voltage 25 V at source
block temperature 150 °C, desolvation temperature
80 °C and desolvation gas flow rate 200 I/h . The mass
spectrometer was directly coupled to a MassLynx data
system. NMR spectra were measured in a Bruker
Avance AV 300 spectrometer operating at a temperature
of 300 K and a frequency of 300.13 MHz (‘H) and
75.48 MHz (°C), respectlvely Samples were prepared
by dissolving the compounds in DMSO-ds. Tetrameth-
ylsilane (TMS) was used as the internal standard.

4.2. Chemicals

6-Benzylaminopurine, 6-chloropurine, 4-methyl umbel-
liferyl galactoside, 4-methylumbelliferone, DMEM, tryp-
sin and DMSO were purchased from Sigma. Aldrich
supplied 2-fluorobenzylamine, 3-fluorobenzylamine, 4-
fluorobenzylamine, 3-chlorobenzylamine, 4-chloroben-
zylamine, 2-bromobenzylamine hydrochloride, 3-bro-
mobenzylamine hydrochloride, 4-bromobenzylamine
hydrochloride, 2-iodobenzylamine, 2-methylbenzyl-
amine, 3-methylbenzylamine, 4-methylbenzylamine,
3-methoxylbenzylamine, 3-nitrobenzylamine hydrochlo-
ride, 4-nitrobenzylamine hydrochloride, 2.,4-dichloro-
benzylamine, 3,4-dichlorobenzylamine, 2,3-dimethoxyl-
benzylamine, 3,4-dimethoxylbenzylamine, 3,5-dim-
ethoxylbenzylamine, 2,4-dimethoxylbenzylamine hydro-
chloride, 3,4,5-trimethoxylbenzylamine and 2,4,6-
trimethoxylbenzylamine hydrochloride. Fluka supplied
2-methoxylbenzylamine, 4-methoxylbenzylamine, 2-
chlorobenzylamine, 2,4-difluorobenzylamine, 3,5-difluo-
robenzylamine, 2,4,5-trifluorobenzylamine, 2,3,6-trifluo-
robenzylamine, 2,4,5-trifluorobenzylamine, 2-chloro-4-
fluorobenzylamine and 3-chloro-4-fluorobenzylamine
were purchased from Fluorochem. Merck supplied casa-
mino acids, calcein AM was purchased from Molecular
Probes. [y-*>PJATP was provided by MP Biomedicals.
NiNTA column was purchased from Qiagen. 6-(3,3-Dim-
ethylallylamino)purine (isopentenyladenine, iP), 6-((E)-
4-hydroxy-3-methylbut-2-enylamino)purine (trans-zea-
tin, tZ), olomoucine and bohemine were obtained from
Olchemim (Olomouc, Czech Republic). Milli-Q water
was used throughout. The other solvents and chemicals
used were all of standard pa quality.

4.3. Synthesis of 6-benzylaminopurines
The preparation and cytokinin activity of 6-(2-meth-

oxybenzylamino)purine 14 and 6-(3-methoxybenzylami-
no)purine 15 have been described elsewhere.'” The

general procedures for the preparation of 6-benzylamin-
opurines were described earlier.*'%2° In brief, 6-chlo-
ropurine was heated with the appropriate primary
amine to 90 °C for 4 h in n-butanol containing an exces-
sive amount of triethylamine. After cooling, the precip-
itated product was filtered off, washed with cold water
and n-butanol and crystallised from dimethylformam-
ide. The identity and purity of the synthesised com-
pounds were confirmed by elemental and melting point
analyses, analytical thin-layer chromatography, high
performance liquid chromatography, MS (Table 2)
and NMR (Supplementary data).

4.4. Preparation of 3,5-dihydroxybenzylamine
hydrobromide

3,5-Dimethoxybenzylamine was converted to its hydrox-
ylated analogue as previously described.?'-*?> Acetanhy-
dride (15ml) was added, by syringe, to 3,5-
dimethoxybenzylamine solution in 47% HBr under
nitrogen. The stirred reaction mixture was subsequently
heated to 107 °C for 5 h. After evaporation of the acid in
vacuo, ethanol (15 ml) was added to the residue, and the
solvent was again evaporated. The crude product (1.8 g)
was recrystallised from EtOH. Elemental analysis (C, H
and N) (Found: C, 37.9; H, 4.7; N, 6.6. C;H;(NO,Br
caled: C, 38.2; H, 4.6; N, 6.4); TLC (chloroform:metha-
nol:ammonia (8:2:0.1, v/v/v) as the mobile phase): sm%le
spot; mp 197-198 °C ES + MS: m/z 140 [MH]";
NMR (DMSO-ds, 300 MHz): 9.45 (NH,), 8.10 (OH)
6.29d (2H, 6H), 6.23tr (4H), 3.82s (7H); '*C NMR
(DMSO-ds, 75 MHz): 159.03 (3C, 5C), 136.05 (1C),
107.18 (2C, 6C), 102.89 (4C), 42.70 (7C).

4.5. Preparation of 2-hydroxy-3-methoxybenzylamine
hydrobromide and 2,3-dihydroxybenzylamine
hydrobromide

The compounds were prepared from 2,3-dimethoxyben-
zylamine (1.5 ml; 10 mmol) using a procedure similar to
that for 3,5-dihydroxybenzylamine. After refluxing
(107 °C) for 4 h, the reaction mixture was kept in a
freezer (—20 °C) for 48 h. The colourless crystals of
2-hydroxy-3-methoxybenzylamine hydrobromide were
filtered off, washed with acetone and diethyl ether, dried
and recrystallised from acetone. Elemental analysis (C,
H and N) (Found: C, 41.0; H, 5.4; N, 5.9. CgH{,NO,Br
caled: C, 41.1; H, 5.2; N, 6.0); TLC (chloroform:metha-
nol:ammonia (8:2:0.1, v/v/v) as the mobile phase): s1n%le
spot; mp 209-211 OC ES + MS: m/z 154 [MH]";
NMR (DMSO-ds, 300 MHz): 9.42 (NH,), 8.28 (OH)
7.00kv (5H), 6.92kv (6H), 6.80tr (4H), 3.95s (7H),
3.80s (-OCH3); '*C NMR (DMSO-ds, 75 MHz):
147.92 (30), 144.17 (20C), 128.45 (1C), 122.29 (5C),
120.81 (6C), 112.77 (4C), 56.44 (-OCHy), 37.88 (7C).

The remaining filtrate was evaporated in vacuo, ethanol
(10 ml) was added to the residue and the solvent was
again evaporated. Ether (20 ml) was subsequently add-
ed, the solid residue was dried and recrystallised from
ethanol to give 0.25 g of 2,3-dihydroxybenzylamine hyd-
robromide. Elemental analysis (C, H and N) (Found: C,
38.2; H, 4.1; N, 6.1. C;H(NO,Br caled: C, 38.2; H, 4.6;
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N, 6.4); TLC (chloroform:methanol:ammonia (8:2:0.1,
v/vlv) as the mobile phase): single spot; mp
153-154°C; ES+ MS: m/z 140 [MH]"; 'H NMR
(DMSO-dg, 300 MHz): 9.55 (NH,), 8.15 (OH), 6.85kv
(5H), 6.78kv (6H), 6.65tr (4H), 3.92s (7H); '*C NMR
(DMSO-dg, 75 MHz): 145.59 (3C), 145.05 (2C), 129.46
(10), 121.15 (5C), 120.83 (6C), 116.29 (4C), 38.09 (7C).

4.6. Preparation of 4-hydroxy-3,5-dimethoxybenzylamine
hydroiodide

3.4,5-Trimethoxybenzylamine was dissolved in 55% HI
and acetanhydride was added by syringe. The reaction
mixture was subsequently magnetically stirred at room
temperature for 4 h. The crude product was recrystal-
lised from ethanol. Elemental analysis (C, H and N)
(Found: C, 34.9; H, 4.2; N, 4.8. CoH4NOxsI calcd: C,
34.8; H, 4.5; N, 4.5); TLC (chloroform:methanol:ammo-
nia (8:2:0.1, v/v/v) as the mobile phase): single spot; mp
213-314°C; ES+MS: m/z 196 [MH]"; 'H NMR
(DMSO-ds, 300 MHz): 8.55 (NH,), 8.02 (OH), 6.75s
(2H, 6H), 3.75s (-OCHj;), 3.92s (7H); '*C NMR
(DMSO-ds, 75 MHz): 148.34 (3C, 5C), 136.13 (4C),
124.01 (1C), 107.13 (2C, 6C), 56.64 (-OCHj), 43.04
(70).

4.7. Testing for cytokinin activity

The cytokinin activity of all the prepared derivatives was
tested in three standard bioassays based on the stimula-
tion of tobacco callus growth, the retention of chloro-
phyll in excised wheat leaves and the dark induction of
betacyanin synthesis in Amaranthus cotyledons, as pre-
viously described.’3° Prior to testing, stock solutions
of cytokinins in DMSO were prepared and further dilut-
ed in the media used for each biotest. The final concen-
tration of DMSO in the media did not exceed 0.5%.

Activity testing was done over the 107* to 10™% M con-
centration range. Five replicates were prepared for each
cytokinin concentration and the entire test was repeated
at least three times. From these data, the concentration
with the highest biological response and the relative
activity at this concentration for each compound were
calculated (Table 3). The activity of BAP at the optimal
concentration was set at 100 and the activities of the
tested compounds were related to that of BAP. The opti-
mal BAP concentrations, used for calculations, were
10°M for the Amaranthus betacyanin bioassay,
100*M in the case of the senescence bioassay and
10~° M for the tobacco callus bioassay.

4.8. Bacterial cytokinin assay

The preparation of Escherichia coli strain KMI001 har-
bouring the plasmid pIN-III-AHK4 or pSTV28-AHK3
and the bacterial cytokinin assay were performed as de-
scribed,”23-2# albeit with slight modifications. The E. coli
strains were grown overnight at 25 °C in M9 media en-
riched with 0.1% casamino acids?® to ODgyy ~ 1. The
preculture was diluted 1:600 in 200 pl M9 medium con-
taining 0.1% casamino acids and 1 pl stock solution of
either the tested compound or solvent control was add-

ed. The cultures were further grown at 25 °C. Incuba-
tion times of 17 h and 28 h were found to be optimal
for CRE1/AHK4 and AHK3, respectively. The cultures
were centrifuged and 50 ul aliquots of the supernatant
were transferred to microtitre plate containing 2 pl of
50 mM 4-methyl umbelliferyl galactoside, which was
subsequently incubated for 1 h at 37 °C. The reaction
was stopped by adding 100 ul 0.2 M of Na,COs. Fluo-
rescence was measured using a Fluoroscan Ascent
(Labsystems, Finland) at the excitation and emission
wavelengths of 365 and 460 nm, respectively. The
ODgqg of remaining culture was determined and B-galac-
tosidase activity was calculated as nanomole 4-
methylumbelliferone x ODgj, x h™".

4.9. Antitumour activity testing

Human T-lymphoblastic leukaemia (CEM), promyelo-
cytic leukaemia (HL-60), human malignant melanoma
(G-361), human chronic myelogenous leukaemia (K-
562), human osteogenic sarcoma (HOS), human breast
carcinoma (MCF-7), mouse melanoma (B16) and mouse
normal fibroblast (NIH/3T3) cell lines (ATCC, Rockvill,
Maryland, USA) were used for a cytotoxicity determina-
tion of the prepared compounds by a calcein AM assay,
as we have previously described.?® Briefly, the cells were
maintained in plastic tissue culture flasks and were
grown on Dulbecco’s modified Eagle’s cell culture medi-
um (DMEM) at 37°C in a 5% CO, atmosphere and
100% humidity. The cells were redistributed into 96-well
microtitre plates (Nunc, Denmark). After 12 h of prein-
cubation, the tested compounds (in the 0.5-170 pM final
concentration range) were added. Incubation lasted for
72 h. At the end of this period, the cells were incubated
for 1 h with calcein AM and the fluorescence of the living
cells was measured at 485/538 nm (ex/em) with a Fluoro-
scan Ascent reader (Labsystems, Finland). ICs, values,
the compound concentrations lethal to 50% of the tu-
mour cells, were estimated. All experiments were repeat-
ed in quadruplicate with a maximum deviation of 15%.
Because of their limited solubility in water, all the com-
pounds tested were dissolved in DMSO and then diluted
with water to a final DMSO concentration of 0.6%.

4.10. Human kinase assay

Human CDK2/cyclin E kinase assay was performed
according to a published method.?” The Sf9 culture
co-infected with the appropriate baculoviruses was har-
vested 70 h post infection, incubated in lysis buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 5mM EDTA,
20mM NaF, 1% Tween 20, 1 mM DTT, 0.1 mM
PMSF, 0.5 pg/ml leupeptin and 1 pg/ml aprotonin) for
30 min on ice and the soluble fraction was recovered
by centrifugation at 20.000g for 10 min. The enzyme
was purified on a NiNTA column (Qiagen), stored at
4 °C and used within a week. To carry out the enzyme
inhibition assays under linear conditions, the final point
test system for kinase activity measurement was used.
Kinase was added to the reaction mixture in such a
way as to obtain linear activity both with respect to
the concentration of the enzyme and time. The kinase
inhibition determination involved the use of 1 mg/ml
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histone H1 (type III-S, Sigma) in the presence of 15 uM
ATP, 0.05 uCi [y-**PJATP and of the tested compound
in a final volume of 10ul, all in reaction buffer
(50 mM HEPES, 10mM MgCl,, 5mM EGTA,
10 mM 2-glycerolphosphate, 1 mM NaF and 1 mM
DTT, pH 7.4). All the compounds tested were dissolved
in DMSO at 5 mM, diluted to 250 uM with 5 mM HCI
and assayed immediately at a final concentration of
50 uM. After 10 min incubation, reactions were stopped
by the addition of 5 ul of 3% H3POy, aliquots were spot-
ted on P-81 phosphocellulose (Whatman, USA) which
was subsequently washed 3 x with 5% H;PO, and finally
air-dried. The measurements of kinase inhibition em-
ployed digital image analyser BAS-1800 (Fujifilm, Ja-
pan). Kinase activity was expressed as percentage of
maximum activity (i.e., without an inhibitor).

4.11. Plant kinase assay

The kinase inhibition assays with proteins bound to
p135¥¢!_Sepharose were performed according to a pub-
lished method.?” Briefly, the cultured A. thaliana cv.
Columbia cells were homogenised, the proteins were
bound to p135““'-Sepharose and assayed in the presence
of the tested compound with histone H1 (Sigma type I11-
S) and 10 uM ATP + 0.05 uCi of [y->*P]ATP in a final
volume of 20 ul. The reactions were incubated at 30 °C
for 15 min and terminated by 3 x SDS sample buffer.
After separation on 12% SDS PAGE, the dried gels were
analysed by bioimager BAS-1800 (Fujifilm, Japan).
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Abstract—Feeding of chemically synthesized [27-'*CJcodisterol ([27-'*C]2), [27-'*C]24-epicodisterol ([27-'*C]3), [23,24->H,]codister-
ol ([23,24-2H,]2), and [26,27->Hg]24-methyldesmosterol ([26,27-*H¢]8) to Oryza sativa cell cultures, followed by MS and NMR anal-
ysis of the biosynthesized dihydrobrassicasterol (9)/campesterol (10), revealed that both (24R)- and (24.5)-epimers of 24-methyl-A>*-
cholesterol (2/3) were converted to 9 and 10 via the common intermediate 24-methyldesmosterol (8).

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The final step of plant sterol biosynthesis involves
hydrogenation of either A**, A**®®_or A olefinic ster-
ols (Scheme 1). It has been established that the tetrasub-
stituted A** sterol (12) serves for the hydrogenation
substrate to form 24a-ethylsterol, for example, sitosterol
(13), whereas the corresponding methyl analog (8) is re-
duced to 24B-methylsterol, for example, dihydrobrassi-
casterol (9), as well as 24a-methylsterol, for example,
campesterol (10), in higher plants.!™> The 24-exomethyl-
ene-sterol (4) is a well-known intermediate of ergosterol
biosynthesis in fungi,®” while the 24-ethyl-A%>-olefinic
compound (5) is hydrogenated to give poriferasterol
(6) in Trebouxia sp.® and chondrillasterol (7) in Tricho-
santhes kirilowii (Cucurbitaceae).® However, no hydro-
genation of a major sterol of Ajuga species (Labiatae),
clerosterol  (24B-ethyl-A*’>-cholesterol) appears to
occur.'?

As for 24-methyl-A? sterols, codisterol [(24S)-24-meth-
ylcholesta-5,25-dien-3B-ol] (2) and 24-epicodisterol (3)
were only rarely found in higher plants and marine
sponges,'! and information on their metabolism is lack-
ing (dashed arrow in Scheme 1).!? The same is true of

Keywords: Steroids and sterols; Biosynthesis; Campesterol; Dihydro-

brassicasterol; Codisterol; Oryza sativa.
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(K.T); e-mail: takahashi-ky@kyoritsu-ph.ac.jp
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Oryza sativa, one of our stock plant cell cultures which
contains a 1:1 mixture of dihydrobrassicasterol (9) and
campesterol (10), but is devoid of 2/3.!3 Here, we have
investigated on the possibility of 2 and 3 as alternative
biogenetic precursors of dihydrobrassicasterol (9) and/
or campesterol (10) in higher plants. Feeding of the
chemically synthesized [27-'>C]codisterol ([27-'°C]2),
[27-13C]24-epicodisterol ([27-'>C]3), [23,24-*H,]codister-
ol ([23,24-°H,]2), and [26,27-H¢]24-methyldesmosterol
([26,27-2H6]8) to cultured cells of O. sativa, followed
by MS and NMR analysis of the resulting metabolites,
revealed that both 2 and 3 were converted to a mixture
of 9 and 10 via 24-methyldesmosterol (8).

2. Results and discussion

The requisite labeled sterols were prepared in a slight
modification of our ;)revious method used for the syn-
thesis of A**- and A**-sterols (Scheme 2).":'4 The known
(24R)-ester 15'5 was alkylated with ['*C]methyl iodide.
The C-25 methylated ester was converted to [27-'°C]2
in four steps, that is, reduction with LiAlH,4, catalytic
hydrogenation, dehydration, and final regeneration of
A’-3B-ol. The corresponding 24-epimer, [27-'*C]3, was
prepared starting with the (24S5)-ester 16'° in the same
manner. For the preparation of [23,24—2H2]2, the known
(22R)-acetylenic alcohol 17'>1¢ was first converted to
the 23,24-di-deuterated analog of 15 in two steps (reduc-
tion with LiAI’H4'¢ followed by quenching with *H,O
and orthoester Claisen rearrangement). The deuterated
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Scheme 1. Biosynthetic pathway of phytosterol (24-alkylsterol). St, A,
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Scheme 2. Preparation of labeled substrates. St denotes 3p-hydroxy-A’-sterol skeleton. Reagents: (a) LDA, '*CH;I, (b) LiAlH,, (c) H,-Pd/C,
(d) m-NO,-PhSeCN, Bu;P, then H,0,, (e) aq dioxane, TsOH, (f) LiAlD4#/THF, then D,O, (g) CH;CH,C(OEt)3, EtCO,H, (h) CD;MgBr, (i) POCls,

() HCL

ester was subjected to the Procedure described above to
give [23,24- 2H2] [26,27-"Hg]8 was prepared starting
from the methyl ester 18'7 accordmg to the procedure
used for the s;/nthems of [26,27-1°C,]24- methyldesmos—
terol' with C°H;Mgl as a source of the 26,27-C*H;
groups.

Feeding experiments of the labeled substrates to O. sati-
va cell cultures were carried out as described previously. !
The biosynthesized 24-methylcholesterols (9/10) ob-
tained as a mixture (24S/24R = ca. 1:1) after final HPLC
fractionation were subjected to spectroscopic analysis as
such.'® The recovered substrates were also analyzed by

NMR and MS spectroscopy, which established no con-
figurational interconversion on C-24 and C-25 during
incubation.

The '3C NMR spectra of 24- methylsterols (9/10) biosyn-
thesized from [27-'3C]2 and [27-"°C]3 are illustrated in
Figure 1. The signals!® of the pro-R-Me (6 17.6) of 9
and the pro-S-Me (¢ 18.3) of 10 were enriched compared
to those of non-labeled samples, whereas the signal
intensities for the pro-S-Me (6 20.5) of 9 and the pro-
R-Me (0 20.2) of 10 were the same as those of endoge-
nous samples. These data indicated that both codisterol
2 and 24-epicodisterol 3 were metabolized to 24-meth-
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A pro-R (9) B
pro-S(10) - pro-S(10) pro-R (9)
pro-S(9) pro-R
(10)
pro-R
(10) pro-S(9)
2 20 18 16PPM 22 20 18 16 PP

Figure 1. Partial >*C NMR spectra (125 MHz, CDCls) of 24-methyl-
cholesterols 9/10 derived from [27-'*Clcodisterol (A) and from
[27-1*C]24-epicodisterol (B).

ylsterols (9/10) in a stereospecific manner.?° It should be
noted that both [27-'*C]2 (24p) and [27-"°C]3 (24a) were
converted to give a mixture of 9 (24p) and 10 (24a).
These results ruled out a direct reductive conversion of
2 and 3 to 9/10 and suggested that the A*-sterols first
isomerize into the common intermediate A**-sterol (8)
which should be a substrate for hydrogenation. Howev-
er, there remams a possibility that the direct hydrogena-
tion of A*® is cooperative as a mlnor pathway since
dihydrobrassicasterol (9) was more 3C-enriched than
campesterol (10) when [27-"*C]codisterol was fed, and
vice versa when [27-'3Clepicodisterol was fed (Fig. 1).

This possibility can be elucidated by tracing the meta-
bolic fate of the 24-hydrogen atom of 2 and/or 3. For
this purpose, a feeding experiment of [23,24-*H,]2 was
carried out. The resulting 24-methylcholesterol (9/10)
was analyzed by GC-MS. As can be seen in Figure
2B, the biosynthesized 9/10 clearly showed a molecular
ion peak at m/z 401 for a mono-deuterated species,
along with a molecular ion peak at m/z 400 for the
endogenous 9/10, whereas a molecular ion peak (m/z
402) for di-deuterated species was negligible. Analysis
of dehydratlon (M"—H,0) ions supported the above re-
sults. It is thus llkely that 24-H of [23,24-"H,]2 was
eliminated and 23-°H retained during the bioconversion.
The location of the retained deuterium atom in the bio-
synthesized 24- methylcholesterols (9/10) was unambigu-
ously determined by H-decoupled '*C NMR analys1s
The spectrum (Fig. 3) showed weak but significant sig-
nals due to deuterium isotope-shifts in addition to the
signals of the endogenous 24-methylcholesterols. The
assignments of the signals are summarized in Table 1
which Clearly indicated that the C-24 deuterium atom
of [23,24-H,]2 was eliminated during the bioconversion
into 9/10, whereas the C-23 deuterium atom of the sub-
strate was retained at the same position. This implies
that the direct reductive conversion of 2/3 to 9/10 is
not operative in O. sativa cell cultures and the double-
bond isomerization from A®® to A** is an obligatory step
for 2 and 3 to be reduced. This is in marked contrast to
the 24p-ethylsterol biosynthesis in Trebouxia sp. and

A 100
0 ! | P 5 ' | e
380 385 390 400 405 410 -
B 100
0 ! I | < | m/z
380 385 390 400 405 410
C 100
A I|,.|II||<< L. ||| L
380 385 390 400 405 410

Figure 2. Partial mass spectra of 24-methylcholesterols 9/10. A, non-
labeled; B, biosynthesized from [23,24->H,]codisterol; C, biosynthe-
sized from [26,27-H¢]24-methyldesmosterol. The spectra were scanned
at a relatively early part of the GC peak wherein the deuterium-labeled
compound was more enriched than the center of the peak due to the
isotope effect.

T. kirilowii, in which the A®® precursor (5) is dlrectly
hydrogenated without isomerization to A®*-olefin
(12).%°

24-Methyl-A®-sterols (2 and 3) would be formed by
deprotonation of a C-25 cationic species (1, Scheme 1)
generated by the methyl transfer from SAM onto A**-
sterol. However, isomerization of the 24-double bond
of 24-methyldesmosterol (8) into the 25-double bond
might be an alternatwe way to yield 2/3. To explore this
possibility, [26,27-*H¢]8 was fed to O. sativa cell cul-
tures. The mass spectrum of the biosynthesized 24-meth-
ylcholesterol 9/10 (Fig. 2C) exhibited a molecular ion
peak at m/z 406 due to *Hg-24-methylcholesterol in
addition to a molecular ion peak at m/z 400 for the

C-22 (9/10)
N
C-24(9) C-23(9)
|c-2410 | (l:-23 (10)
Iy e ab
W k)
. % a3 | g bem

Figure 3. Partial {'"H} {?H}-'*C NMR spectrum (125 MHz, CDCl;) of
24-methylcholesterols 9/10 derived from [23,24->H,]2. For the assign-
ments of peaks a—e, see Table 1.





K. Takahashi et al. | Bioorg. Med. Chem. 14 (2006) 732-738 735

Table 1. Assignments of pertinent '3C signals of 24-methylcholesterol
9/10 biosynthesized from [23,24->H,]2

Carbon 0 Upfield shift
Non-labeled ?H-labeled

C-24 of 9 39.02 38.92 (¢) 0.10

C-24 of 10 38.79 38.70 (d) 0.09

C-23 of 9 30.52 30.08 (a) 0.44

C-23 of 10 30.22 29.78 (b) 0.47

C-22 of 9/10 33.67 33.57 (e) 0.15

Note. (a)—(e) refer to indicated points in Fig. 1.

" H St i H H
N Oe sl |
st | st ¢H
2 ~ - 9 ®
X
T - H,
\(\/\ﬂ(. W
St ‘H
St 10
3
Scheme 3. Proposed mechanism of the metabolic conversion of

codisterol 2 and 24-epicodisterol 3 to 24-methylcholesterol 9/10 in O.
sativa. Dots represent correlations of C-26 and C-27.

endogenous 24-methylcholesterol, whereas ions at m/z
405, 404, and 403 were negligible. The results revealed
that [26,27->H¢]8 was converted to 9/10 without any loss
of deuterium atom, thus ruling out the possibility of the
double-bond isomerization from A** to A.*

We previously established in the '*C-labeling study with
cell cultures of O. sativa and Catharanthus roseus that
the pro-(S)-Me of 24-exomethylenesterol (4) becomes
stereospecifically the (E)-Me of 24-methyldesmosterol
82! and reduction of 8 with anti-addition mechanism
yields 9 and 10.2 The '*C-labeling pattern (Fig. 1) of
24-methylcholesterols (9 and 10) derived from
[27-"*C]2 and 3 in the present study is identical with
those of 9 and 10 derived from [(E)-Me-'*C]8 previous-
ly.22! This implies that the conversion of 2 and 3 to 8
takes place in such a stereospecific manner that the
13C-labeled carbons (C-27) of 2 and 3 become the (E)-
Me of 8 (Scheme 3).

3. Conclusion

We have investigated the metabolism of codisterol (2)
and epicodisterol (3) in cell cultures of a higher plant
for the first time and found that the C-24 epimers of
24-methyl-A*>-cholesterol were indifferently converted
to both (24S)- and (24 R)-24-methylcholesterols (9/10).
Detailed investigation of the conversion mechanism
established that neither 2 nor 3 is a substrate for the
reduction, but both 2 and 3 first isomerize to the com-
mon intermediate 24-methyldesmosterol (8), which is
then reduced to give 9 and 10. The gene, Dwarfl, which
encodes a multifunctional enzyme catalyzing the conver-
sion of 24-exomethylene-sterol (4) to 8 as well as the

reduction of 8 to 9/10, has been characterized in Arabid-
opsis thaliana.?* Database search showed that there is no
homologous gene in A4. thaliana. This is the case also in
O. sativa, which has only one ortholog of Arabidopsis
Dwarf1.%3 1t is therefore suggested that the isomerization
from A% to A** and the subsequent reduction would be
catalyzed by DWARF1 enzyme of a poor substrate
specificity. The metabolism of (24R)- and (24S5)-24-cth-
yl-A®-cholesterols in higher plants is under investiga-
tion in our laboratory.

4. Experimental
4.1. Preparation of the labeled substrates

4.1.1. General. 'H NMR (500 MHz) spectra were
recorded on a JEOL JNM-DX 500 spectrometer in
CDCl; solution and chemical shifts (§) are reported in
ppm downfield from tetramethylsilane (used as an inter-
nal reference). '*C NMR (125 MHz) spectra are
obtained on the same spectrometer and chemical shifts
were referenced to the signal (6 77.0) of CDCl;. '3C-
{'"H}{*H} NMR (125 MHz) spectra are recorded on a
Bruker DRXS500 spectrometer. GC-MS analyses
were performed on a JEOL AUTOMASS SUN200
instrument with HP-1 capillary column (0.32 mm X
30 m) using He gas (1 mL/min), with an oven tempera-
ture from 250 to 260 °C (1 °C/min). HRMS were record-
ed with a JEOL JMS-700 spectrometer. HPLC was
performed on a Shimadzu LC-6A apparatus equipped
with a UV detector using a reversed-phase column,
PREP-ODS(H) (25cm x20mm i.d.). TLC analyses
were performed on commercial glass plates bearing a
0.25 mm layer of Merck DC-Fertigplatten Kieselgel 60
F»45. Column chromatography was done with Merck
Kieselgel 60 (70-230 mesh). Tetrahydrofuran (THF)
was distilled before use from benzophenone ketyl under
N, atmosphere. Diethyl ether was distilled from LiAIH,4
before use. ['*C]Methyl iodide (99% '3C), lithium alumi-
num deuteride (98% *H), deuterium oxide (99% *H), and
’H;-methylmagnesium bromide (98% 2H) were pur-
chased from Merck.

4.1.2. Synthesis of [27-'*C]codisterol (|27-'*C]2). n-Butyl
lithium (1.54 M solution in toluene, 11.3mL,
17.0 mmol) was added to a solution of freshly distilled
diisopropylamine (2.5mL, 17.8 mmol) in THF
(169 mL) at 0 °C under N, atmosphere and the solution
was stirred for 0.5 h. The resultant LDA solution was
added to a solution of the (24R)-ester 155 (3.87 g,
8.47 mmol) in THF (170 mL) at —78 °C and the mixture
was stirred for 1h. ['*C]Methyl iodide (1.14mL,
17.0 mmol) was added to the enolate solution and the
mixture was stirred at —78 °C for 2 h. The reaction mix-
ture was diluted with satd NH4Cl and extracted with
ethyl acetate. The organic layer was washed with satd
NaHCOj; and brine, dried over MgSQO,, and concentrat-
ed under reduced pressure. The crude product was chro-
matographed on silica gel (hexane/ethyl acetate = 30:1)
to give ethyl [27-'*C]-(22E,24S)-6B-methoxy-3a,5-cycl-
oergost-22-en-26-oate (3.82 g, 89%) as a colorless oil.
"H NMR §: 0.42 (dd, J = 8.5, 5.4 Hz, H-4a), 0.64 (t,
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J = 4.0 Hz, H-4b), 0.72 (s, H5-18), 1.00 (d, J = 8.5 Hz,
Hi-21), 1.01 (d, J=8.5Hz, H;-28), 1.02 (s, Hs-19),
1.08 (dd, J=107, 6.4 Hz, H;5-27), 1.26 (t, J=7.8 Hz,
OCH,CHjs), 2.76 (s, H-6), 3.23 (s, OCHj), 4.12 (q,
J=7.8Hz, OCH,CH;), 5.11 (m, H-22), 5.23 (m,
H-23). 3C NMR §: 13.71 and 14.65 (enriched
25R- and 25S-"*CH3).

A solution of the methylated ester (3.80 g, 8.06 mmol) in
THF (80 mL) was stirred at room temperature for 0.5 h
after addition of LiAlIH4 (758 mg, 19.9 mmol). Extrac-
tive (ethyl acetate) work-up gave the crude product,
which was chromatographed on silica gel (hexane/ethyl
acetate = 15:1) to afford the C-26 alcohol (3.01 g, 86%)
as a colorless oil. A mixture of the alcohol (1.00 g,
2.32 mmol) and 5% Pd/C (200 mg) in ethyl acetate
(58 mL) was stirred at room temperature for 17 h under
hydrogen atmosphere. The catalyst was filtered off
through a pad of Celite and the filtrate was concentrated
under reduced pressure. The crude product was chro-
matographed on silica gel (hexane/ethyl acetate = 15:1)
to give [27-'>CJ-(245)-6B-methoxy-3a,5-cycloergostan-
26-0l (900 mg, 90%). 'H NMR 4: 0.43 (dd, J=8.5,
5.3 Hz, H-4a), 0.65 (t, J=4.0 Hz, 4-Hb), 0.72 (s, Hs-
18), 0.88 (d, J=8.5 Hz, H5-28), 0.91 (d, J =7 Hz, H;-
21), 0.92 (dd, J =125, 6.4 Hz, H3-27), 1.02 (s, H3-19),
2.77 (s, H-6), 3.32 (s, OCH;), 3.45 and 3.63 (m,
H,-26). *C NMR §: 11.05 and 13.94 (enriched
25R- and 25S-'*CH;).

A mixture of the saturated alcohol (768 mg, 1.78 mmol),
2-nitrophenylselenocyanate (2.0 g, 10.8 mmol), and tri-
n-butylphosphine (2.2 mL, 10.8 mmol) in THF (25 mL)
was stirred at room temperature for 30 min under N,
atmosphere. The reaction mixture was stirred, after
addition of 30% H,O, solution (35 mL), for another
1 h and extracted with ethyl acetate. The organic layer
was washed with sat NaHCO; and brine, dried over
MgSQO,, and concentrated under reduced pressure. The
crude product was chromatographed on silica gel (hex-
anelethyl acetate = 30:1) to afford [27-'3CJ-(24S5)-6p-
methoxy-3a,5-cycloergost-25-ene (570 mg, 78%) as a
colorless oil. '"H NMR §: 0.43 (dd, J = 8.5, 5.3 Hz, H-
4a), 0.65 (t, J =4 Hz, H-4b), 0.71 (s, H3-18), 0.90 (d,
J =6.5Hz, H5-21), 0.99 (d, J = 6.5 Hz, H3-28), 1.02 (s,
Hs-19), 1.63 (d, J = 125 Hz, H5-27), 2.77 (s, H-6), 3.32
(s, OCH3), 4.66 (m, Hy-26). 13C NMR ¢: 18.68 (enriched
27--C).

A solution of the 25-ene (570 mg, 1.38 mmol) and p-tol-
uensulfonic acid monohydrate (223 mg, 0.322 mmol) in
dioxane (27.5 mL) and water (27.5 mL) was stirred at
75 °C for 2.5 h and then cooled to room temperature.
The mixture was extracted with ether and the organic
layer was washed with satd NaHCO; and brine, dried
over MgSQOy,, and concentrated under reduced pressure.
The crude product was chromatographed on silica gel
(hexane/ethyl acetate = 10:1) and crystallization from
methanol to give [27-'°C]2 (422 mg, 77%) as colorless
needles, mp 143-144 °C. '"H NMR &: 0.67 (s, H5-18),
0.91 (d, J=6.5 Hz, H3-21), 0.99 (d, J = 7.4 Hz, H3-28),
1.01 (s, H5-19), 1.65 (d, J =111 Hz, H3-27), 3.51 (m,
H-3), 4.65 (m, H,-26), 5.35 (m, H-6). '*C NMR ¢:

11.83 (C-18), 18.52 (C-21), 18.66 (enriched C-27),
19.39 (C-28), 20.12 (C-19), 21.07 (C-11), 24.27 (C-15),
28.15 (C-2), 31.15 (C-16), 31.65 (C-23), 31.89 (C-7),
31.89 (C-8), 33.66 (C-22), 35.65 (C-20), 36.49 (C-10),
37.24 (C-4), 39.76 (C-1), 41.55 (C-12), 42.3 (C-13),
42.3 (C-24), 50.12 (C-9), 55.97 (C-17), 56.75 (C-14),
71.78 (C-3), 109.32 (C-26), 121.69 (C-6), 140.74 (C-5),
150.05 (C-25). HREIMS found m/z: 399.3584 (M™),
caled for C,;'CHy60: 399.3582. The labeled codisterol
was found be a mixture of 92% of [27-'*CJcodisterol
and 8% of [27-'*Clepicodisterol on the basis of the signal
intensity of the enriched carbons at §: 18.66 and 19.14.

4.1.3. Synthesis of [27-'3C]24-epicodisterol ([27-'*C]3).
[27-'3C]24-Epicodisterol  ([27-'°C]3) was synthesized
from the (24S)-ester 16'° in the same procedure as de-
scribed for the synthesis of [27-'*CJ2. [27-'*C]3: mp
142-143°C; '"H NMR : 0.67 (s, H5-18), 0.92 (d,
J=6.5Hz, H;-21), 0.99 (d, J = 7.4 Hz, H3-28), 1.01 (s,
H5-19), 1.63 (d, J=130Hz, H3-27), 3.48 (m, H-3),
4.65 (m, H»-26), 5.36 (m, H-6). '*C NMR 4: 11.83 (C-
18), 18.79 (C-21), 19.14 (enriched C-27), 19.39 (C-28),
19.56 (C-19), 20.12 (C-11), 24.27 (C-15), 28.17 (C-2),
31.35 (C-16), 31.66 (C-23), 31.90 (C-7), 31.90 (C-8),
33.67 (C-22), 35.84 (C-20), 36.49 (C-10), 37.24 (C-4),
39.75 (C-1), 41.46 (C-12), 42.30 (C-13), 42.30 (C-24),
50.12 (C-9), 55.93 (C-14), 56.76 (C-17), 71.78 (C-3),
108.92 (C-26), 121.68 (C-6), 140.75 (C-5), 150.86 (C-
25). HREIMS found m/z: 399.3579 (M™), caled for
C,,3CH460: 399.3582. The labeled ePicodisterol was
found be a mixture of 91% of [27-Clepicodisterol
and 9% of [27-"3C]codisterol on the basis of the signal
intensity of the enriched carbons at 4: 19.14 and 18.66.

4.1.4. Synthesis of [23,24-*H,]codisterol ([23,24-2H2]2).
LiAI’H, (2.10 g, 49.9 mmol) was added to a solution of
the (22R)-acetylenic alcohol 17'%1¢ (1.09 g, 2.83 mmol)
in THF (28 mL) and the mixture was refluxed under
N, atmosphere for 18 h. The mixture was cooled with
ice water and “H,O (6.0 mL) was carefully added in por-
tions. The mixture was extracted with ethyl acetate and
the organic layer was washed with satd NaHCO; and
brine, dried over MgSO,, and concentrated under re-
duced pressure. The crude product was chromato-
graphed on silica gel (hexane/ethyl acetate = 25:1) to
give  [23,24-*H,]-(23 E)-6B-methoxy-26,27-dinor-30, 5-
cyclocholest-23-en-22-o0l (347 mg, 32%) as a pale yellow
oil. '"H NMR &: 0.43 (dd, J = 8.5, 5.3 Hz, H-4a), 0.65 (t,
J=4.0 Hz, H-4b), 0.72 (s, H3-18), 0.90 (d, J = 5.5 Hz,
Hs-21), 1.02 (s, H3-19), 1.71 (s, H3-25), 2.77 (s, H-6),
3.33 (s, OCH3), 4.19 (m, H-22). EIMS m/z: 388 (M"),
373 ([M-CH3]").

A solution of the allylic alcohol (326 mg, 0.89 mmol),
triethyl orthopropionate (1.90 mL, 4.45 mmol), and pro-
pionic acid (40 pL, 0.53 mmol) in xylene (20 mL) was
stirred at 140 °C for 3 h under N,. Concentration of
the mixture under reduced pressure gave ethyl
[23,24->H,]-(22E,24S5)-6B-methoxy-3a, 5-cycloergost-22-

en-26-oate (371 mg, 93%) as a pale yellow oil. '"H NMR
0:0.43 (dd, J = 8.5, 5.4 Hz, H-4a), 0.65 (t, / = 4.0 Hz, H-
4b), 0.73 (s, H3-18), 0.95 (d, J = 7.5 Hz, H3-21), 0.96 (d,
H;-28), 1.02 (s, H3-19), 1.25 (t, J = 7.8 Hz, OCH,CH3),





K. Takahashi et al. | Bioorg. Med. Chem. 14 (2006) 732-738 737

1.26 (s, H3-27), 2.77 (s, H-6), 3.26 (s, OCH3), 4.12 (q,
J=7.8 Hz, OCH,CHs), 5.25 (m, H-22, H-23).

The unsaturated ester was converted to [23,24-H,]2 as
described for the synthesis of [27-'*CJ2. [23,24-"H,]2:
white needles, mp 143-144 °C. 'H NMR §: 0.67 (s,
Hs-18), 091 (d, J=7.4Hz, H3-21), 0.99 (s, H3-28),
1.01 (s, H3-19), 1.63 (s, H3-27), 3.51 (m, H-3), 4.65 (m,
H-26), 5.35 (m, H-6). 3*C NMR &: 11.83 (C-18), 18.63
(C-27), 18.71 (C-21), 19.39 (C-19), 19.98 (C-28), 21.07
(C-11), 24.27 (C-15), 28.15 (C-2), 28.15 (C-16), 30.61
(t, Jcp = 19 Hz, C-23), 31.89 (C-7), 31.89 (C-8), 33.54
(C-22), 35.63 (C-20), 36.5 (C-10), 37.24 (C-1), 39.76
(C-12), 41.01 (t, Jcp = 19 Hz, C-24), 42.3 (C-4), 42.3
(C-13), 50.12 (C-9), 55.98 (C-17), 56.75 (C-14), 71.8
(C-3), 109.29 (C-26), 121.71 (C-6), 140.75 (C-5), 150.19
(C-25). *C-{'"H} {?H} NMR 4: 30.53 (C-23), 40.99 (C-
24). HREIMS found m/z: 400.3670 (M™), caled for
C,HysH,0: 400.3672.

4.1.5. Synthesis of [26,27-2H6]24-methyldesmosterol
(126,27-Hg)8). C*H;Mgl (1.0 M solution in diethyl
ether, 3.3 mL, 3.3 mmol) was added to a solution of
the TBS ether 18'7 (420 mg, 0.79 mmol) in THF
(2.6 mL) at room temperature under N, atmosphere
and the mixture was stirred for 2 h. Extractive (ethyl
acetate) work-up gave the crude product, which was
chromatographed on silica gel (hexane/ethyl ace-
tate = 15:1), to afford [26,27-*H¢]3B-t-butyldimethylsily-
loxyergost-5-en-25-o0l (402 mg, 62%) as a colorless oil.
"H NMR &: 0.057 (s, Hg-Me,Si), 0.67 (s, Hs-18), 0.89
(s, Ho-z-Bu), 0.92 (d, J=6.5Hz, H3-21), 1.00 (s, Hs-
19), 3.48 (m, H-3), 5.31 (br s, H-6).

POCI; (0.56 mL, 6.0 mmol) was added to a solution of the
C-25 alcohol (300 mg, 0.56 mmol) in pyridine (8.0 mL)
and the mixture was stirred at room temperature for
3 h. The mixture was diluted with water and extracted
with ethyl acetate. The organic layer was washed with satd
NaHCOj; and brine, dried over MgSQy,, and concentrated
under reduced pressure to give a ca. 1:1 mixture of A%*-
and A%*-olefins (365 mg). A solution of the olefinic mix-
ture in THF (10 mL) and conc HCI (1 mL) was stirred
at room temperature for 3 h. The reaction mixture was
diluted with satd NaHCOj3 and extracted with ethyl ace-
tate. The organic layer was washed with brine, dried over
MgSO,, and concentrated under reduced pressure. The
crude product was separated by reversed-phase HPLC
[methanol, 9.9 mL/min, UV detection (215 nm), typical
retention times for the A%*- and A?*-olefins, 35.0 and
38.0 min, respectively] and crystallization of the desired
A®-olefin  from methanol furnished [26,27-*H¢]8
(148 mg, 60% from the C-25 alcohol) as white needles,
mp 138°C. '"H NMR §: 0.68 (s, Hs-18), 0.96 (d,
J=6.6 Hz, H5-21), 1.01 (s, H3-19), 1.61 (s, H3-28), 3.54
(m, H-3), 5.35 (br s, H-6). '°C NMR : 11.85 (C-18),
18.45 (C-28), 18.79 (C-21), 19.39 (C-19), 21.08 (C-11),
24.32 (C-15), 28.18 (C-16), 31.05 (C-23), 31.68 (C-2),
31.91 (C-7), 31.91 (C-8), 34.33 (C-20), 35.96 (C-22),
36.51 (C-10), 37.25 (C-1), 39.75 (C-12), 42.31 (C-4),
42.34 (C-13), 50.13 (C-9), 55.83 (C-17), 56.74 (C-14),
71.81 (C-3), 121.71 (C-6), 123.13 (C-24), 128.42 (C-25),
140.75 (C-5). *C-{'H}{*H} NMR &: 19.06, 19.62 (C-26,

C-27); HREIMS found m/z: 404.3917 (M™), calcd for
CagHy0”HgO: 404.3919.

4.2. Feeding experiments

Cell cultures of O. sativa were maintained as described
previously.!

To cultured cells of O. sativa (2 weeks, four 500 mL-
flasks, each containing 350 mL N6 medium (SIGMA,
Chu (Ng) basal salt mix) supplemented with sucrose
30 g/L, proline 2.8 g/L, casein hydrolysate 300 mg/L,
and 2,4-D 2 mg/L) was added evenly a solution of each
substrate (50 mg) in acetone (1 mL) and Tween 80
(1.5 mL) through a membrane filter. Incubation was
continued for another 2 weeks and the cells were collect-
ed by filtration. The CHC'>-MeOH extract was chro-
matographed on silica gel to give the sterol fraction as
described previously.! 24-Methylsterol was separated
by HPLC [methanol, 9.9 mL/min, detection with UV
(210 nm), typical retention time, 45 min]. Sterol analysis
of the 24-methylsterols was performed with Shim pack
CLC-ODS column (15 cm x 6 mm 1i.d.) using methanol
(1.0 mL/min) as solvent. The separated 24-methylcholes-
terols (typical amount, 8 mg) were analyzed by '*C
NMR (Fig. 1), “C-{'H}{*H} NMR (Fig. 3) and
GC-MS (Fig. 2).
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Abstract—2’-Amino-2’-deoxynucleosides and oligonucleotides containing them have proven highly effective for an array of bio-
chemical applications. The guanosine analogue and its phosphoramidite derivatives have been accessed previously from 2’-ami-
no-2'-deoxyuridine by transglycosylation, but with limited overall efficiency and convenience. Using simple modifications of
known reaction types, we have developed useful protocols to obtain 2’-amino-2'-deoxyguanosine and two of its phosphoramidite
derivatives with greater convenience, fewer steps, and higher yields than reported previously. These phosphoramidites provide
effective synthons for the incorporation of 2’-amino-2’-deoxyguanosine into oligonucleotides.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

2’-Amino-2’-deoxynucleosides and oligonucleotides
containing them have received much attention in recent
years, both as potential therapeutic agents'™* and as
diagnostic and biochemical probes.>® As components
of antisense oligonucleotides,”® they have the potential
to improve drug efficacy by imparting resistance to
chemical and enzymatic degradation.'®!! In addition
to their therapeutic potential, the distinct physiochemi-
cal properties of 2’-amino-2’'-deoxynucleosides render
them especially powerful tools for exploring RNA struc-
ture, function, and dynamics,'?>"!° particularly in defin-
ing the role and environment of specific 2’-hydroxyl
groups within structural and catalytic RNA mole-
cules. 131820

Our interest in 2’-amino-2’-deoxyguanosine (Gy) ema-
nates from its value in mechanistic investigations of the
group I intron, which catalyzes nucleotidyl transfer be-
tween an oligonucleotide substrate and guanosine. 2'-
Amino-2’-deoxyguanosine provides a direct probe for
one of the catalytic metal ions (M,) at the ribozyme

Keywords: Transglycosylation; 2’-Amino-2’-deoxyguanosine; Phos-

phoramidite; Oligonucleotide.
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active site,'® thereby allowing identification of RNA
ligands to this metal ion.?! Additionally, Gy forms
an integral component of an atomic mutation cycle de-
signed to explore the role of the 2’-hydroxyl group in
hydrogen bonding.?>?? The literature contains two pre-
vious reports of 2’-amino-2’-deoxyguanosine phospho-
ramidites A and B (Fig. 1),>** both accessed from
uridine derivatives with limited overall efficiency.
Recently, Beigelman et al. demonstrated that 2’-phtha-
limido protection of 2’-aminouridine enhances the sta-
bility and coupling yields of the corresponding
phosphoramidites relative to 2’-trifluoroacetamido pro-
tection.?® Subsequently, the corresponding 2’-phthalim-
ido phosphoramidites of cytosine and adenosine were
prepared.?’” Here, we extend this approach to 2’-ami-
no-2'-deoxyguanosine. The procedures developed offer
access to the nucleoside and the phosphoramidite in
fewer steps, and in greater yield than reported
previously.

2. Results and discussion

We first attempted to introduce a 2’-phthalimido
group into the 2’-a position of guanosine by Sn2 dis-
placement of B-triflate from the 3’,5'-O-disilyl protect-
ed guanosine derivative (1) (Fig. 2),%® analogous to the
previously described preparations of 2’-a-phthalimido
uridine, cytosine, and adenosine.?” However, treatment
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Figure 2. Structures of compounds 1, 9, and 10.

of 1 with phthalimide in the presence of 1,8-diazabicy-
clo[5.4.0Jundec-7-ene (DBU) gave no reaction. Instead,
we generated 2'-phthalimidoguanosine by transglycosy-
lation from the known 2’-deoxy-2’-N-phthalimidouri-
dine intermediate 4a,”® analogous to the approach
described by Eckstein et al. for converting 2’-amido-
2'-deoxyuridine to the corresponding 2’-amido-2'-
deoxyguanosine.?*?°

In the reported preparation of 4a,2¢ 2’-amino-2'-deoxyur-
idine (2a) was treated with N-carbethoxyphthalimide, fol-
lowed by 4,4’-dimethoxytrityl chloride (DMTr-Cl) to
allow purification as 3a. Subsequent trichloroacetic acid
treatment (TCA, 3% in acetonitrile) gave pure 4a. Consid-
ering that McGee et al. readily prepared 2’-amino-5'-O-
(4,4’-dimethoxytrityl)-2’-deoxyuridine (2b) in 68% yield
from commercially available 2,2’-anhydrouridine, we
adopted a modified preparation of 4a, first treating 2b
with N-carbethoxyphthalimide to generate 3a, followed
by DMTr removal with 3% TCA (Scheme 1). Overnight
treatment of 2b with 1.2 equiv of N-carbethoxyphthali-
mide and triethylamine (Et;N) in tetrahydrofuran
(THF) produced 3a and ca. 10% 2’-N-3'-O-bisphthaloyl
by-product.?® Subsequent treatment of the reaction mix-
ture with methanol (MeOH)/Et;N converted the by-prod-
uct quantitatively to 3a. Detritylation of crude 3a with 3%
TCA generated 4a in 94% overall yield from 2b.

2.1. Improved access to 2’-amino-2'-deoxyguanosine and
its phosphoramidite

Transglycosylation of 4a followed by methanolic ammo-
nia treatment according to a literature procedure?” affor-

10

ded a mixture of N’ and N’-substituted guanosine
nucleosides (7 and 8) in 80% overall yield (N’/N’ = 4:1
as indicated by '"H NMR of the mixture). The high
polarity and poor solubility of these products rendered
them difficult to purify. To allow easier purification,
we isolated the transglycosylation reaction products be-
fore methanolic ammonia treatment, thereby retaining
the phthaloyl and palmitoyl groups.

Depending on the work-up procedure, different prod-
ucts from the transglycosylation reaction were isolated.
If the reaction mixture was cooled to room temperature,
quenched with water (ca. 450 equiv), and extracted with
dichloromethane (CH,Cl,), we isolated mainly the gua-
nosine derivatives 9 and 10 (Fig. 2), each containing a
trimethylsilyl group at the 5’-oxygen (as indicated by
'"H NMR).** Quenching with dilute hydrochloric acid
(HCI, 0.1 N, ca. 450 equiv) instead of water converted
9 and 10 to 5a and 6a,3! respectively, which usually were
contaminated with unreacted N*-palmitoylguanine fol-
lowing isolation. If we quenched the reaction with a
small amount of HCI (0.1 N, 8.0 equiv), most of the
unreacted N’-palmitoylguanine formed a precipitate,
thereby simplifying purification of 5a and 6a.

Using the above work-up procedure, the transglycosyla-
tion reaction of 4a with N-palmitoylguanine gave 5a
and 6a in yields of 60% and 15%, respectively. Overnight
treatment of 5a with methanolic ammonia at 55 °C re-
moved both the phthaloyl and palmitoyl groups com-
pletely, as estimated by thin-layer chromatography
(TLC). Considering that 2’-amino-2’-deoxyguanosine
(7) dissolves easily in water, we attempted to remove
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Scheme 1. Reagents and conditions: (i) For 3a, N-carbethoxyphthalimide, THF, Et;N/MeOH; for 3b, CF;C(O)SEt, MeOH, 84%. (ii) 3% TCA in
CH;CN; for 4a, 94% from 2b; for 4b, 92% from 3b. (iii) (a) N,O-Bis(trimethylsilyl) acetamide, N*-palmitoylguanine, reflux, 30 min; (b) trimethylsilyl
triflate, reflux, 3 h; (c) HCI (0.1 N); for 5a, 60%; for 6a, 15%; for 5b, 70%; for 6b, 12%. (iv) n-Butylamine, ethanol (EtOH), 55 °C, 16 h; for 7 from 5a,

95%; for 8 from 6a, 93%.

the palmitoylamide and phthalamide by-products by
organic extraction to avoid the two ion-exchange col-
umns needed previously for purification of 7. After
removal of the solvents, the resulting residue was dis-
solved in water and extracted with CH,Cl,. The organic
phase contained only palmitoylamide, and the aqueous
phase contained 7 and phthalamide. To render the
organic extraction more effective, we increased the lipo-
philicity of the phthalamide using methylamine instead
of ammonia to deprotect 5a. However, the by-product,
N,N’-dimethyl phthalamide, still remained in the aque-
ous phase with 7. To increase the lipophilicity further,
we deprotected 5a with ethanolic n-butylamine (4:1)
at 55°C. Extraction removed both the N-butyl
palmitoylamide and N,N’-di-n-butyl-phthalamide by-
products to give crude 7, which was purified further
by recrystallization to give pure 7 in 95% yield. We
obtained the corresponding 7-(2’-amino-2’-deoxy-B-D-
ribofuranosyl)guanine (8) from 6a in the same way.
These procedures improve the overall yield of 2’-ami-
no-2’-deoxyguanosine from 24% to 36% starting from
uridine and eliminate the need for ion-exchange
purification.?’

In previous reports, complete deprotection of the trans-
glycosylation product to the parent nucleoside preceded

conversion to the phosphoramidite, necessitating repro-
tection of the exocyclic and ribofuranosyl amines.?>>° In
contrast, we transformed the transglycosylation product
5a directly to the phosphoramidite, assuming the palmi-
toyl group would offer suitable protection for the exocy-
clic amino group during solid-phase synthesis. This
simple modification allowed access to the 2’-N-phthalo-
yl-2'-deoxyguanosine phosphoramidite 12a in just two
steps (dimethoxytritylation and phosphitylation) follow-
ing transglycosylation (Scheme 2), resulting in signifi-
cantly greater yields for phosphoramidite 12a (41%
from 2b) compared to that for phosphoramidite A
(12% from 4b).

We also prepared the corresponding 2’-deoxy-2’-N-tri-
fluoroacetyl guanosine phosphoramidite 12b by a similar
route (Schemes 1 and 2), again retaining the palmitoyl
group following transglycosylation. We converted 2b to
the corresponding trifluoroacetamide 3b in 84% yield
using S-ethyl trifluorothioacetate. TCA-induced removal
of the DMTr group afforded 2'-trifluoroacetamido-2'-
deoxyuridine 4b in 92% yield. Transglycosylation of 4b
with N?-palmitoylguanine gave N*-palmitoyl-2'-trifluo-
roacetamido-2’'-deoxyguanosine 5b in 53% yield. We
converted 5b to a suitably protected phosphoramidite
using consecutive 5’-dimethoxyltritylation and phosph-
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Scheme 2. Reagents and conditions: (i) DMTr-Cl, pyridine, 16 h; for 11a, 82%; for 11b, 80%. (ii) 2-Cyanoethyl N,N-(diisopropylchloro)phospho-
ramidite, 1-methylimidozale, N,N-diisopropylethylamine; for 12a, 88%; for 12b, 75%.

Table 1. Comparative overview of the syntheses of 2’-amino-2’-deoxyguanosine and its phosphoramidites

Target molecule Starting material (SM) Steps  Overall Notes References
yield (%)
2’-Amino-2’'- 5'-0-DMTr-2'-amino-2'- 4 54 SM prepared from 2,2’-anhydrouridine Current work
deoxyguanosine deoxyuridine (2b) in 68% yield
@ 2’'-Azido-2'-deoxyuridine 4 29 SM prepared from uridine in 50% yield; 29
two ion-exchange purifications needed
Phosphoramidite A 7 4 21 SM prepared in 29% yield (see above) 24
Phosphoramidite B 5'-0-DMTr-2,2'-anhydrouridine 10 6 Many synthetic steps; low overall yield 25
Phosphoramidite 12a  2b 5 41 Purification following glycosylation Current work
eliminates synthetic steps
Phosphoramidite 12b ~ 2b 5 38 Same as for 12a Current work

itylation reactions. This approach gives the 2’-TFA pro-
tected phosphoramidite 12b in 38% overall yield from 2b,
whereas the previous method provided 2'-TFA protected
phosphoramidite A (Fig. 1) in 21% overall yield from 7
(Table 1).

2.2. Oligonucleotide synthesis

We tested the suitability of phosphoramidites 12a and
12b for incorporating 2’-aminoguanosine into oligonu-
cleotides of the sequence CUCG, .nm2A. Using a
10 min coupling time, we found that 12a and 12b cou-
pled with roughly equal efficiency based on the release
of DMTr cation (~40% relative to commercial guano-
sine phosphoramidite), although we made no attempts
to optimize this. Apparently, 2’-phthaloyl protection
gives no advantage over 2'-TFA protection during
the coupling of these phosphoramidites, in contrast to
previous observations for the corresponding phospho-
ramidites of 2’-amino-2'-deoxyuridine.?® Optimization
of coupling conditions may be necessary before any
differences become apparent. Coupling yields have

not been reported for the previously synthesized 2'-
amino-2’-deoxyguanosine phosphoramidites, A and B
(Fig. 1). Following standard oligonucleotide deprotec-
tion conditions (55% NH4OH/EtOH, 24 h; TBAF),
the MALDI mass spectrum of CUCG,.ng2A gave
the expected peak at 1528 Da, consistent with the cal-
culated molecular weight (1529 Da), and demonstrating
full deprotection of 2’-N-phthaloyl and palmitoyl
groups.

To establish further the integrity of the modified oligo-
nucleotide CUCG» _n2A, wWe examined its electropho-
retic mobility upon exposure to T1 nuclease and the
electrophilic reagent, sulfosuccinimidyl-6-(biotinamido)
hexanoate (NHS).!® The oligonucleotides CUC-
Gy nmA and CUCGA were 5'-radiolabeled with 32P-
phosphate () using **P-ATP and T4 polynucleotide ki-
nase (New England Biolabs) and purified by non-dena-
turing polyacrylamide gel electrophoresis (PAGE). As
expected, the control oligonucleotide, "CUCGA, is
cleaved in the presence of ribonuclease T1, which cuts
after guanosine residues in single-stranded RNA
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Figure 3. Biochemical reactivity profile of an oligonucleotide contain-
ing 2’-amino-2’-deoxyguanosine, CUCGNA. The control oligonucleo-
tide CUCGA (right panel) contains only unmodified ribonucleotides.
Both samples were 5’-radiolabeled with **P-phosphate. Input (lanes 1
and 4) indicates unreacted sample. T; (lanes 2 and 5) contains samples
incubated with ribonuclease T (37 °C, 20 min); NHS (lanes 3 and 6)
contains samples incubated with sulfosuccinimidyl-6-(biotinamido)
hexanoate (37 °C, 1 h).

(Fig. 2, lane 5), but *CUCGy _n2A resists T1 digestion
(Fig. 3, lane 2). Conversely, "CUCG, oA reacts with
NHS as indicated by retarded gel mobility (Fig. 2, lane
3), whereas “CUCGA exhibits no reaction (Fig. 2, lane
6). These results demonstrate the viability of phospho-
ramidites 12a and 12b for the incorporation of 2’-ami-
no-2'-deoxyguanosine into RNA.

3. Conclusions

We have synthesized 9-(N?-palmitoyl-2’-phthalimido-
2'-deoxy-p-D-ribofuranosyl)guanine (5a) and 9-(N*-pal-
mitoyl-2'-trifluoroacetamido-2’-deoxy-B-p-ribofurano-
syl)guanine (5b) wvia transglycosylation from 2'-
phthalimido and 2'-trifluoroacetamido-2’-deoxyuridine,
respectively. Retention of the amine-protecting groups
following these transglycosylation reactions allowed
direct access to the corresponding phosphoramidites
in two steps and simplified access to the nucleoside it-
self, resulting in greater yields than reported previous-
ly (refer to Table 1). Although these phosphoramidites
carry the unconventional palmitoyl protecting group,
both couple efficiently during solid-phase synthesis
and undergo quantitative deprotection afterwards, en-
abling facile access to oligonucleotides containing
2’-amino-2'-deoxyguanosine.

4. Experimental

4.1. Materials and methods

All reagents and anhydrous solvents were purchased
from Aldrich; other solvents were from Fisher unless

otherwise noted. All reactions using air-sensitive or
moisture-sensitive reagents were carried out under an ar-
gon atmosphere. 'H, '°F, and '*C NMR spectra were
recorded on Bruker 500 or Bruker 400 MHz NMR spec-
trometers. 'H chemical shifts are reported in § (ppm) rel-
ative to tetramethylsilane. 'F chemical shifts are
reported in § (ppm) relative to an external standard of
trifluoroacetic acid in CDCls. 'P chemical shifts are
reported in § (ppm) relative to an external standard of
85% aqueous H3PO4. High-resolution mass spectra were
obtained from the Department of Chemistry, University
of California at Riverside. Merck silica gel (9385 grade,
230400 mesh, 60A, Aldrich) was used for column chro-
matography. Silica gel on glass with fluorescent indica-
tor (Sigma) was used for TLC.

4.1.1. 5'-0-(4,4’-Dimethoxytrityl)-2'-trifluoroacetamido-
2'-deoxyuridine (3b). To a solution of 5’-0-(4,4’-dimeth-
oxytrityl)-2’-amino-2’-deoxyuridine ~ (2b) (531 mg,
0.974 mmol) in methanol (6 mL) was added S-ethyl tri-
fluorothioacetate (194 pL, 1.46 mmol, 1.5 equiv). The
solution was stirred at room temperature for 1 h and a
white solid precipitated. TLC showed quantitative con-
version of the starting material. After the mixture was
concentrated to dryness, the residue was purified by
silica gel chromatography, eluting with 4% MeOH in
CH,Cl, containing 0.2% Et;N, to give 3b (525 mg,
84%) as a white amorphous solid. Analytical data agree
with those previously reported.'!

"H NMR (400.1 MHz) (CD5CN) §: 7.34 (d, J = 8.2 Hz,
1H), 7.17 (d, J=17.2 Hz, 2H), 7.04 (m, 6H), 7.03 (m,
1H), 6.60 (dd, J = 8.1, 0.8 Hz, 4H), 5.77 (d, J = 7.8 Hz,
1H), 5.14 (d, J=8.1 Hz, 1H), 443 (m, 1H), 4.15 (m,
1H), 3.84 (m, 1H), 3.14 (dd, J = 7.2, 3.6 Hz, 1H), 3.02
(dd, J=79, 29Hz 1H). '*C NMR (100.6 MHz)
(CD;CN) §: 162.9, 158.8, 157.3 (q, J = 37.8 Hz), 150.7,
144.7, 140.0, 135.5, 135.3, 132.5, 130.1, 128.0, 127.0,
117.4, 113.2, 108.4, 103.8, 102.2, 86.8, 86.0, 85.1, 70.9,
70.1, 66.8, 63.4, 56.0, 54.9. "F NMR (376.5 MHz)
(CDsCN)  6: —0.16ppm. HRMS caled for
C32H30F3N308, [MN3+] 664.1871 (calcd), 664.1877
(found).

4.1.2. 2’-N-Phthalamido-2’'-deoxyuridine (4a). To a solu-
tion of 2’-amino-5'-0-(4,4'-dimethoxytrityl)-2’-deoxyur-
idine (2b) (1.16 g, 2.13 mmol) in THF (30 mL) was
added N-carbethoxyphthalimide (559 mg, 2.56 mmol,
1.2 equiv). The solution was stirred overnight at room
temperature. Et3;N (1 mL) and MeOH (1 mL) were then
added. After stirring for another hour, the mixture was
concentrated to dryness. The residue was treated with
TCA (3% in CH3CN) for 1 h and MeOH (1 mL) was
added. After concentrating the mixture to dryness, the
residue was purified by silica gel chromatography, elut-
ing with 5-10% MeOH in CH,Cl,, to give 4a (747 mg,
94%) as a white foam. "H NMR (500.1 MHz) (CD;CN)
0: 7.87 (m, 2H), 7.83 (m, 2H), 7.69 (d, J = 8.0 Hz, 1H),
6.64 (d, J=5.5Hz, 4H), 5.64 (d, J= 8.5 Hz, 1H), 4.89
(dd, J=8.0, 5.5Hz, 1H), 4.44 (dd, J=28.0, 6.1 Hz,
1H), 4.19 (m, 1H), 3.85 (dd, J=12.3, 2.6 Hz, 1H),
370 (dd, J=123, 34Hz, 1H). C NMR
(125.8 MHz) (CD3;CN) ¢: 168.2, 162.9, 151.0, 134.5,
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131.6, 123.1, 117.3, 101.8, 86.2, 85.9, 68.5, 61.0, 56.8.
HRMS calcd for C17H15N307, [MH+] 374.0988 (CalCd),
374.0999 (found).

4.1.3. 2'-Trifluoroacetamido-2'-deoxyuridine (4b). 5'-O-
(4,4’-Dimethoxytrityl)-2’-trifluoroacetamido-2’-deox-
yuridine (3b) (4.10 g, 6.39 mmol) was treated with 3%
TCA in CH;CN for 15 min and then MeOH (1 mL)
was added. The reaction mixture was concentrated to
dryness. The residue was purified by silica gel chroma-
tography, eluting with 8-12% MeOH in CH,Cl,, to give
6 (1.99 g, 92%) as a white foam. Analytical data agree
with those previously reported.?

"H NMR (500.1 MHz) (CD5CN) &: 9.84 (s, 1H), 7.93 (d,
J=8.1Hz, 1H), 7.84 (d, J=8.1Hz, 1H), 6.03 (d,
J=79Hz, 1H), 505 (d, J=8.1Hz 1H), 4.55 (m,
1H), 4.33 (m, 1H), 4.08 (m, 1H), 3.72 (m, 2H). 13C
NMR (1258 MHz) (CD;CN) 6. 163.7, 157.3 (q,
J=37.4Hz), 151.0, 140.9, 117.3, 115.7 (q, J = 288 Hz),
102.3, 86.7 (d, J = 14.7 Hz), 70.3, 61.6, 55.9, 48.9, 46.6.
F NMR (470.5 MHz) (CD;CN) 6: —0.20 ppm. HRMS
caled for C11H12F3N306, [MH+] 340.0756 (calcd),
340.0753 (found).

4.1.4. ‘One-pot’ synthesis from 2b. To a solution of 2'-
amino-5'-0-(4,4'-dimethoxytrityl)-2’-deoxyuridine  (2b)
(1.12 g, 2.06 mmol) in MeOH (6 mL) was added S-ethyl
trifluorothioacetate (0.54 mL, 4.12 mmol, 2 equiv). The
solution was stirred at room temperature for 1 h and a
white solid precipitated. TLC showed that starting
material was converted quantitatively to product. The
solvent was removed under vacuum to give crude 5'-
0-(4,4'-dimethoxytrityl)-2'-trifluoroacetamido-2’-deox-
yuridine as white foam. This foam was treated with 3%
TCA in CH;CN. After stirring for 15 min, TLC indicat-
ed that the intermediate was converted to product com-
pletely. MeOH (1 mL) was added, and the reaction
mixture was concentrated to dryness. The residue was
purified by silica gel chromatography, eluting with 8-
12% MeOH in CH,Cl,, to give 4b (0.627 g, 90%) as a
white foam.

4.1.5. 9-(N*-Palmitoyl-2'-phthalimido-2’-deoxy-B-p-ribo-
furanosyl)guanine (5a) and 7-(N*-palmitoyl-2’-phthalimi-
do-2'-deoxy-p-p-ribofuranosyl)guanine (6a). 2'-N-Phtha-
loylamido-2'-deoxyuridine (4a) (464 mg, 1.25 mmol)
was added to a pressure tube (15 mL) containing dry
CH;CN (10 mL) and N,O-bis(trimethylsilyl) acetamide
(2.57 mL, 10.6 mmol, 8.6 equiv) under argon. To this
homogeneous solution was added N*-palmitoylguanine
(873 mg, 2.25 mmol, 1.8 equiv). The resulting suspen-
sion was heated to reflux for 30 min, and the reaction
mixture became a clear solution. Trimethylsilyl triflate
(241 pL, 1.59 mmol, 1.3 equiv) was added, and the solu-
tion was refluxed for an additional 3 h. The solution was
cooled to room temperature, aqueous HCI (0.1 N,
0.1 mL) was added, and a white solid precipitated. The
solid was filtered and washed with CH;CN. The solvent
of the combined filtrate was evaporated to dryness, and
the residue was purified by silica gel chromatography,
eluting with 8-12% MeOH in CH,Cl,, to give 5a
(487 mg, 60%) and 6a (122 mg, 15%) as white solids.

For 5a: '"H NMR (500.1 MHz) (DMSO-d) &: 12.11 (s,
1H), 11.63 (s, 1H), 8.32 (s, 1H), 7.87 (m, 4H), 6.85 (d,
J=59Hz, 1H), 5.70 (d, J=4.8Hz, 1H), 5.18 (dd,
J=179, 6.0Hz, 1H), 498 (t, J=55Hz, 1H), 4.52
(dd, J=11.7, 6.2Hz, 1H), 4.15 (m, 1H), 3.72 (m,
1H), 3.56 (m, 1H), 2.45 (t, J=7.3Hz, 2H), 1.57 (t,
J=6.6Hz, 2H), 1.21 (m, 24H), 0.84 (t, J=7.1 Hz,
3H). '3C NMR (125.8 MHz) (DMSO-ds) o: 177.2,
168.9, 155.6, 149.5, 148.9, 139.1, 135.5, 132.2, 124.1,
121.2, 87.1, 82.9, 69.3, 62.4, 57.4, 36.8, 32.2, 29.9,
29.8, 29.7, 29.6, 29.3, 25.2, 23.0, 14.8. HRMS calcd
for Ci4Hu6NO7, [MNa'] 673.3320 (caled), 673.3336
(found).

For 6a: '"H NMR (500.1 MHz) (DMSO-dg) &: 12.17 (s,
1H), 11.57 (s, 1H), 8.47 (s, 1H), 7.87 (m, 4H), 6.86 (d,
J=5.3Hz, IH), 565 (d, J=5.2Hz, IH), 5.01 (dd,
J=9.5, 54Hz, 1H), 490 (t, J=5.6Hz, 1H), 4.47
(dd, J=12.4, 69Hz, 1H), 4.17 (m, 1H), 3.74 (m,
1H), 3.58 (m, 1H), 2.40 (t, J=7.3 Hz, 2H), 1.53 (t,
J=6.7Hz, 2H), 1.21 (m, 24H), 0.81 (t, J=6.7 Hz,
3H). *C NMR (125.8 MHz) (DMSO-ds) &: 176.6,
168.3, 158.9, 152.6, 147.8, 135.0, 131.7, 123.6, 110.7,
86.8, 86.0, 68.1, 61.8, 58.2, 36.2, 31.7, 29.4, 29.3,
29.2, 29.1, 29.0, 28.7, 22.5, 14.3. HRMS calcd For
C34Hu6NgO7, [MNa®] 673.3320 (caled), 673.3330
(found).

4.1.6. 9-(N*-Palmitoyl-2'-trifluoroacetamido-2’-deoxy-p-
p-ribofuranosyl)guanine (5b) and 7-(V>-palmitoyl-2'-
trifluoroacetamido-2’-deoxy-p-p-ribofuranosyl)guanine
(6b). 2'-Trifluoroacetamido-2’'-deoxyuridine(4b) (276 mg,
0.813 mmol) was added to a pressure tube (15 mL) con-
taining dry CH3;CN (SmL) and N,O-bis(trimethylsilyl)
acetamide (1.68 mL, 6.92 mmol, 8.6 equiv) under argon.
To this homogeneous solution was added N*-palmitoyl-
guanine (570 mg, 1.47 mmol, 1.8 equiv). The resulting
suspension was heated to reflux for 30 min, and the
reaction mixture became a clear solution. Trimethylsilyl
triflate (157 pL, 1.04 mmol, 1.3 equiv) was added, and
the solution was refluxed for an additional 3 h. The
solution was cooled to room temperature, aqueous
HCI (0.1 N, 653 uL) was added, and a white solid pre-
cipitated. The solid was filtered and washed with
CH;CN. The solvent of the combined filtrate was evap-
orated to dryness, and the residue was purified by silica
gel chromatography, eluting with 8-12% MeOH in
CH,Cl,, to give 5b (351 mg, 70%) and 6b (60.1 mg,
12%) as white solids.

For 5b: '"H NMR (400.1 MHz) (DMSO-dg) 6: 12.12 (s,
1H), 11.66 (s, 1H), 9.58 (d, J=6.5Hz, 1H), 8.18 (s,
1H), 6.06 (d, J=8.2 Hz, 1H), 5.82 (d, J = 4.4 Hz, 1H),
5.05 (m, 2H), 4.36 (m, 1H), 3.96 (m, 1H), 3.62 (m,
1H), 3.55 (m, 1H), 2.48 (t, J=7.4Hz, 2H), 1.58 (t,
J=6.8Hz, 2H), 1.22 (m, 24H), 0.85 (t, J=7.1 Hz,
3H). *C NMR (125.8 MHz) (DMSO-ds) &: 176.8,
157.1 (q, J=36.5Hz), 1552, 149.4, 148.4, 138.3,
120.9, 116.0 (q, J =288 Hz), 86.9, 84.1, 69.5, 61.6,
55.4, 36.3, 31.6, 31.0, 29.4, 29.3, 29.2, 29.0, 28.7, 24.7,
22.4, 14.3. F NMR (376.5 MHz) (DMSO-d) d: 2.25.
HRMS caled for C,gHuF3NOs, [MH'] 617.3274
(caled), 617.3279 (found).
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For 6b: '"H NMR (400.1 MHz) (DMSO-dj) 8: 12.22 (br,
1H), 11.58 (br, 1H), 9.47 (br, 1H,), 8.43 (s, 1H), 6.27 (d,
J=7.9Hz, 1H), 5.82 (br, 1H), 5.03 (t, J = 5.4 Hz, 1H),
490 (t, J=6.6Hz, 1H), 431 (m, 1H), 3.99 (m, 1H),
3.66 (m, 1H), 3.56 (m, 1H), 2.41 (t, J=7.3 Hz, 2H),
1.55 (t, J=6.8Hz, 2H), 1.22 (m, 24H), 0.81 (t,
J=6.8 Hz, 3H). '3*C NMR (100.6 MHz) (DMSO-dj) o:
176.6, 158.6, 157.0 (q, J=38.4Hz), 152.6, 147.8,
144.1, 116.0 (q, J=288 Hz), 111.2, 87.1, 86.9, 69.5,
61.6, 57.2, 31.7, 29.4, 29.3, 29.2, 29.1, 28.7, 24.8, 22.9,
14.5. YF NMR (376.5 MHz) (DMSO-ds) &: 2.07.
HRMS caled for C,gHuF3NOs, [MH'] 617.3274
(caled), 617.3269 (found).

4.1.7.  9-(2’-Amino-2’-deoxy-p-p-ribofuranosyl)guanine
(7). To a pressure tube (15 mL) was added a solution
of 5a (100 mg, 154 pmol) in anhydrous EtOH (4 mL)
followed by n-butylamine (1 mL). The mixture was heat-
ed overnight at 55 °C. The solution was cooled to room
temperature, transferred to a flask, and evaporated to
dryness. Water (40 mL) was added, and the resulting
solution was extracted with CH,Cl, (3 x40 mL). The
aqueous phase was evaporated to dryness, and the
resulting solid was rinsed with acetone and recrystallized
from water to give 7 (41.1 mg, 95%) as a white solid. "H
NMR (500.1 MHz) (DMSO-dy): 3.49 (m, 2H), 3.55 (m,
1H), 3.72 (m, 1H), 3.96 (m, 1H), 5.07 (br, 1H), 5.47
(d, J=5Hz, 1H), 548 (d, J=8.5Hz, 1H), 6.54 (br,
2H), 7.90 (s, 1H). *C NMR (100.6 MHz) (DMSO-d)
0: 156.8, 153.8, 151.7, 135.7, 116.8, 87.1, 86.3, 71.6,
619, 57.4. 6: HRMS calcd for C10H14N604, [MH]Jr
283.1155 (calcd), 283.1165 (found).

4.1.8. 7-(2’-Amino-2’'-deoxy-p-p-ribofuranosyl)guanine
(8). Using the procedure described for the preparation
of 7, 8 (20.2 mg, 93%) was obtained from 5b as a white
solid. "H NMR (400.1 MHz) (DMSO-dy) d: 8.24 (s, 1H),
6.20 (s, 2H), 5.76 (d, J = 8.0 Hz, 1H), 5.40 (br, 1H), 5.01
(m, 1H), 3.99 (m, 1H), 3.89 (m, 1H), 3.66 (m, 2H), 3.51
(m, 1H). *C NMR (100.6 MHz) (DMSO-d) J: 161.5,
155.2, 153.6, 143.3, 108.7, 90.9, 87.1, 71.7, 62.5, 59.5.
HRMS caled for CoH4N¢O4, [MH]" 283.1155 (calcd),
283.1167 (found).

4.1.9. 9-(N*-Palmitoyl-5'-O-trimethylsilyl-2'-phthalimi-
do-2'-deoxy-p-p-ribofuranosyl)guanine (9) and 7-(N*-pal-
mitoyl-5’-O-trimethylsilyl-2’-phthalimido-2'-deoxy-B-p-
ribofuranosyl)guanine (10). 2’-N-Phthalimido-2'-deox-
yuridine (4a) (464 mg, 1.25 mmol) was added to a pres-
sure tube (15 mL) containing dry CH3CN (10 mL) and
N, O-bis(trimethylsilyl) acetamide (2.57 mL,
10.6 mmol, 8.6 equiv) under argon. To this homoge-
neous solution was added N?-palmitoylguanine
(873 mg, 2.25 mmol, 1.8 equiv). The resulting suspen-
sion was heated to reflux for 30 min, and the reaction
mixture became a clear solution. Trimethylsilyl triflate
(241 pL, 1.59 mmol, 1.3 equiv) was added, and the
solution was refluxed for an additional 3 h. After the
reaction solution was cooled to room temperature,
CH,Cl, (50 mL) and water (50 mL) were added. The
aqueous layer was extracted with dichloromethane
(50 mL). The organic phases were combined, dried
over sodium sulfate, and evaporated to dryness. The

residue was purified by silica gel chromatography,
eluting with 5-7% MeOH in CH,Cl,, to give 9
(361 mg, 40%) and 10 (90.1 mg, 10%) as white solids.

For 9: 'H NMR (500.1 MHz) (CDCl3) &: 9.71 (br, 1H),
9.63 (br, 1H), 7.85 (s, 1H), 7.82 (m, 2H), 7.66 (m, 2H),
7.18 (d, J=7.0 Hz, 1H), 5.31 (t, J = 6.9 Hz, 1H), 4.89
(d, j=7.6 Hz, 1H), 4.68 (dd, J = 6.4, 3.6 Hz, 1H), 4.29
(m, 1H), 4.02 (d, J = 12.0 Hz, 1H), 3.74 (t, J = 11.2 Hz,
1H), 2.47 (m, 2H), 1.63 (t, J=6.7 Hz, 2H), 1.25 (m,
24H), 0.85 (t, J = 6.8 Hz, 3H), —0.09 (s, 9H). *C NMR
(125.8 MHz) (CD5Cl) &: 175.3, 168.3, 155.3, 147.6,
138.9, 134.3, 131.3, 123.3, 122.1, 99.6, 87.1, 83.8, 70.6,
61.8, 57.9, 37.0, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 28.9,
24.6, 22.6, 14.0, —0.4. HRMS caled for Cs7Hs4N¢O;Si,
[MNa™] 745.3716 (calcd), 745.3724 (found).

For 10: 'H NMR (500.1 MHz) (CDCls) &: 10.18 (br,
1H), 8.16 (s, 1H), 7.82 (m, 2H), 7.72 (m, 2H), 7.15 (d,
J=69Hz, 1H), 520 (t, J=7.3Hz, 1H), 4.89 (dd,
j=17.5, 48 Hz, 1H), 4.40 (d, J = 8.8 Hz, 1H), 4.32 (m,
1H), 4.02 (m, 1H), 3.78 (m, 1H), 2.57 (m, 2H), 1.68 (t,
J=7.1Hz, 2H), 1.23 (m, 24H), 0.86 (t, J=7.0 Hz,
3H), —0.09 (s, 9H). '*C NMR (125.8 MHz) (CD;Cl) &:
175.8, 168.5, 158.9, 152.7, 147.8, 144.5, 134.3, 131.5,
123.3, 110.8, 87.5, 85.3, 68.8, 61.0, 59.5, 37.1, 31.8,
29.6,29.5,29.4,29.2,28.9, 24.7, 22.6, 14.0, —0.5. HRMS
caled for C33HuNgO;, [MNa®] 7453715 (caled),
745.3720 (found).

4.1.10. 5'-0-(4,4'-Dimethoxytrityl)-N>-palmitoyl-2'-
phthalimido-2'-deoxyguanosine (11a). N>-Palmitoyl-2'-
N-phthalimido-2’-deoxyguanosine (5a) (400 mg,
0.614 mmol) was dissolved in pyridine (5mL), and
4,4’-dimethoxytrityl chloride (0.263 g, 0.740 mmol,
1.2 equiv) was added while the solution was stirring.
After being stirred overnight at room temperature, the
reaction was quenched with MeOH (1 mL), stirred for
an additional 5 min, and then evaporated to dryness.
The residue was dissolved in CH,Cl, and washed con-
secutively with 5% sodium bicarbonate, water, and
brine. The organic layer was dried over sodium sulfate
and concentrated. The residue was purified by silica
gel chromatography, eluting with 2-5% MeOH in
CH,Cl, containing 0.2% Et3;N, to give 11la (480 mg,
82%) as a pale yellow foam. "H NMR (CD,Cl,): 11.97
(br, 1H), 9.33 (br, 1H), 9.47 (br, 1H), 7.46 (dd,
J=5.4, 3.1 Hz, 2H), 7.36 (m, 2H), 7.18 (m, 2H), 6.89-
7.04 (m, 8H), 6.43 (m, 4H), 5.29 (m, 1H), 5.06 (br,
1H), 4.82 (m, 1H), 4.18 (m, 1H), 3.41 (s, 6H), 3.12 (m,
2H), 2.05 (m, 2H), 1.30 (m, 2H), 1.02 (m, 24H), 0.62
(t, J=6.8 Hz, 3H). 3C NMR (125.8 MHz) (CD,Cl,)
0: 175.8, 168.5, 158.5, 155.5, 148.3, 147.5, 145.0, 139.1,
136.1, 135.8, 134.2, 132.4, 131.5, 130.1, 130.0, 129.0,
128.2, 127.4, 127.6, 126.7, 123.3, 121.4, 113.0, 112.9,
86.2, 86.1, 69.7, 64.5, 56.8, 55.2, 55.1, 36.8, 31.9, 29.8,
29.7,29.6, 29.5,29.4, 29.1, 24.3, 22.7, 13.9. HRMS calcd
for C55H64N609, [MNa]+ 975.4624 (Calcd), 975.4627
(found).

4.1.11. 5'-0-(4,4'-Dimethoxytrityl)- N>-palmitoyl-2'-tri-
fluoroacetamido-2'-deoxyguanosine (11b). N>-Palmitoyl-
2'-trifluoroacetamido-2'-deoxguanosine (5b) (220 mg,
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0.375 mmol) was dissolved in pyridine (3 mL), and 4,4'-
dimethoxytrityl ~ chloride (450 mg,  0.714 mmol,
1.2 equiv) was added while stirring the solution. After
being stirred overnight at room temperature, the reac-
tion mixture was diluted with MeOH (1 mL) and stirred
for an additional 5 min. The reaction mixture was con-
centrated to dryness under vacuum. Water was added
to the resulting residue, and the mixture was extracted
with CH,Cl,. The organic phase was washed consecu-
tively with 5% sodium bicarbonate, water, and brine,
and then dried over sodium sulfate. After the organic
phase was concentrated to dryness, the residue was puri-
fied by silica gel chromatography, eluting with 4%
MeOH in CH,Cl, containing 0.2% Et;N, to give 11b
(262 mg, 80%) as a white foam. "H NMR (500.1 MHz)
(CD,Cl,) o: 12.29 (br, 1H), 9.60 (br, 1H), 8.36 (br,
1H), 7.97 (s, 1H), 7.18-7.45 (m, 9H), 6.78 (m, 4H),
6.17 (br, 1H), 5.33 (br, 1H), 4.87 (br, 1H), 4.22 (br,
1H), 3.72 (s, 6H), 3.44 (m, 2H), 2.32 (br, 2H), 1.58 (br,
2H), 1.25 (m, 24H), 0.90 (t, J =7 Hz, 3H). *C NMR
(125.8 MHz) (CD,Cl,) ¢: 176.0, 167.5, 158.6, 155.8,
149.3, 147.8, 144.6, 138.5, 135.6, 135.4, 134.9, 1324,
130.8, 130.0, 129.9, 129.0, 128.6, 128.0, 127.9, 127.8,
127.7, 127.6, 127.0, 126.8, 120.3, 115.7 (q, J = 287 Hz),
113.0, 86.6, 85.6, 67.8, 63.9, 55.1, 46.3, 38.7, 36.8, 31.8,
30.3, 29.6, 29.5, 29.4, 29.3, 28.9, 24.4, 23.7, 22.9, 22.6,
13.8, 10.7. 8.8. YF NMR (376.5 MHz) (CD,Cl,) ¢:
0.36. HRMS caled for C49H61F3N(,Og, [MNa]+
941.4395 (calcd), 941.4366 (found).

4.1.12. 5'-0-(4,4'-Dimethoxytrityl)-N>-palmitoyl-2'- V-
phthalimido-2'-deoxyguanosine 3’-O-(2-cyanoethyl-N,/V-
diisopropyl)ghosphoramidite (12a). 5'-0-(4,4'-Dimeth-
oxytrityl)- N°-palmitoyl-2’-trifluoroacetamido-2'-deoxy-
guanosine (11a) (80.0 mg, 83.9 pmol) was dissolved in
dry CH,Cl, (5mL) and 1-methylimidazole (3.40 mg,
41.5 umol).  N,N-Diisopropylethylamine  (78.0 mg,
0.420 mmol) was added to the stirring solution followed
by 2-cyanoethyl N,N-(diisopropylchloro)-phosphorami-
dite (80.3 mg, 0.336 mmol). After being stirred at room
temperature for 1 h, the reaction mixture was concen-
trated to dryness. The residue was then dissolved in eth-
yl acetate and washed with 5% aqueous sodium
carbonate and brine, dried over sodium sulfate, and
concentrated. The residue was purified by silica gel chro-
matography, eluting with 10-12% acetone in CH,Cl,
containing 0.2% Et;N, to give 12a (85.1 mg, 88%) as a
white foam. *'P NMR (202.5 MHz) (CDsCN) 152.0
and 150.2 ppm. HRMS caled for C64H81N8010P,
[MNa]"1175.5706 (calcd), 1 175.5694 (found).

4.1.13. 5'-0-(4,4'-Dimethoxytrityl)- N>-palmitoyl-2’-tri-
fluoroacetamido-2’-deoxyguanosine 3’-O-(2-cyanoethyl-
N,N-diisopropyl)phosphoramidite ~ (12b). 5'-0-(4,4'-
Dimethoxytrityl)-N--palmitoyl-2'-trifluoroacetamido-
2'-deoxyguanosine (11b) (65.0 mg, 70.7 ummol) was dis-
solved in dry CH,Cl, (5mL) and 1-methylimidozale
(290 mg, 35.0 umol).  N,N-Diisopropylethylamine
(67.0 mg, 0.360 mmol) was added to the stirring solution
followed by 2-cyanoethyl N,N-(diisopropylchloro)phos-
phoramidite (67.0 mg, 283 umol, 4.0 equiv). After being
stirred at room temperature for 1 h, the reaction mixture
was concentrated to dryness. The residue was then

dissolved in ethyl acetate and washed with 5% aqueous
sodium carbonate and brine, dried over sodium sulfate,
and concentrated. The residue was purified by silica gel
chromatography, eluting with 12% acetone in CH,Cl,
containing 0.2% Et3N, to give 12b (59.3 mg, 75%) as a
colorless oil. *'P NMR (202.5 MHz) (CD5CN) &: 150.6
and 150.4 ppm. "’F NMR (470.5 MHz) (CDsCN) §:
—0.17 and —-028ppm. HRMS caled for
CssH7gF3NgOoP, [MNa]* 1141.5474 (calcd), 1141.5434
(found).
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We assigned the location of the trimethylsilyl group in9
and 10 by a comparison of '"H NMR and "*C NMR
spectra for compounds 5a, 6a, 9, and 10. The 'H NMR
spectrum of 9 contains two broad, D,O exchangeable
peaks at 9.71 and 9.63 ppm corresponding to the NH
protons, thereby excluding the possibility that the trim-
ethylsilyl group is bonded to the purine base. The C6
carbon resonance occurs at nearly the same '*C chemical
shift in compounds 9 (155.3 ppm) and 5a (155.6 ppm),
further suggesting that the trimethylsilyl group does not

31.

reside on 0° The 'H NMR spectrum (CDsCl) of 5a
contains a D,0O exchangeable doublet and triplet corre-
sponding to the 3’- and 5’-hydroxyl groups, respectively.
The '"H NMR spectrum (CD;Cl) of 9 contains the doublet
but not the triplet, suggesting that the trimethylsilyl group
resides on the 5’-oxygen.

The structure of 5a was confirmed by comparison of its 'H
NMR spectrum to the literature data (see Ref. 29). The
structure of 6a was assigned on the basis of its '"H NMR
and ')C NMR spectra. According to the literature
(Chenon, M.-T.; Pugmire, R. J.; Grant, D. M. Panzica,
R. P.; Townsend, L. B. J. Am. Chem. Soc. 1975, 97, 4627,
Li, N.-S, Piccirilli, J. A. Synthesis, in press), the chemical
shift of the purine C5 carbon may be used to distinguish
the N-9 and N-7 isomers of guanosine derivatives. For the
N-9 isomer, the chemical shift of C5 usually occurs near
120 ppm (DMSO-dg), whereas for the N-7 isomer, the C5
resonance usually occurs near 110 ppm. Consistent with
this trend, the C5 carbon of 5a resonates at 121.2 ppm
(DMSO-ds). For 6a, the C5 carbon resonates at 110.7 ppm
(DMSO-dg), consistent with the N-7 configuration.
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Abstract—Potential inhibitors of Leptosphaeria maculans mediated detoxification of the phytoalexin brassilexin were designed and
synthesized based on the planar heteroaromatic structure of isothiazolo[5,4-b]indole. Screening of these compounds for inhibition of
brassilexin detoxification in cultures of L. maculans indicated that 4-(2-chlorophenyl)isothiazole had the largest effect on the rate of
brassilexin detoxification. However, the most antifungal compound among the potential inhibitors, isothiazolo[5,4-b]quinoline, did
not appear to affect the metabolism of brassilexin noticeably, suggesting that growth inhibition is not sufficient to slow down the rate
of brassilexin detoxification. Furthermore, it was determined that 4-arylisothiazoles as well as isothiazolo[5,4-b]thianaphthene

displayed antifungal activity against L. maculans.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The detoxification of phytoalexins by fungal plant
pathogens is of great concern as it can have a substan-
tially negative impact on the overall plant fitness.' Phy-
toalexins are secondary metabolites produced de novo
by plants in response to diverse forms of stress, includ-
ing fungal infection. Brassilexin (1) is one of the most
potent antifungal phytoalexins produced by crucifer
plants, namely those of the genus Brassica.>* The fungal
pathogen Leptosphaeria maculans [(Desm.) Ces. et de
Not., asexual stage Phoma lingam (Tode ex Fr.) Desm.]
is able to overcome by detoxification some important
defenses of brassicas, including brassilexin (1),* sinalexin
(2)*, brassinin (3), cyclobrassinin (4), brassicanal A (5),
and dioxibrassinin (6).! Nonetheless, the strong in vitro
growth inhibitory activity of brassilexin (1) against L.
maculans suggests that an increase of its concentration
in the plant, through, for example, inhibition of the
detoxification pathway, could slow down or prevent
the spread of the pathogen. This prospect suggests that
potential inhibitors of brassilexin detoxification could be
used to protect the plant against the fungal invader. To-

Keywords: Brassilexin; Detoxification inhibitor; Leptosphaeria macu-

lans; Phoma lingam; Phytoalexin.
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ward this end, a recent investigation of the metabolism
of brassilexin (1) in L. maculans demonstrated that the
first step of its detoxification involved reduction of the
isothiazole ring to 3-aminomethyleneindole-2-thione
(7), followed by hydrolytic and oxidative reactions to
yield 3-formylindolyl-2-sulfonic acid (9) via aldehyde 8
(Scheme 1). Because the enamine 7 showed a substan-
tially lower antifungal activity than brassilexin (1), these
findings suggested that potentially effective inhibitors or
modulators of brassilexin detoxification must slow down
or stop the reductive bioconversion of brassilexin (1)
into 3-aminomethyleneindole-2-thione (7).
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Scheme 1. Metabolism of brassilexin (1) in Leptosphaeria maculans
(Phoma lingam).

Considering the chemical structures of brassilexin (1,
isothiazolo[5,4-bJindole) and its first detoxification
intermediate, 3-aminomethyleneindole-2-thione (7), it
was of interest to evaluate the role of the indole—iso-
thiazole and isothiazole ring systems on the anti-
fungal activity and metabolism of 1. Although
previous studies with L. maculans indicate that the
indole ring is neither metabolized nor essential for
antifungal activity,! the indole-isothiazole ring system
has not been examined. Non-degradable isothiazoles
might be effective inhibitors of brassilexin detoxifying
enzyme(s) produced in L. maculans. Hence, the in-
dole-isothiazole fused-ring system of 1 was replaced
with quinoline-isothiazole (10), benzothiophene-iso-
thiazole (11), indole-thiophene (12), and benzo-iso-
thiazole (13) to yield compounds 10-13, respectively
(Fig. 1). In addition, isothiazoles resulting from dis-
connecting the ‘a’ bond of the indole ring and replac-
ing the NH group ortho to the isothiazole with
various substituents (H, CI, CH;, NH,, NO,, OH,
and OCHs;) were designed (Fig. 1). The resulting 2-
substituted-4-phenylisothiazoles 14-20, naphthyliso-

S
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\ d \N
N s
H
12 13
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S
y}% $ — \-S );/
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21, 1-naphthyl
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17 R = NO, S
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19 R = OH

20 R = OCH3 23

Figure 1. Chemical structures of potential inhibitors of brassilexin (1)
detoxification.

thiazoles 21 and 22 were synthesized and their effects
on the detoxification of brassilexin were examined.
Here, we describe results of these studies and show
that 4-(2-chlorophenyl)isothiazole (15) has the largest
effect on the rate of brassilexin detoxification. Howev-
er, the most antifungal compound among the poten-
tial inhibitors, isothiazolo[5,4-b]quinoline (10), did
not appear to affect the metabolism of brassilexin
noticeably. It is worth noting that the isothiazole ring
is a component of a great variety of compounds with
pharmacological activity, including antibacterial, anti-
viral, and insecticidal, but no antifungal activity ap-
pears to have been described to date.”

2. Results
2.1. Syntheses

Compounds 10%7 and 128 were prepared similar to
previously described procedures, and 3-phenylthiophene
(23) was commercially available. New conditions for the
syntheses of compounds 11 and 13-20 are reported, and
the syntheses of compounds 21 and 22 are described
here for the first time.

Isothiazolo[5,4-b]thianaphthene (11) was previously pre-
pared from 2-methylsulfanylthianaphthene-3-carboxal-
dehyde oxime by heating in polyphosphoric acid
(PPA).? Since the yield was low (18%), a new synthesis
of 11 was developed using less harsh conditions. 3-Bro-
mothianaphthene (24) was treated with ~-BuLi and the
corresponding 3-lithiothianaphthene was quenched with
DMF, followed by addition of another equivalent of
t-BuLi. A solution of bromine in hexane was added to
the reaction mixture followed by quenching with HCI
to afford 2-bromothianaphthene-3-carboxaldehyde (25)
in 35% yield, based on 3-bromothianaphthene (24).
Heating 25 with ammonium thiocyanate!® in DMF
afforded compound 11 in 62% yield (Scheme 2).!!

1,2-Benzoisothiazole (13) was prepared by cyclization
of 2-t-butylsulfanylbenzaldehyde oxime, obtained from
2-nitrobenzaldehyde (26),' using acetic acid anhydride
in acetic acid to promote ring closure (Scheme 3).
PPA'3 was previously used, however, we found that
isolation of 13 becomes rather difficult under these
conditions (repeated column chromatography), afford-
ing a lower yield than that obtained when the reaction
is carried out using acetic acid anhydride in acetic

acid.
CHO
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i +BuLi, Et,0

Br .
\ ii DMF
iii =BulLi

S iv Bry, hexane, S
24 3504 25
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Scheme 2. Synthesis of isothiazolo[5,4-b]thianaphthene (11).
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Scheme 3. Synthesis of 1,2-benzoisothiazole (13).

The syntheses of 4-arylisothiazoles 14-17, 21, and 22,
followed a modified multi-step synthesis,'* employing
aryl substituted acetic acids 27-32 as starting materials.
Thus, aryl-acetic acids 27-32 wunderwent double
Vilsmeier—-Haack reaction, followed by basic hydrolysis
in boiling sodium hydroxide/ethanol/water'> and treat-
ment with thionyl chloride in dichloromethane to yield
chloroacroleins 33-38 (Scheme 4). Subsequent heating
of the chloroacroleins 33-38 with ammonium thiocya-
nate in DMF'? afforded 4-arylisothiazoles 14-17, 21,
and 22 in low to moderate yields (25-54%, Scheme 4).
When 2-nitrophenylacetic acid (30) was used, only very
low yields (less than 5%) of chloroacrolein 36 were ob-
tained. The Vilsmeyer—Haack reaction appeared to be
problematic as black tar was formed even at room tem-
perature. The problem was solved using commercially
available 2-nitrophenyl malondialdehyde which yielded,
upon reaction with thionyl chloride, chloroacrolein 36 in
97% yield. 4-(2-Aminophenyl)isothiazole (18, Scheme 5)
was prepared from 17 using SnCl,-2H,0 in acidic meth-
anol'® in 71% yield. Diazotization of 18 and subsequent
hydrolysis'® afforded 4-(2-hydroxyphenyl)isothiazole
(19, Scheme 5) in 44% yield based on 17. Methylation
of 19 using ethereal diazomethane afforded 4-(2-meth-
oxyphenyl)isothiazole (20, Scheme 5) in 83% yield.

2.2. Antifungal bioassays

The antifungal activity of compounds 10-23 against L.
maculans was evaluated using a mycelial radial growth
assay, as described in the Experimental section. Results
of these assays (Table 1) showed that isothiazolo[5,4-
b]thianaphthene (11) inhibited completely the mycelial
growth of L. maculans at 5.0 x 10~* M, whereas isothiaz-
olo[5,4-b]quinoline (10) showed complete inhibition of
mycelial growth even at 2.0 x 107* M. Antifungal activi-
ty (40-100%, 5.0 x 10~* M) was observed with 4-aryliso-
thiazoles 14-21. The most antifungal compound among
the tested 4-arylisothiazoles appeared to be 4-(2-
hydroxyphenyl)isothiazole (19), where complete mh1b1-
tion of mycelial growth was observed at 5.0 x 10~* M.
1,2-Benzoisothiazole (13) exhibited weak antifungal

S,
\ N
/ /)
SnCIZ 2H,0
HCI MeOH
NH;

0, 71%
NaNo2
H,SO04, H,0

44%

SN, ELO E;\(L
~ e

ocH3

Scheme 5. Synthesis of compounds 18-20.

activity (22%, 5.0 x 107* M). Compounds 12, 22, and
23 were not sufficiently soluble in potato dextrose med1a
to reach the concentration of 5. 0>< 107* M, however
using the concentration 2.0 x 107* M, moderate 12
(52%), 22 (53%) to weak 23 (27%) antifungal activity
was observed. This is the first time that isothiazolo[5,4-
blthianaphthene (11), isothiazolo[5,4-b]quinoline (10),
and 4-arylisothiazoles 14-21 are shown to be antifungal.

2.3. Screening of potential inhibitors

Compounds 10-23 were screened for potential inhibi-
tion of the transformation of brassilexin (1) to 3-ami-
nomethyleneindole-2-thione (7) in cultures of L.
maculans over a 96 h per10d The potential inhibitors
(at 1.0x 107" and 2.0 x 10~* M) were added to shake
cultures of L. maculans (48-h-old mycelia in minimal
media), cultures were incubated for 10 min (to allow
adsorption/transport of compounds into cells), and
brassilexin (1, 1.0 x 10~* M) was then added to cultures
followed by additional incubation. Control cultures (48-
h-old mycelia in minimal media) prepared similarly but
containing only brassilexin (1) were incubated in paral-
lel. The stability of brassilexin and compounds 10-23
was determined by incubation in minimal media under
similar conditions. Samples were withdrawn from cul-
tures immediately after addition of brassilexin and at
24, 48, and 96 h, were extracted and the extracts were
analyzed by HPLC (photodiode array detector), to
determine the concentration of brassilexin (1) remaining
in the cultures at different times. Brassilexin (1) was sta-
ble in minimal medium for at least 10 days; compounds
10-13, and 18-20 were stable in minimal media but 14—

Cl

S
PN i POCl3, DMF o /[ NHSCN_ o LN
Ar” TCOOH 3 > Y
iisoch oy M e P
1] ,
27 Ar=Ph 2 T2v2 33 Ar= Ph 14 Ar=Ph
28 Ar = 2-CIPh 34 Ar = 2-CIPh 15 Ar = 2-CIPh

29 Ar = 2-CH3Ph
30 Ar = 2-NO,Ph
31 Ar = 1-naphthyl
32 Ar = 2-naphthyl

Scheme 4. Synthesis of 4-arylisothiazoles 14-17, 21, and 22.

35 Ar = 2-CH3Ph
36 Ar = 2-NO,Ph
37 Ar = 1-naphthyl
38 Ar = 2-naphthyl

16 Ar = 2-CH3zPh
17 Ar = 2-NO,Ph
21 Ar = 1-naphthyl
22 Ar = 2-naphthyl
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Table 1. Inhibitory activity (%)* of compounds 10-23 against Leptosphaeria maculans (procedure is described in Section 4.3)

Compound 1.0x107*M 20x107*M 50x107*M
Brassilexin (1) 8+ 1 62+ 1 (AR
Isothiazolo[5,4-b]quinoline (10) 60 + 13 cl1b Ccl1b
Isothiazolo[5,4-b]thianaphthene (11) 49+7 60£5 C1P
Thieno[2,3-b]indole (12) 33+8 52+12 N.S.©
1,2-Benzoisothiazole (13) N.I¢ 14+2 227
4-Phenylisothiazole (14) 3214 466 69t9
4-(2-Chlorophenyl)isothiazole (15) 4215 567 794
4-(2-Tolyl)isothiazole (16) 316 519 65+8
4-(2-Nitrophenyl)isothiazole (17) 355 44t 6 67+ 10
4-(2-Aminophenyl)isothiazole (18) 185 25+ 6 403
4-(2-Hydroxyphenyl)isothiazole (19) 38%5 44+£3 CIb
4-(2-Methoxyphenyl)isothiazole (20) 4617 59%5 82+3
4-(1-Naphthyl)isothiazole (21) 37+4 60£8 73+4
4-(2-Naphthyl)isothiazole (22) 41127 53+4 N.S.€
3-Phenylthiophene (23) N.I¢ 27+%5 N.S.©

%% inhibition = 100 — [(growth on treated/growth on control) x 100)] + SD; results are the means of at least three separate experiments.

®C.1. = complete inhibition.
°N.S. = not soluble.
4N.1. = no inhibition.

16 decomposed slowly (ca. 50% or more remaining in
solution after 96 h) to undetermined products; 3-phenyl-
thiophene (23) decomposed completely in 24 h, thus was
not used in further metabolism experiments. As shown
in Table 2, a few of the test compounds slowed down
the transformation of brassilexin (1) relative to control
cultures. For example, in the case of 4-arylisothiazoles
15 and 20 (2.0 x 10~* M) 22% and 31%, respectively,
of brassilexin remained in the cultures after 48 h of incu-
bation, whereas almost complete transformation of
brassilexin (1) was observed in 24 h (<5% remaining)
in control cultures (containing only brassilexin). Fur-
thermore, brassilexin was present in the cultures incu-
bated with compounds 11, 15, and 20 (2.0 x 10~* M)
even after 96 h of incubation. However, a few of these
compounds were metabolized by the fungus (Table 2),
slowly in the case of isothiazolo[5,4-b]thianaphthene
(11, 22% remaining after 96 h) and arylisothiazole 17
(33% remaining after 96 h), and faster in the case of 4-
(2-hydroxyphenyl)isothiazole (19), which was metabo-
lized completely in 48 h (no products of metabolism
could be detected). Because 4-naphthylisothiazoles 21
and 22 were not sufficiently soluble in minimal media
their stability in fungal culture or in minimal media
could not be determined at the highest concentration.

Because compounds 11 and 15-20 appeared to have a
greater effect of on the rate of detoxification of brassilex-
in (1) to enamine 7 in cultures of L. maculans (Table 2),
additional time—course analyses were carried out. Thus,
brassilexin (1) was added to cultures after 30 min of
incubation with inhibitors 11 and 15-20 at
1.0x107*M and 3.0x10"*M (instead of 10 min, as
reported in the first study to allow additional time for in-
ter/intracellular transport) and samples were withdrawn
at 3-h intervals. Extraction of the culture samples and
HPLC analyses of the extracts allowed the determina-
tion of the amounts of brassilexin (1) remaining in the
cultures at different times. Progress curves were con-
structed depicting the decrease of brassilexin (1) concen-
tration in cultures incubated with compounds 11 and

15-20 plus brassilexin (1) and cultures incubated with
brassilexin (1) only (Fig. 2 and Figs. 3-7 in Supplemen-
tary data). 4-(2-Chlorophenyl)isothiazole (15) was the
most active inhibitor of brassilexin detoxification among
the tested compounds (Fig. 2). When 15 was present at
3.0 x 107* M, 48% of brassilexin (1) remained in culture
after three hours of incubation, whereas with 15 at
10~* M, 34% of brassilexin remained in culture, com-
pared to 24% in control flasks containing only brassilex-
in (1). The remaining progress curves indicated that 4-
(2-nitrophenyl)isothiazole (17) was the next best inhibi-
tor followed by isothiazolo[5,4-b]thianaphthene (11)
(Fig. 3 in Supplementary data). For example, when 17
was present at 3.0 x 107* M, 40% of brassilexin (1) re-
mained in culture after 3 h of incubation, whereas with
17 at 1.0 x 1074 M, 28% of brassilexin remained in cul-
ture, compared to 24% in control flasks containing only
brassilexin (1). The remaining compounds 16, and 18-20
did not affect substantially the detoxification of brassi-
lexin over a 12-h period relative to control cultures con-
taining only brassilexin (1) (Figs. 3-7 in Supplementary
data).

3. Discussion and conclusion

Potential inhibitors of L. maculans mediated transfor-
mation of brassilexin were designed and synthesized
based on the planar heteroaromatic structure of brassi-
lexin (1). It was determined that 4-arylisothiazoles 15—
20 as well as isothiazolo[5,4-b]thianaphthene (11) dis-
played antifungal activity against L. maculans (Table
1). Quinoline 10 and thianaphthene 11, both containing
an isothiazole moiety, displayed the strongest growth
inhibitory activity, whereas 3-phenylthiophene (23) was
the weakest inhibitor. Although 4-phenylisothiazole
(14) caused substantial growth inhibition, two of the
weakest inhibitors contained an isothiazole moiety as
well, suggesting that additional structural features other
than the isothiazole ring are necessary to inhibit the
growth of L. maculans. Furthermore, the 2-substituent
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Table 2. Concentrations of brassilexin (1) remaining in cultures of Leptosphaeria maculans incubated with compounds 10-22 over a 96-h period

(procedure is described in Sections 4.4)

Compound Brassilexin (1) remaining in the cultures (molar %)* incubated with
compounds at
1LOx107*M 20x107* M
Control 24 h, <5% —
Isothiazolo[5,4-b]quinoline (10) 24 h, <5% 24 h, <5%
48h, N.D.° 48h, N.D.°
Isothiazolo[5,4-b]thianaphthene (11)° 24h, 16 £3% 24 h, 23 £2%
48h, 19+ 1% 48 h, 27+ 1%
96 h, 8 5% 96 h, 19 £ 1%
Thieno[2,3-b]indole (12) 24 h, <5% 24 h, <5%
48 h, N.D.° 48h, N.D.’
1,2-Benzoisothiazole (13) 24 h, <5% 24 h, <5%
48 h, N.D.’ 48 h, N.D.°
4-Phenylisothiazole (14)° 24 h, <5% 24 h, <5%
48 h, N.D.° 48h, N.D.’
4-(2-Chlorophenyl)isothiazole (15)¢ 24h, 23+ 1% 24 h, 23 £ 5%
48 h, 23 + 1% 48 h, 22 + 5%
96 h, N.D.° 96 h, 12+ 10%
4-(2-Tolyl)isothiazole (16)° 24 h, 11 £2% 24 h, 17 £ 2%
48 h, < 5%% 48h, 9+ 1%
96 h, N.D.° 96 h, N.D.°
4-(2-Nitrophenyl)isothiazole (17)° 24 h, 11 £3% 24h, 17£2%
48 h, < 5% 48h, 9+ 1%
96 h, N.D.° 96 h, N.D.°
4-(2-Aminophenyl)isothiazole (18) 24h, 6+ 1% 24h, 8+ 1%
48 h, N.D.° 48 h, N.D.°
4-(2-Hydroxyphenyl)isothiazole (19)° 24 h, 8 2% 24h, 13+ 1%
48 h, N.D.’ 48h, < 5%
96 h, N.D.° 96 h, N.D.°
4-(2-Methoxyphenyl)isothiazole (20) 24 h, 20 £ 1% 24 h, 28 £ 1%
48 h, < 5% 48 h, 31 = 3%
96 h, N.D.° 96 h, 20 + 8%
4-(1-Naphthyl)isothiazole (21) 24 h, 31 £ 8% 24 h, 32 £5%
48 h, < 5% 48 h, < 5%
96 h, N.D.° 96 h, N.D.°
4-(2-Naphthyl)isothiazole (22) Not soluble Not soluble

# Percentages were determined using a calibration curve and are averages of at least two independent experiments conducted in duplicate *standard

deviation.
°N.D. = not detected.

¢ Compound is metabolized by the fungus (20-40% remaining after 96 h of incubation).

4 Compound is metabolized by the fungus in 96 h.

¢ Compound is metabolized completely by the fungus after 48 h of incubation.

of the phenyl group of compounds 14-20 appeared to
affect substantially the inhibitory activity, as shown for
compounds 15-20 (strong inhibitors) and 14 (weaker
inhibitor). 4-Arylisothiazoles were shown previously to
exhibit a wide range of biological activities,’ however,
to the best of our knowledge, no reports on the anti-
fungal activity of compounds containing a 4-aryliso-
thiazole moiety have been published so far. This is the
first time that the antifungal activity of 4-arylisothiaz-
oles and isothiazolo[5,4-b]thianaphthene (11) has been
examined. Thus, these lead structures could guide the
search for new antifungal compounds useful for both
agrochemical and pharmaceutical industries.

Screening of compounds 10-22 for inhibition of brass-
ilexin detoxification in cultures of L. maculans indicat-
ed that isothiazolo[5,4-b]thianaphthene (11) and 4-
arylisothiazoles 15-20 slowed down the metabolism of
brassilexin (1). Further screening suggested that com-
pound 15 had the largest effect on the rate of brassilex-
in metabolism among the tested compounds (Fig. 2
and Figs. 3-7 in Supplementary data). That is, 15,
although slowly metabolized by the fungus, appeared
to inhibit the putative brassilexin reductase responsible
for the detoxification of brassilexin (1) to 3-aminome-
thyleneindole-2-thione (7, Scheme 1). Because the most
antifungal compound among the potential inhibitors
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Figure 2. Metabolism of brassilexin (1.0 x 107 M) in the presence of 4-(2-chlorophenyl)isothiazole (15) and 4-(2-nitrophenyl)isothiazole (17). All

points are averages of three independent experiments * standard deviation.

(isothiazolo[5,4-b]quinoline (10)), did not affect the
metabolism of brassilexin noticeably (Table 2), we sug-
gest that the inhibitory effect of 15 on brassilexin
detoxification is likely due to its direct interaction with
the detoxification enzyme(s). Hence, it is concluded
that the isothiazole ring may be useful as a lead struc-
ture to further improve the design of this type of inhib-
itors. Nonetheless, only co-incubation of the potential
inhibitors and brassilexin (1) with the putative brassi-
lexin reductase, which still remains to be detected and
isolated, could confirm this hypothesis. It is expected
that isolation of the putative brassilexin reductase in-
volved in this detoxification reaction will assist the bio-
rational design of crop protection agents selective
against L. maculans.

4. Experimental
4.1. General experimental procedures

All chemicals were purchased from Sigma-Aldrich Can-
ada Ltd., Oakville, ON. All solvents were HPLC grade
and used as such, except for CH,Cl, and CHCI; that
were redistilled. Organic extracts were dried over anhy-
drous Na,SO, and solvents removed under reduced
pressure in a rotary evaporator.

HPLC analysis was carried out with a high performance
liquid chromatograph equipped with quaternary pump,
automatic injector, and diode array detector (wave-
length range 190-600 nm), degasser, and a Hypersil
ODS column (5 um particle size silica, 4.6 id x 200 mm),
equipped with an in-line filter. Mobile phase: 75% H,O/
25% CH3CN-100% CH;CN, for 35 min, linear gradient,
and a flow rate 1.0 mL/min. UV spectra were recorded
on Varian-Cary spectrophotometer in MeOH. Fourier
transform IR spectra were obtained on a Bio-Rad
FTS-40 spectrometer in KBr. NMR spectra were
recorded on Bruker Avance 500 spectrometers; ¢ values
were referenced as follows: for 'H (500 MHz), CDCls,
7.27 ppm; for *C (125 MHz), CDCls, 77.23 ppm. Mass
spectra (MS) were obtained on a VG 70 SE mass spec-
trometer using a solids probe or on a Q Star XL, Ap-

plied Biosystems; fragments with relative intensity
lower than 10% are not reported.

4.2. Fungal cultures

Fungal cultures of L. maculans/ P. lingam virulent isolate
BJ 125 were obtained from the IBCN collection, Agricul-
ture and Agri-Food Canada Research Station, Saskatoon
SK. Cultures were handled as described previously.!”

4.3. Antifungal bioassays

Antifungal bioassays against L. maculans were carried
out as follows: a DMSO solution of the compound to
be tested (final concentration 5.0 x 1074, 2.0x 1074,
and 1.0 x 107* M, final DMSO concentration 1%) was
added to potato dextrose agar medium at ca. 50 °C,
mixed quickly and poured onto six-well plates
(2.5 mL). An agar plug (8§ mm diameter) cut from edges
of 7-day-old solid cultures was placed upside down on
the center of each plate and the plates were incubated
at 24 = 2 °C under constant light for 5 days. The diam-
eter of the mycelia (in millimeter) was then measured
and compared with control plates containing only
DMSO. Each assay was conducted in triplicate and
repeated at least three times.

4.4. Fungal metabolism

4.4.1. Time—course studies of metabolism. Solutions of
potential inhibitors 10-23 in acetonitrile (0.25 mL)
were added to liquid shake cultures (100 mL of mini-
mal media in 250 mL Erlenmeyer flasks, final concen-
trations 1.0x 1074, 2.0 x 107*, or 3.0x 10~* M, Table
2 and Fig. 2 and Figs. 3-7 in Supplementary data) of
L. maculans (BJ-125, 44-h-old, 10%/100 mL spores).
After 10 (Table 2) or 30 (Figs. 2-7) min of incubation
(shaker at 130 rpm, at 24 £ 2 °C), brassilexin (1) dis-
solved in acetonitrile (0.25 mL) was added and cultures
(final concentration 1.0 x 10~* M) were further incubat-
ed for various periods of time. Samples (2.5 mL) were
withdrawn and either frozen or immediately extracted
with EtOAc (2x5mL). The organic phases were
concentrated and analyzed by HPLC. Experiments
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were performed in duplicate (Table 2) or triplicate
(Figs. 2-7); control flasks containing mycelia in mini-
mal media or compounds in minimal media were incu-
bated under similar conditions.

4.5. Synthesis

4.5.1. Isothiazolo|5,4-b]thianaphthene (11). A solution of
t-BuLi in pentane (2 mL, 2.2 mmol) was added dropwise
to a solution of 3-bromothianaphthene (24, 426 mg,
2 mmol) in dry diethyl ether at —78 °C (Ar atmosphere).
The mixture was stirred for 30 min at —78 °C and DMF
(170 pL, 2.2 mmol) was then added, the cooling bath
was removed, and the reaction mixture was stirred for
further 30 min at room temperature. The reaction mix-
ture was cooled to —30 °C, another portion of #-BuLi
in pentane (2 mL, 2.2 mmol) was added dropwise, the
cooling bath was removed and the mixture was stirred
for 30 min at room temperature. The reaction mixture
was cooled to —78°C, and a solution of bromine
(140 pl, 2.6 mmol) in hexane (2 mL) was added in one
portion. The temperature was allowed to gradually raise
to 0 °C (2 h), the reaction mixture was diluted with 1 M
HCI (50 mL) and extracted with EtOAc. The combined
organic extract was dried, the solvent was evaporated,
and the residue was subjected to FCC (flash chromatog-
raphy) (15g silica gel, hexane), to afford 2-bro-
mothianaphthene-3-carboxaldehyde (25) as a colorless
solid (170 mg, 35%), mp: 59-60 °C (lit.'! 74-76 °C, ligr-
oin). HPLC: tg 25.6min; 'H NMR & (500 MHz,
CDCly): 10.24 (s, 1 H), 8.71 (d, /=8 Hz, 1 H), 7.75 (d,
J=8Hz, 1H), 748 (dd, J=38, 8 Hz, 1 H), 7.45 (dd,
J=8, 8Hz, 1 H); °C NMR 6 (125 MHz, CDCly):
186.1 (s), 138.9 (s), 135.7 (s), 133.7 (s), 131.5 (s), 126.7
(d), 126.4 (d), 124.1 (d), 121.4 (d); HREIMS mi/z: mea-
sured 241.9225, caled for CoHsBrOS: 241.9224; EI-MS
mlz (relative int): 242 (IM+2]", 100), 240 (M™, 1002,
213 (16), 211 (15), 132 (40), 89 (29). FTIR v, (cm™ ")
3039, 1672, 1458, 1422, 1388, 751.

NH4SCN (187 mg, 2.5 mmol) was added to a solution of
aldehyde 25 (148 mg, 0.61 mmol) in DMF (I mL) and
the mixture was stirred for 4 h at 70 °C (caution: in
hood, NaOH trap for HCN). After cooling to room
temperature, the reaction mixture was diluted with brine
(50 mL) and extracted with diethyl ether. The combined
organic extract was washed with brine (50 mL) and
dried, the solvent was evaporated, and the residue was
subjected to FCC (20 g silica gel, dichloromethane/hex-
ane, 1:1) to afford isothiazolo[5,4-b]thianaphthene (11)
as a slightly orange oil, which was crystallized using
dichloromethane/hexane solution. Yield: 72 mg (62%)),
mp: 79-80 °C (lit.° 82-84 °C, benzene/hexane). HPLC:
fr 21.2 min; '"H NMR § (500 MHz, CDCl;): 8.94 (s,
1 H), 8.05 (d, /J=8Hz, 1 H), 7.83 (d, J=8 Hz, 1 H),
7.50 (dd, /=8, 8 Hz, 1 H), 7.43 (dd, J =8, 8 Hz, 1 H);
13C NMR § (125 MHz, CDCly): 158.8 (s), 148.9 (d),
146.2 (s), 142.6 (s), 130.3 (s), 125.7 (d), 125.6 (d), 123.7
(d), 122.3 (d); HREIMS m/z: measured 190.9862, calcd
for CoHsNS,: 190.9863; EI-MS m/z (relative int): 191
(M*, 100), 159 (20), 120 (26). FTIR vpay (cm™") 3055,
1495, 1392, 1351, 1261, 762, 499. UV Ay nm (MeOH,
€): 226 (42,800).

4.5.2. 1,2-Benzoisothiazole (13). 2-z-Butylsulfanylbenzal-
dehyde oxime'? (419 mg, 2 mmol) was dissolved in ace-
tic acid (0.8 mL) and acetic acid anhydride (0.4 mL),
and the mixture was heated with stirring for 20 min at
100 °C. The reaction mixture was cooled to room tem-
perature, diluted with water (30 mL) and extracted with
dichloromethane. The combined organic extract was
washed with 0.5 M solution of NaOH (10 mL), and
dried, the solvent was evaporated and the residue was
separated by FCC (silica gel, 60 g, hexane/diethyl ether,
5:1) to afford 1,2-benzoisothiazole (13, 220 mg, 64%,
based on 2-nitrobenzaldehyde (26)) as a colorless solid,
mp: 28-29 °C, (lit.'* 32-33 °C). HPLC: tg 14.1 min; 'H
NMR ¢ (500 MHz, CDCls): 8.94 (s, 1 H), 8.09 (d,
J=8Hz, 1 H), 7.99 (d, /=8 Hz, 1 H), 7.56 (dd, J =8,
8Hz, 1H), 747 (dd, J=8, 8 Hz, 1 H); '*C NMR §
(125 MHz, CDCly): 1552 (d), 151.9 (s), 136.3 (s),
128.0 (d), 125.1 (d), 124.3 (d), 119.8 (d); HREIMS m/
z: measured 135.0148, calcd for C;HsNS: 135.0143;
EI-MS m/z (rel int): 135 (M*, 100). FTIR vy, (cm ™)
3060, 1594, 1481, 1250, 1211, 884, 750, 570, 489. UV
Jmax nm (MeOH, ¢): 204 (31,700), 223 (19,400), 254
(3500), 298 (4100).

4.5.3. 4-Arylisothiazoles 14-16, 21, 22. NH;SCN
(304 mg, 4 mmol) was added to a solution of chloroac-
roleins 33-35, 37, and 38 (1 mmol) in DMF (1.5 mL),
and the reaction mixtures were heated for 16h at
70 °C with stirring (caution: in hood, NaOH trap for
HCN). The reaction mixture was diluted with brine
(20 mL) and extracted with ethyl acetate. The combined
extract was dried, the solvent evaporated, and the resi-
due subjected to FCC (silica gel) as follows: 33, chloro-
form/hexane (1:4); 34, dichloromethane/hexane (1:1); 35,
dichloromethane/hexane (1:1); 37, acetone/hexane (1:8);
38, diethyl ether/hexane (1:5).

4.5.4. 4-(2-Nitrophenyl)isothiazole (17). SOCl, (1.3 mL,
18 mmol) was added to a suspension of 2-nitrophenyl
malondialdehyde (579 mg, 3 mmol) in dichlorometh-
ane (15mL), and the mixture was stirred for 1 h at
room temperature. The solvent was evaporated and
the residue was subjected to FCC (silica gel, 15¢g,
dichloromethane/hexane, 2:1). Evaporation of the sol-
vent afforded unstable chloroacrolein 36 as a colorless
oil (616 mg, 97%).'® NH4SCN (886 mg, 11.6 mmol)
was added to compound 36 dissolved in DMF
(5 mL) and the reaction mixture was stirred for 16 h
at 70 °C (caution: in hood, NaOH trap for HCN).
The reaction mixture was cooled to room temperature,
diluted with brine (70 mL), and extracted with EtOAc,
the combined organic extract was dried, and the sol-
vent evaporated. The residue was subjected to FCC
(silica gel, 50 g, hexane/acetone, 5:1) to afford 4-(2-
nitrophenyl)isothiazole (17) as a yellow solid
(222 mg, 37%).

4.5.5. 4-(2-Aminophenyl)isothiazole (18) and 4-(2-
hydroxyphenyl)isothiazole (19). Compound 18'® was ob-
tained 71% yield, compound 19'® in 44% yield, based
on 4-(2-nitrophenyl)isothiazole (17). No spectroscopic
data was available, thus compounds were fully
characterized.
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4.5.6. 4-(2-Methoxyphenyl)isothiazole (20)."° 4-(2-
Hydroxyphenyl)isothiazole (19, 44 mg, 0.25 mmol) was
dissolved in ecthereal diazomethane solution (5 mL)
and the mixture was stirred for 8 h at room temperature.
The excess diazomethane was quenched with acetic acid,
the solvent was evaporated, and the residue was subject-
ed to FCC (silica gel, 10 g, hexane/acetone, 5:1) to afford
4-(2-methoxyphenyl)isothiazole (20) as a colorless oil
(40 mg, 83%) HPLC: tg 18.6min; 'H NMR ¢
(500 MHz, CDCl5): 8.87 (s, 1 H), 8.86 (s, 1 H), 7.53 (d,
J=75Hz, 1H), 7.36 (dd, J=7.5, 7.5 Hz, 1 H), 7.04
(m, 2 H), 3.91 (s, 3H); *C NMR 6 (125 MHz, CDCl5):
158.1 (d), 156.6 (s), 144.9 (d), 136.0 (s), 129.8 (d),
129.5 (d), 122.0 (s), 121.2 (d), 111.7 (d), 55.8 (q); HRE-
IMS m/z: measured 191.0407, calcd for C,oHoNOS:
191.0405; EI-MS m/z (relative int): 191 (M, 100), 176
(30), 148 (12), 121 (20), 77 (12). FTIR vy (cm™h)
2934, 1589, 1463, 1337, 1245, 1120, 1025, 751. UV Jqax
nm (MeOH, ¢): 204 (45,800), 286 (10,400).

4.5.7. 2-Aryl-3-chloroacroleins 33-35, 37, and 38. DMF
(0.7mL) was added dropwise to POCIl; (0.7 mL,
7.5 mmol) and cooled to 0°C. Aryl acetic acids (27—
29, 31, and 32, 2.5 mmol) were then added and the
mixture was stirred at 85 °C for 90 min (acid 31), 2 h
(acids 27-29) or 2.5h (acid 32). The reaction mixtures
were cooled to room temperature and cracked ice was
added to adjust the volume to ca. 30 mL. The reaction
mixtures were extracted with dichloromethane, the
combined extracts were dried, and the solvents were evap-
orated to leave crude 2-phenyl-3-N, N-dimethylaminoac-
roleins as yellow oils. NaOH (25% aq soln, 5 mL) was
added to crude 2-phenyl-3-N, N-dimethylaminoacroleins
in EtOH (3.8 mL) and the reaction mixtures were refluxed
with stirring for 30 min (acids 28, 32), 45 min (acid 31) or
1 h (acids 27, 29). Ethanol was removed in vacuum, the
residue was diluted to ca. 30 mL by addition of cracked
ice and made acidic (pH < 3) using aqueous HCI (1:1).
The resulting mixtures were extracted with diethyl ether,
the combined extracts were dried, and the solvents were
evaporated to leave crude enolized 2-aryl malondialdehy-
des as yellow oils. SOCl, (3.5 mL, 48 mmol) was added to
crude 2-aryl malondialdehydes in CH,Cl, (5 mL) and
cooled to 0 °C and the reaction mixtures were stirred at
0 °C for 10 min (acid 29), 20 min (acids 28, 31) or 1 h
(acids 27, 32). The solvents were evaporated and the res-
idues were subjected to FCC (silica gel, 20 g, dichloro-
methane/hexane, 1:1, 33-35, 38; or silica gel 50 g,
dichloromethane/hexane, 2:1, 37). 2-Aryl-3-chloroac-
roleins'® (33, 310 mg, 75%; 34 267 mg, 53%; 35, 106 mg,
23%; 37, 187 mg, 35%:; 38, 475 mg, 88%) were immediate-
ly used in the next step. All yields are based on starting
aryl acetic acids.

4.5.8. Isothiazolo|5,4-b]quinoline (10). This compound
was prepared following a literature procedure.®’ The
overall process afforded a slightly yellow solid, iso-
thiazolo[5,4-b]quinoline (10, 80 mg, 15% yield based
on quinoline). Mp: 168-170 °C, acetone/hexane (lit.”
169-170 °C, ethyl acetate). HPLC: tg 13.6min; 'H
NMR ¢ (500 MHz, CDCl;): 9.13 (s, 1H), 8.90 (s,
1H), 8.21 (d, J=8 Hz, 1H), 8.07 (d, /=8 Hz, 1H),
791 (ddd, J=8, 8, 1Hz, 1H), 7.64 (ddd, J=38, 8,

1 Hz, 1H); *C NMR 4§ (125 MHz, CDCly): 170.5
(s), 154.6 (d), 148.9 (s), 133.1 (d), 132.3 (d), 129.5
(d), 129.0 (d), 127.3 (s), 126.4 (d), 125.2 (d); HREIMS
m/z: measured 186.0250, calculated for C;oHgN,S:
186.0252; EI-MS m/z (rel int): 186 (M™, 100), 153
(14), 142 (11). FTIR vy, (cm™ ') 3046, 1619, 1598,
1548, 1321, 1131, 927, 755. UV Anax nm (MeOH, ¢):
222 (16,100), 251 (59,200), 309 (4000), 323 (4900),
348 (2700).

4.5.9. Thieno|2,3-blindole (12).8 Yield 29%, based on N-
Boc-2-chloroindole-3-carboxaldehyde.2’ For 'H NMR
and '*C NMR.2! HREIMS m/z: measured 173.0297,
calcd for C;oH7NS: 173.0299; EI-MS m/z (rel int): 173
(M*, 100), 100 (18). FTIR vy, (cm~) 3393, 1437,
1379, 745, 706, 494. UV An.x nm (MeOH, ¢): 231
(47,100), 266 (8800).

4.5.10. 4-Phenylisothiazole (14). Yield 54%, slightly yel-
low solid, mp: 32-33°C, (lit.>> 35-36 °C; lit.>® 33—
37°C). HPLC: g 17.6min; 'H NMR § (500 MHz,
CDCly): 8.80 (s, 1H), 8.73 (s, 1H), 7.63 (dd, J=7.5,
7.5Hz, 2H), 7.47 (dd, J=17.5, 7.5 HHz, 2H), 7.38 (dd,
J=1.5, 7.5Hz, 1H); 3*C NMR ¢ (125 MHz, CDCls):
156.3 (d), 142.8 (d), 140.3 (s), 132.8 (s), 129.3 (d,
2xC), 128.2 (d), 127.1 (d, 2x C). HREIMS m/z: mea-
sured 161.0303, calecd for CoH,NS: 161.0299; EI-MS
mlz grel int): 161 (M™*, 100), 134 (25). FTIR vy«
(ecm™ ) 3033, 1603, 1487, 1350, 1236, 860, 754. UV Zmax
nm (MeOH, ¢): 203 (33,900), 243 (7300), 269 (8800).

4.5.11. 4-(2-Chlorophenyl)isothiazole (15)."° Yield 30%,
slightly yellow oil. HPLC: g 25.5min; '"H NMR ¢
(500 MHz, CDCl5): 8.81 (s, 1H), 8.72 (s, 1H), 7.52 (m,
1H), 7.45 (m, 1H), 7.35 (m, 2H); '*C NMR ¢
(125 MHz, CDCly): 158.0 (d), 146.5 (d), 136.9 (s),
132.9 (s), 132.0 (s), 131.2 (d), 130.6 (d), 129.5 (d),
127.3 (d); HREIMS (m/z: measured 194.9914, calcd for
CoH¢CINS: 194.9909); EI-MS mi/z (rel int): 197 (M+2]",
37), 195 (M™, 100), 168 (24), 133 (11), 89 (10). FTIR
Vmax (cm™1) 3064, 1691, 1531, 1470, 1228, 1074, 1038,
753. UV Apnax nm (MeOH, &): 203 (50,000), 261 (7700).

4.5.12. 4-(2-Tolyl)isothiazole (16)."° Yield 25%, slightly
yellow oil. HPLC: fg 21.9 min; '"H NMR 6 (500 MHz,
CDCl;): 8.58 (s, 1H), 8.56 (s, 1H), 7.32 (m, 3H), 7.29
(m, 1H), 2.35 (s, 3H); '3*C NMR 4 (125 MHz, CDCl5):
158.1 (d), 145.2 (d), 139.5 (s), 136.1 (s), 132.9 (s), 130.9
(d), 130.0 (d), 128.4 (d), 126.3 (d), 21.1 (q); HREIMS
m/z: measured 175.0459, calcd for C;oHoNS: 175.0456;
MS-EI m/z (rel int): 175 (M™, 29), 149 (100), 105 (40),
57 (27). FTIR v, (cm™') 3062, 1602, 1531, 1480,
1227, 1117, 914, 755. UV Apa.x nm (MeOH, &): 202
(29,500), 260 (5100).

4.5.13. 4-(2-Nitrophenyl)isothiazole (17). Mp: 4345 °C
(1it.'® 59.5-62.5°C, benzene/cyclohexane, containing
10% of 4-(4-nitrophenyl)isothiazole). HPLC: ¢tz 15.9 min;
"H NMR ¢ (500 MHz, CDCly): 8.65 (s, 1H), 8.53 (s,
1H), 7.95 (dd, J=8, 1Hz, 1H), 7.67 (ddd, J =38, 8,
1 Hz, 1H), 7.57 (ddd, J=8, 8, 1Hz, 1H), 7.48 (dd,
J=8, 1Hz 1H); 3C NMR ¢ (125MHz, CDCly):
156.9 (d), 149.2 (s), 146.2 (d), 134.7 (s), 132.9 (d),
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132.2 (d), 129.4 (d), 127.7 (s), 124.7 (d); HREIMS
(m/z: measured 206.0144, calcd for CoHgN,O, S:
206.0150); EI-MS mi/z (rel int): 206 (M*, 100), 159
(21), 133 (17), 119 (25), 89 (44), 63 (16). FTIR v,y
(cm™') 2916, 1609, 1525, 1348, 849, 783, 745. UV Jmax
nm (MeOH, ¢): 202 (16,500), 253 (8900).

4.5.14. 4-(2-Aminophenyl)isothiazole (18). Mp: 4648 °C.
HPLC: g 10.6 min; '"H NMR ¢ (500 MHz, CDCls):
8.74 (s, 1H), 8.69 (s, 1H), 7.21 (m, 2H), 6.85 (m, 2H),
3.85 (br s, 2H, D,0 exch.); '*C NMR § (125 MHz,
CDCl3): 158.1 (d), 145.0 (d), 144.2 (s), 137.2 (s), 130.5
(d), 129.6 (d), 119.2 (d), 118.9 (s), 116.3 (d); HREIMS
mlz: measured 176.0406, calcd for CoHgN,S: 176.0408;
EI-MS m/z (rel int): 176 (M*, 100), 159 (10), 143 (42),
117 (26). FTIR v, (cm™') 3346, 3084, 1618, 1489,
1299, 750, 654. UV An.x nm (MeOH, ¢): 209 (25,200),
244 (10,700), 302 (2300).

4.5.15. 4-(2-Hydroxyphenyl)isothiazole (19). Mp: 138-
140°C (1it.'® 136-138 °C, methanol). HPLC: 1tz
11.0 min; "H NMR 6 (500 MHz, CDCl5): 8.96 (s, 1H),
8.92 (s, 1H), 7.50 (dd, J=7.5, 1.5 Hz, 1H), 7.25 (ddd,
J=1.5,7.5,1.5Hz, 1H), 7.00 (m, 2H), 6.84 (br s, 1H,
D,0 exch.); °C NMR 6 (125 MHz, CDCl5): 157.9 (d),
153.4 (s), 145.1 (d), 135.8 (s), 129.9 (d), 129.6 (d),
121.2 (d), 119.9 (s), 116.7 (d); HREIMS mi/z: measured
177.0245, caled for CoH,;NOS: 177.0248; EI-MS m/z
(rel int): 177 (M*, 100), 118 (68). FTIR vy (cm™1)
3131, 1601, 1452, 1337, 1283, 751. UV A.x nm (MeOH,
¢): 204 (29,000), 293 (5600).

4.5.16. 4-(1-Naphthyl)isothiazole (21). Yield 34%, slightly
yellow solid, mp: 43-45 °C. HPLC: tg 25.2 min; '"H NMR
0 (500 MHz, CDCls): 8.75 (s, 1H), 8.72 (s, 1H), 7.94 (m,
3H), 7.52 (m, 4H); '3C NMR § (125 MHz, CDCl5):
158.7 (d), 146.2 (d), 138.5 (s), 134.0 (s), 131.9 (s), 131.1
(s), 128.9 (d), 128.7 (d), 127.7 (d), 126.9 (d), 126.4 (d),
125.6 (d), 125.3 (d); HREIMS m/z: measured 211.0459,
calcd for Cj3HgNS: 211.0456; EI-MS mi/z (rel int): 211
(M™, 100), 184 (13), 152 (33), 139 (13). FTIR v,y
(cm ") 3058, 1592, 1506, 1397, 1021, 909, 776, 661. UV
Jmax M (MeOH, ¢): 204 (48,400), 223 (56,200), 290 (9500).

4.5.17. 4-(2-Naphthyl)isothiazole (22). Yield 37%, slight-
ly yellow solid, mp: 72-73 °C. HPLC: tg 25.5 min; 'H
NMR 6 (500 MHz, CDCl;): 8.94 (s, 1H), 8.83 (s,
1H), 8.08 (s, 1H), 7.91 (m, 3H), 7.72 (dd, J=8.5,
1.5Hz, 1H), 7.54 (m, 2H); '*C NMR 6 (125 MHz,
CDCl;): 156.4 (d), 143.0 (d), 140.1 (s), 133.8 (s),
133.0 (s), 130.1 (s), 129.1 (d), 128.3 (d), 128.0 (d),
126.9 (d), 126.6 (d), 125.8 (d), 125.2 (d); HREIMS m/
z: measured 211.0450, calcd for Ci3HoNS: 211.0456;
EI-MS m/z (rel int): 211 (M*, 100), 184 (12), 152
(12), 139 (11). FTIR v, (cm™ ') 3065, 1599, 1506,
1236, 863, 823, 749. UV A,.. nm (MeOH, ¢): 204
(49,600), 241 (41,300), 267 (16,900).

4.5.18. 2-Phenyl-3-chloroacrolein (33). HPLC: 1z
17.6 min; "H NMR § (500 MHz, CDCI5): 9.68 (s, 1H),
7.45 (m, 3H), 7.36 (m, 3H); *C NMR 6 (125 MHz,
CDCl3): 189.8 (d), 144.6 (s), 142.7 (d), 130.0 (s), 129.5
(2x d), 129.1 (d), 128.5 (2x d).

4.5.19. 2-(2-Chlorophenyl)-3-chloroacrolein (34). HPLC:
R 229 min; '"H NMR § (500 MHz, CDCl5): 9.68 (s,
1H), 7.53 (s, 1H), 7.50 (d, J = 7 Hz, 1H), 7.37 (m, 2H),
7.18 (d, J =7 Hz, 1H); '3C NMR 6 (125 MHz, CDCl5):
188.6 (d), 144.3 (s), 144.1 (d), 133.7 (s), 131.4 (d), 130.8
(d), 130.3 (s), 130.2 (d), 127.3 (d).

4.5.20. 2-(2-Tolyl)-3-chloroacrolein (35). HPLC: 1x
19.3 min; '"H NMR ¢ (500 MHz, CDCl5): 9.70 (s, 1H),
7.48 (s, 1H), 7.29 (m, 3H), 7.05 (d, /=7 Hz, 1H), 2.17
(s, 3H); *C NMR 6 (125 MHz, CDCly): 189.8 (d),
146.5 (s), 143.9 (d), 136.8 (s), 130.7 (d), 130.6 (s), 129.6
(d), 129.5 (d), 126.3 (d), 19.9 (q).

4.5.21. 2-(2-Nitrophenyl)-3-chloroacrolein (36). HPLC:
tr 15.3min; '"H NMR ¢ (500 MHz, CDCl5): 9.66 (s,
1H), 8.25 (d, /=7 Hgz, 1H), 7.75 (dd, J =7, 7 Hz, 1H),
7.64 (dd, J=7, 7THz, 1H), 7.50 (s, 1H), 7.35 (d,
J=7Hz, 1H); C NMR ¢ (125 MHz, CDCl;): 188.2
(d), 148.4 (s), 144.5 (s), 141.9 (d), 134.2 (d), 132.4 (d),
130.6 (d), 126.5 (s), 125.5 (d).

4.5.22. 2-(1-Naphthyl)-3-chloroacrolein (37). HPLC: g
22.1 min; '"H NMR ¢ (500 MHz, CDCl;): 9.85 (s, 1H),
7.94 (m, 2H), 7.71 (s, 1H), 7.52 (m, 4H), 7.32 (d,
J=7Hz, 1H); 3C NMR ¢ (125 MHz, CDCl;): 189.9
(d), 145. 2 (s), 144.5 (d), 134.0 (s), 131.0 (s), 129.9 (d),
129.1 (d), 128.7 (s), 127.9 (d), 127.0 (d), 126.6 (d),
125.7 (d), 125.0 (d).

4.5.23. 2-(2-Naphthyl)-3-chloroacrolein (38). HPLC: x
23.8 min; '"H NMR 6 (500 MHz, CDCl5): 9.75 (s, 1H),
7.91 (m, 4H), 7.55 (m, 2H), 7.43 (m, 2H); '*C NMR ¢
(125 MHz, CDCls): 190.2 (d), 144. 9 (s), 143.3 (d),
133.7 (s), 133.4 (s), 129.7 (d), 128.8 (d), 128.4 (d),
128.2 (d), 127.7 (s), 127.3 (d), 126.9 (d), 126.8 (d).
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pp 676-691

Identification of an achiral analogue of J-113397 as potent nociceptin/orphanin FQ receptor antagonist

Claudio Trapella, Remo Guerrini,” Laura Piccagli, Girolamo Calo’, Giacomo Carra’,
Barbara Spagnolo, Samantha Rubini, Giulia Fanton, Christopher Hebbes,
John McDonald, David G. Lambert, Domenico Regoli and Severo Salvadori

s3t— o

pp 692-704

The compound coded as Trap-101 is an achiral analogue of the nociceptin/orphanin FQ receptor antagonist J-113397 that combines

a pharmacological profile similar to that of the parent compound with a practical, high-yielding preparation.

Improved synthesis of 2’-amino-2'-deoxyguanosine and its phosphoramidite
Qing Dai, Shirshendu K. Deb, James L. Hougland and Joseph A. Piccirilli*
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Design, synthesis, and antifungal activity of inhibitors of brassilexin detoxification in the pp 714-723
plant pathogenic fungus Leptosphaeria maculans

M. Soledade. C. Pedras® and Mojmir Suchy

J N SN > 7 “NH,
Potential detoxification inhibitors were designed and synthesized based on the = N\ s L. maculans s
planar heteroaromatic structure of isothiazolo[5,4-b]indole. 4-(2-Chlorophenyl)- S
. . . 0 o fast detoxification
isothiazole had the largest inhibitory effect on the rate of brassilexin brassilexin
detoxification.

O
S inhibitor
@*

Structural characterization of novel cobalt corrinoids synthesized pp 724-731
by enzymes of the vitamin B, anaerobic pathway

Patricio J. Santander,” Yasuhiro Kajiwara, Howard J. Williams and A. Ian Scott*

Metabolic conversion of 24-methyl-A25-cholesterol to 24-methylcholesterol in higher plants pp 732-738

Kyoko Takahashi,” Kozue Nasu, Tadahiko Mashino, Masuo Morisaki,
Noriyuki Hara and Yoshinori Fujimoto

Feeding of [27-*C]codisterol, [27-13C]24-epicodisterol, [23,24->H,]codisterol, and [26,27->H¢]24-methyldesmosterol to Oryza sativa
cell cultures revealed that both (24R)- and (24S5)-epimers of 24-methyl-A?’-cholesterol were converted to dihydrobrassicasterol/
campesterol via the common intermediate 24-methyldesmosterol.

The synthesis and biological evaluation of lactose-based sialylmimetics as inhibitors of rotaviral infection pp 739-757
Angela Liakatos, Milton J. Kiefel, Fiona Fleming, Barbara Coulson and Mark von Itzstein®

HO _OH oH
0
T on HO
R OH

10 R =alkyl, aryl

The synthesis and biological evaluation of a series of lactose-based sialylmimetics of the general @4-
structure 10 is presented.
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Benzodiazepine receptor ligands. 8: Synthesis and pharmacological evaluation of new pp 758-775
pyrazolo|5,1-¢| [1,2,4]benzotriazine 5-oxide 3- and 8-disubstituted: High affinity ligands

endowed with inverse-agonist pharmacological efficacy

Gabriella Guerrini,” Annarella Costanzo, Giovanna Ciciani, Fabrizio Bruni,

Silvia Selleri, Camilla Costagli, Frangois Besnard, Barbara Costa, Claudia Martini,

Gaetano De Siena and Petra Malmberg-Aiello

The synthesis, biological and pharmacological investiga- N=—

tion on new 3-arylesters and 3-heteroarylpyrazolo[5,1-c] R N/ y R, = Tiophene, Furane, -COOCH,Aryl/Het
[1,2,4]benzotriazine 5-oxide 8-substituted are reported. ¢ Rs _

The structure-activity relationships for these compounds i Ry =B, -1, -Me, -MeO, -Mes, -E10

are discussed. Compounds 4d and 6d emerge for their N
inverse-agonist profile from in vivo tests. |

Design and synthesis of novel 7-heterocycle-6-trifluoromethyl-3-oxoquinoxaline-2-carboxylic acids bearing pp 776-792
a substituted phenyl group as superior AMPA receptor antagonists with good physicochemical properties

Yasuo Takano,” Futoshi Shiga, Jun Asano, Wataru Hori, Kazunori Fukuchi,

Tsuyoshi Anraku and Takashi Uno

,QNH /‘@N N COH @ N COH
e eey
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We describe the design, synthesis, and physicochemical properties and biological properties of a novel series of 7-heterocycle-6-
trifluoromethyl-3-oxoquinoxaline-2-carboxylic acids which bear a substituted phenyl group through a urethane or urea linkage at
the 7 position.

99mTc-labeling of colchicine using [*mTc(CO)3(H,0);]* and [**mTc=N]?* core for the preparation of pp 793-799
potential tumor-targeting agents

Aruna Korde, Drishty Satpati, Anupam Mathur, Madhava Mallia, Sharmila Banerjee,*
Kanchan Kothari, H. D. Sarma, Pradeep Choudhari and Meera Venkatesh

Colchicine
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The binding of DNA intercalating and non-intercalating compounds to A-form and protonated form of pp 800-814
poly(rC)poly(rG): Spectroscopic and viscometric study

Rangana Sinha, Md. M. Islam, Kakali Bhadra, Gopinatha Suresh Kumar,*

Anamika Banerjee and Motilal Maiti

Interaction of DNA intercalators (ethidium, actinomycin D, and methylene blue), partial intercalator (berberine), and groove binder
(distamycin A) with A-form and protonated form of poly(rC)-poly(rG) structures clearly established that the complex of ethidium-
A-form and methylene blue-protonated form occurred by intercalation process, while partial intercalation was observed in
berberine-protonated form complexation. Actinomycin D does not bind to either of the polynucleotide structures. The
complexation of ethidium-protonated form, methylene blue-A-form, berberine-A-form, distamycin A-protonated, and A-form is
formed by non-intercalative mechanism.
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Synthesis and characterization of selective dopamine D, receptor antagonists pp 815-825

Suwanna Vangveravong, Elizabeth McElveen, Michelle Taylor, Jinbin Xu, Zhude Tu,
Robert R. Luedtke and Robert H. Mach®
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R N
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A N
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R = H, 4-OCH;, 5-OCH,
X = Cl, Br, SCH;

A series of indole analogs having a high affinity for dopamine D, versus D3 and D4 receptors is reported. ®+
These compounds were found to function as antagonists of the D, receptor.

Studies on the chemistry of thienoanellated O,/N- and S,/V-containing heterocycles. Part 30: Synthesis pp 826-836
and pharmacological properties of thieno|2,3-5][1,4]thiazines with potential vasopressin receptor

antagonistic activity H | Y
Maria E. Galanski, Thomas Erker,* Norbert Handler, Rosa Lemmens-Gruber, N X
Majidreza Kamyar and Christian R. Studenik o 5
N
(T
ST s
R = ethyl, benzyl
X=C=C, S
Y = methyl, halogen
Inhibition of O-GlcNAcase by PUGNACc is dependent upon the oxime stereochemistry pp 837-846
Melissa Perreira, Eun Ju Kim, Craig J. Thomas™ and John A. Hanover
3D-QSAR study of ring-substituted quinoline class of anti-tuberculosis agents pp 847-856

Amit Nayyar, Alpeshkumar Malde, Rahul Jain® and Evans Coutinho*
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Synthesis of functionalised 2-aryl-5-nitro-1H-indoles and their activity as bacterial NorA efflux pump pp 857-865
inhibitors
Siritron Samosorn, John B. Bremner,” Anthony Ball and Kim Lewis
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R' = COOH, CH,0H, CH,N3, CH,NH,

Synthesis and evaluation of azaindole-a-alkyloxyphenylpropionic acid analogues as PPARa/y agonists pp 866-874

Zhefeng Cai, Jun Feng, Yanshen Guo, Pingping Li, Zhufang Shen,
Fengming Chu and Zongru Guo®

A series of azaindole-a-alkyloxyphenylpropionic acid analogues was synthesized and evaluated for PPAR agonist activities.
Structure-activity relationship was developed for PPARa/y dual agonism. One of the synthesized compounds 7a was identified as a
potent, selective PPARo/y dual agonist.

Preparation and biological activity of 6-benzylaminopurine derivatives in plants and human cancer cells pp 875-884
Karel Dolezal,” Igor Popa, Vladimir Krystof, Lukas Spichal, Martina Fojtikova,
Jan Holub, René Lenobel, Thomas Schmiilling and Miroslav Strnad
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Studies on the chemistry of thienoanellated O,/V-
and S,/V-containing heterocycles. Part 30: Synthesis
and pharmacological properties of thieno|2,3-b][1,4]thiazines
with potential vasopressin receptor antagonistic activity

Maria E. Galanski,® Thomas Erker,** Norbert Handler,® Rosa Lemmens-Gruber,®
Majidreza Kamyar® and Christian R. Studenik®

2Department of Pharmaceutical Chemistry, University of Vienna, A-1090 Vienna, Althanstrasse 14, Austria
®Department of Pharmacology and Toxicology, University of Vienna, A-1090 Vienna, Althanstrasse 14, Austria
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Available online 4 October 2005

Abstract—A series of new nonpeptide vasopressin antagonists with a 6-ethyl-thieno[2,3-b][1,4]thiazine or 6-benzyl-thieno[2,3-
b][1,4]thiazine skeleton and structural modifications of the aryl side chain were synthesized in this study. The effects on guinea
pig heart and smooth muscle preparations were investigated. In the presence of AVP the compounds showed an antagonistic effect.
The compounds did not change spontaneous rate in right atria and exerted a slight but not significant negative inotropic effect in
papillary muscles. The relaxing effect on vascular smooth muscle and terminal ileum was far more pronounced. Generally the relax-
ing effect on terminal ilea was more potent maybe due to difference in V, receptor density. Our results demonstrate that compounds
with an ethyl group in position six on the thienothiazine ring (14, 16, 18 and 22) exerted the most potent relaxing activity in terminal
ilea, whereas compounds with a phenyl ring in position six reduced this effect.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The peptide hormone arginine vasopressin (AVP) is well
known for its multiple biological effects in mammals. It
exerts its vasoconstrictive activities through the vascular
V1. receptors and its antidiuretic action through renal
epithelial V, receptors. AVP antagonists are useful ther-
apeutic agents for the treatment of congestive heart fail-
ure, some types of hypertension or peripheral vascular
diseases as well as for diseases caused by excessive renal
reabsorption of water. First AVP receptor antagonists
were peptide analogues!> of AVP with poor oral bio-
availability followed by a number of various nonpeptide
compounds, which show V;, and/or V, antagonistic
activities and are orally effective.

Keywords: Thieno[2,3-b][1,4]thiazines; Vasopressin receptor antagonis-

tic activity; Vascular smooth muscles; Terminal ilea; Papillary muscles;

Right atria; Guinea pigs.

* Corresponding author. Tel.: +43 1 4277 55003; fax: +43 1 4277
9551; e-mail: thomas.erker@univie.ac.at

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

doi:10.1016/j.bmc.2005.09.001

The selective V;, antagonist 13 (OPC-21268), a tetrahy-
droquinoline derivative and the benzazepine derivative
2% (OPC-31260), a selective V, antagonist, are the lead-
ing compounds among the first nonpeptide AVP antag-
onists (Fig. 1). In the past few years several other
selective, orally active AVP antagonists with diverse ba-
sic ring skeletons, including benzodiazepines,>® ben-
zothiazepines’” and thienoazepines® have been
investigated. Results of clinical trials with a number of
AVP receptor antagonists, among them compound 2,°
conivaptan'® (a V,, and V, antagonist), tolvaptan'! (a
selective V, antagonist) and relcovaptan'? (a selective
V.. antagonist), are promising.

The therapeutic potential of selective V, or Vo, AVP
antagonists, the presumed benefits of dual V,/V, antag-
onists in therapy of congestive heart failure'* and the
observations that AVP could be involved in coronary
vasoconstriction'*!5 cause continuing interest in a novel
series of compounds.

These aspects prompted us to design new compounds
with a modified ring structure. In continuation to
our previous work!® by following the concept of
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Figure 1. Structures of the vasopressin receptor antagonists 1 (OPC-21268) and 2 (OPC-31260).

bioisosterism, where a chemical group in a biologically
active compound can be replaced with another showing
similar pharmacological properties, we chose replace-
ment of the phenyl ring by a thiophene ring. Thiophene
ring and phenyl ring show about the same size and lipo-
philicity. Thus, thiophene analogues of biologically ac-
tive benzene derivatives may exhibit similar activities.'”
Except for some quinoline derivatives>!® almost all pub-
lished bicyclic AVP antagonists have a benzene ring
fused with a seven-membered ring as skeleton. There-
fore, we considered to construct a new skeleton contain-
ing thiophene and a six-membered ring. Additionally,
we chose a thioether isosteric linker'® instead of a
methylene moiety. Thus we synthesized a number of
compounds with the new ring structure 2,3-dihydro-
thieno[2,3-b][1,4]thiazine substituted with various
4-(benzoylamino)benzoyl and 4-(thiophenecarbonyla-
mino)benzoyl moieties. The general formula 3 is shown
in Figure 2. Generally it is known that an alkyl group
next to the sulfur atom in thiophene ring containing
drugs can increase their biological activity.?’ Thus, the
preparation of both ethyl and benzyl substituted ring
systems was chosen to investigate whether the target
compounds show antagonistic activity on AVP recep-
tors. To increase the lipophilicity of the terminal aro-
matic ring, which can enhance the AVP receptor
affinity,”! we considered to introduce methyl and fluoro
substituted benzoyl moieties, and additionally methyl
and chloro thiophenecarbonyl moieties. In this study,
the syntheses and the results of the chronotropic as well
as the inotropic action on guinea pig smooth and heart

)

ST s
3
R = ethyl, benzyl
X=C=C, S
Y = methyl, halogen

Figure 2. General structure of the thienothiazine-based compounds
described here.

muscle preparations of these new compounds are pre-
sented. We only investigated the possible effect of the
compounds on V, receptors in the presence or absence
of AVP. These receptors are available in the prepara-
tions used.

2. Chemistry

The synthetic pathway for the preparation of the target
compounds 10-23 is shown in Scheme 1. The starting
materials 4?2 and 5% were treated with 4-nitrobenzoyl
chloride in methylene chloride to obtain compounds 6
and 7 in good yields. Reduction of the nitro groups in
6 and 7 was accomplished with iron powder in glacial
acetic acid with small amounts of water and methanol
to give the amines 8 and 9. Finally, derivatization
of 8 and 9 with 2-methylbenzoyl chloride, 2,3-
dimethylbenzoyl chloride, 2,5-dimethylbenzoyl chloride,
phenylacetyl chloride, 4-fluorobenzoyl chloride, 3-
methythiophene-2-carbonyl chloride and 5-chlorothi-
ophene-2-carbonyl chloride at room temperature
afforded the desired compounds 10-23 in good yields.

3. Pharmacological results and discussion

The electromechanical effect of the compounds was
studied in papillary muscles in the presence and absence
of AVP, terminal ilea, aortic and arteria pulmonalis
rings.

3.1. Effects on papillary muscles in the presence of AVP

AVP (3 umol/l, n = 3) showed a time-dependent effect on
papillary muscles. It had a negative inotropic effect dur-
ing 1.5 min that was reversed after 2 min into a positive
inotropic effect becoming less positive after 5 min. The
compounds 15 (1 pmol/l, n=3; 10 umol/l, n=13), 16
(1 pmol/l, n=3; 10 umol/l, n=3), 18 (1 umol/l, n=3;
10 pmol/l, n = 3), 19 (1 pmol/l, n = 3; 10 pmol/l, n = 3),
21 (1 pmol/l, n=3; 10 umol/l, n = 3) and 22 (1 umol/l,
n = 3; 10 umol/l, n = 3) antagonized the time-dependent
AVP effect. Compounds 14 (1 pmol/l, n = 3; 10 umol/l,
n=13) and 23 (1 pmol/l, n=3; 10 umol/l, n=3) also
exerted an antagonistic effect that was less pronounced.
These data are shown in Figure 3.
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Scheme 1. Reagents and conditions: (a) 4-nitro benzoic acid chloride, TEA, CH,Cl,, Ar, rt; (b) Fe®, glacial acetic acid, MeOH, H,0, 50 °C,

respectively, 70 °C; (c) ZCOCI, TEA, THF, rt.

3.2. Effects on papillary muscles and right atria

The inotropic effect of the compounds was studied in
isolated papillary muscles at a constant stimulation rate
of 1 Hz in a concentration range between 0.03 and
100 pmol/l (n = 3-6). All compounds slightly but not sig-
nificantly decreased force of contraction (f;). No effects
were observed in right atria testing the chronotropic
activity. Spontaneous rate was not changed by all com-
pounds in a concentration range between 0.03 and
100 umol/l (n = 3-5) compared to control values.

3.3. Effects on aortic rings

Aortic rings were stimulated with 90 mmol/l KCI. The
relaxing effect of the compounds on contraction was
studied in concentrations between 0.03 and 100 pmol/l.
Compound 14 reduced f. from 14.68+0.85 to
098 £0.6mN (n=4, P<0.001), 15 from 8.14 £ 1.49

to 7.17£14mN (n=5), 16 from 10.01 £1.97 to
422+ 13mN (n=35, P<0.001), 18 from 8.91 £1.92
to 596 £ 1.17mN (n =5, P <0.01), 19 from 9.0 + 1.68
to 428%x1.02mN (=5 P<001), 21 from
9.92+3.02to 5.1+1.33mN (n=4, P<0.01), 22 from
1251 +£3.02 to 796+ 1.83mN (n=3, P<0.05 and
23 from 20.19%14.06 to 142x0.76mN (=4,
P <0.001). The ICsy values were 84 umol/l (14),
22.9 umol/l (16), 86.75 pumol/l (19) and 92 pmol/l (23).
The decrease in percent is shown in Figure 4.

3.4. Effects on arteria pulmonalis rings

Similar experiments as on aortic rings were carried out
using arteria pulmonalis rings. The preparations were
stimulated with 90 mmol/l KCl. Again all compounds
concentration-dependently relaxed the KCl-induced
contraction in concentrations between 0.3 and
100 pmol/l. Compound 14 reduced f. from 18.35 + 1.46
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Figure 3. Panel A shows the effect of AVP (3 pmol/l) (e), the effect of 1 umol/l 16 (V) in the presence of 3 umol/l AVP on top and the effect of
10 umol/1 16 (V) in the presence of 3 pmol/l AVP on the bottom. Panel B shows the effect of AVP (3 pmol/l) (e), the effect of 1 pmol/l 18 (V) in the
presence of 3 umol/l AVP on top and the effect of 10 pmol/l 18 (V) in the presence of 3 pmol/l AVP on the bottom. Panel C shows the effect of AVP
(3 pmol/l) (), the effect of 1 pmol/l 19 (V) in the presence of 3 umol/l AVP on top and the effect of 10 pmol/l 19 (V) in the presence of 3 umol/l AVP
on the bottom. Panel D shows the effect of AVP (3 umol/l) (), the effect of 1 pmol/l 21 (V) in the presence of 3 umol/l AVP on top and the effect of
10 pmol/l 21 (V) in the presence of 3 pmol/l AVP on the bottom. Panel E shows the effect of AVP (3 pmol/l) (e), the effect of 1 umol/l 22 (V) in the
presence of 3 umol/l AVP on top and the effect of 10 umol/l 22 (V) in the presence of 3 pmol/l AVP on the bottom. Panel F shows the effect of AVP
(3 pmol/l) (), the effect of 1 pmol/l 23 (V) in the presence of 3 umol/l AVP on top and the effect of 10 pmol/l 23 (V) in the presence of 3 umol/l AVP
on the bottom. Panel G shows the effect of AVP (3 umol/l) (), the effect of 1 pmol/l 14 (V) in the presence of 3 umol/l AVP on top and the effect of
10 pmol/l 14 (V) in the presence of 3 pmol/l AVP on the bottom. Panel H shows the effect of AVP (3 umol/l) (), the effect of 1 pmol/l 15 (V) in the
presence of 3 pmol/l AVP on top and the effect of 10 pmol/l 15 (V) in the presence of 3 umol/l AVP on the bottom. The percentage of contraction
force is plotted on the ordinate against the time in minutes on the abscissa. Symbols represent the arithmetic mean £ SEM of three experiments.
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Figure 4. Panel A shows the effect of 16 (), 18 (V), 19 (H) and 21 () and panel B the effect of 22 (O), 23 (V), 14 (OJ) and15 (Q) on aortic rings
contracted by 90 mmol/l KCIl. The decrease in percent of contraction force is semilogarithmically plotted on the ordinate against the concentration of
the compounds on the abscissa. Symbols represent the arithmetic mean + SEM from three to five experiments.

to 091x0.15mN ®=4, P<0.001), 15 from P <0.05), 21 from 18.69+1.92 to 11.66+0.93 mN
18.1£273 to 12.55x208mN (rn=4), 16 from (m=4, P<005, 22 from 1749%6.17 to
10.04 £0.71 to 1.93£ 041 mN (n=5, P<0.001), 18 937+434mN (m=3, P<0.05 and 23 from
from 13.43 +2.34 to 1.22+0.27mN (n=15, P<0.01), 183+29 to 7.65+1.07mN (n=4, P<0.001). The
19 from 21.2%+253 to 13.81 £2.03mN (n=4, ICso values were 30 pmol/l (14), 14.4 umol/l (16),
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12.7 pmol/1 (18), 100 umol/l (22) and 100 pmol/l (23).
The decrease in percent is shown in Figure 5.

3.5. Effects on terminal ilea

The relaxing effect of the compounds was also studied in
terminal ilea. The preparations were stimulated with
60 mmol/l KCI. Again all compounds concentration-de-
pendently relaxed the KCl-induced contraction. The
relaxing effect of the compounds on contraction was
studied in concentrations between 0.03 and 100 pmol/l.
Compound 14 reduced f. from 11.01 £ 1.79 to 0.07 £
0.07mN (=6, P<0.001), 15 from 22.48 +2.77 to
20.34£3.05mN (r=15), 16 from 13.24+235 to
23312049 mN (n=35, P<0.01), 18 from 12.34 £ 2.69
to4.0+x1.33mN (n=5, P <0.01), 19 from 10.18 £ 0.57
to O0mN (=7, P<0.001), 21 from 26.26 £2.54 to
20.08 = 2.04 mN (n =4), 22 from 12.86 + 1.76 to 0 mN
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(n=8, P<0.001) and 23 from 22.03*2.26 to
0.85+0.39mN (=15, P<0.001). The ICs, values were
7.7 umol/l (14), 1.5 umol/l (16), 4.8 umol/l (18),
15.15 umol/l (19), 1.82 umol/l (22) and 23.3 umol/l (23).
The decrease in percent is shown in Figure 6.

3.6. Receptor binding assay

Compound 21 was chosen as an example to study the
receptor binding activity and the possible antagonistic
effect. In each experiment, the respective reference com-
pound was tested concurrently with 21 in order to
assess the assay suitability. It was tested at several
concentrations for ICs, value determination. The assay
was rendered valid if the suitability criteria were met.
The ICs, value for reference compound [d(CH,)s',
Tyr(Me),]-AVP was 1.8 £ 0.15 nM, the inhibitory con-
stant (K;) was 1.1 £ 0.11 nM and the Hill coefficient was
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Figure 5. Panel A shows the effect of 16 (@), 18 (V), 19 (H) and 21 (#) and panel B the effect of 22 (O), 23 (V), 14 (O) and 15 (O) on arteria
pulmonalis rings contracted by 90 mmol/l KCI. The decrease in percent of contraction force is semilogarithmically plotted on the ordinate against the
concentration of the compounds on the abscissa. Symbols represent the arithmetic mean + SEM from three to five experiments.
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Figure 6. Panel A shows the effect of 16 (@), 18 (V¥), 19 (M) and 21 (#) and panel B the effect of 22 (O), 23 (V), 14 (O) and 15 (O) on terminal ilea
contracted by 60 mmol/l KCI. The decrease in percent of contraction force is semilogarithmically plotted on the ordinate against the concentration of
the compounds on the abscissa. Symbols represent the arithmetic mean + SEM from five to eight experiments.
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1.1 £ 0.06 (n = 3). The ICsq value for reference compound
AVPwas0.82 £ 0.17 nM, the inhibitory constant (K;) was
0.59 + 0.08 nM and the Hill coefficient was 1.0 + 0.07
(n=3). Compound 21 (10 pmol/l, n=3) showed a
moderate effect on Vi, (k) (K; > 10 umol/l, 72.6%) and
on V, (h) (K; > 20 umol/l, 79.7%).

Our results demonstrate that the relaxing effect on
smooth muscle preparations is far more pronounced
than the negative inotropic effect on heart muscle prep-
arations. AVP in low concentrations exerts a negative
inotropic effect in guinea pig hearts,* whereas higher
concentrations (>0.1 pmol/l) increase contractility.?’
This is consistent with the findings of Fujisawa and Ijj-
ima.?® They initially found a negative inotropic effect
followed by a positive inotropic effect using AVP in con-
centrations between 0.3 and 3 pumol/l. In our experi-
ments, a concentration of 3 pmol/l AVP caused a
negative inotropic effect followed by a positive effect.
When the compounds in a concentration of 1 and
10 pmol/l were added in the presence of 3 umol/l AVP
this effect was reversed. Compounds 14 and 23 only
showed a weak antagonism. There also seems to be a
species specificity.?” OPC-21268, a nonpeptide Vi,
receptor antagonist, could reverse the cardiac effects of
AVP, whereas OPC-31260, a V, receptor antagonist
did not have any effect.?® In other studies, OPC-31260
was found to bind to V, receptors. Therefore, this com-
pound is considered to be a V,/V, ligand.?®

Vasopressin also stimulates V, receptors in smooth mus-
cles causing a vasoconstriction.?” The effect of the new
compounds on aortic, arteria pulmonalis rings and termi-
nal ilea was more pronounced than on heart muscle prep-
arations. Among the smooth muscle preparations the
effect of the compounds on terminal ilea was more potent.
This might be due to a difference in receptor density in vas-
cular smooth muscles and terminal ilea. Compounds 14,
16, 18 and 22 had the most potent effect on terminal ilea,
19 and 23 were less effective and 15 and 21 cause a weak
relaxing effect. The AVP antagonism of the compounds
was either slightly increased by concentrations of
10 pmol/l or concentrations of 3 and 10 umol/l showed
similar effects. Compound 14 for example had a strong
relaxing effect but the AVP antagonism was weak,
whereas 15 and 21 showed a weak relaxing effect but their
AVP antagonism was more pronounced. Previously we
studied another series of potential vasopressin antago-
nists and compared them with the selective V,, antago-
nist [phenylacetyl',0-Me-p-Tyr? Arg®® Lys’]-vasopressin
amide.?® This compound antagonized the AVP effects
similar to compounds 15, 16, 18, 19 and 21 and (for values
see Galanski et al. 20053? and Fig. 3).

The antagonistic vasopressin effect of 21 was studied in
in vitro receptor binding assays using human V, and V,
receptors. A moderate inhibitory effect on V;, and V,
was found and there was only a slight difference in the
inhibition of V;, and V, receptors. Therefore, some of
the compounds can be considered to be moderate V,/
V, ligands. Similar results were found for OPC-
21268.3! Thus the vasopressin antagonistic effect of the
compounds cannot be solely responsible for the vasodi-

lation. From earlier studies we know that the thienothi-
azine moiety causes a more or less pronounced calcium
antagonistic effect depending on the different substitu-
tion pattern.>> We conclude that the vasodilatory effect
of the compounds is not only due to V;, antagonism
but also due to a calcium antagonistic effect. Concerning
structure activity relationships we demonstrated that an
ethyl group in position six on the thienothiazine moiety
exert potent relaxing effects (14, 16, 18 and 22). A substi-
tution of the ethyl group by a benzyl unit reduces this
effect (15, 19, 21 and 23).

4. Conclusion

The aim of our investigation was to synthesize new non-
peptide AVP receptor antagonists and to study their
vasoactive and cardiac effects in comparison to those
of AVP. Yet, this study has a limitation as there are spe-
cies differences that influence vasopressin responses. We
did our experiments in guinea pig preparations that
seem to be more sensitive to our compounds than hu-
man vasopressin receptors. Nevertheless, we discovered
some nonpeptide compounds with a moderate AVP
antagonism similar to the V,, antagonist OPC21268.3!

5. Experimental section
5.1. Chemistry

5.1.1. General experimental methods. All chemicals ob-
tained from commercial suppliers were used as received
and were of analytical grade. Melting points were deter-
mined with a Kofler hot-stage apparatus and are uncor-
rected. The 'H and '*C NMR spectra were recorded on
a Varian UnityPlus-300 (300 MHz). Chemical shifts are
reported in J values (parts per million) relative to Me4Si
line as internal standard and J values are reported in
Hertz. Mass spectra were obtained by a Shimadzu
GC/MS QP 1000 EX or Hewlett Packard (GC: 5890;
MS: 5970) spectrometer. Column chromatography was
performed using silica gel 60, 70-230 mesh ASTM
(Merck). Solutions in organic solvents were dried over
anhydrous sodium sulfate.

5.1.2. General procedure for the preparation of 6 and 7. A
solution of 4, respectively, 5 in anhydrous methylene
chloride (50 ml) was treated with triethylamine (2.02 g,
20 mmol) followed by 4-nitro benzoic acid chloride
(3.71 g, 20 mmol) under argon atmosphere. After stir-
ring at room temperature the reaction mixture was
washed with water, 5% sodium hydrogen carbonate
solution and brine. The dried and evaporated organic
layer was purified.

5.1.2.1. (6-Ethyl-2,3-dihydro-1H-thieno|2,3-5][1,4]thi-
azin-1-yl)(4-nitrophenyl) methanone (6). Reagent: com-
pound 4 (3.70g, 20 mmol). Reaction time: 3h.
Purification: crystallization with ethanol. Yield: 4.36 g
(62%) of a solid, mp 155-158 °C. "H NMR (CDCls):
0 =0.86-1.20 (m, 3H, CHj;), 2.32-2.77 (m, 2H, CH,),
3.13-3.45 (m, 2H, SCH,), 3.98-4.37 (m, 2H, NCH,),
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5.68 (br s, 1H, thiophene H), 7.65 (B-part of an AB-sys-
tem, J=8.4 Hz, 2H), 8.22 (A-part of an AB-system,
J=8.4Hz 2H). C NMR (CDClLy): § =154, 23.3,
28.6, 120.6, 123.4, 129.3, 141.5, 142.4, 148.6, 166.2 (3C
could not be detected). MS: m/z 184 (11%), 334
(100%). Anal. Calcd for C;sH4N>O3S,: C, 53.88; H,
4.22; N, 8.38. Found: C, 53.69; H, 4.27; N, 8.10.

5.1.2.2. (6-Benzyl-2,3-dihydro-1 H-thieno|2,3-b][1,4]thi-
azin-1-yl)(4-nitrophenyl) methanone (7). Reagent: com-
pound 5 (4.94g, 20 mmol). Reaction time: 4h.
Purification: flash chromatography with methylene chlo-
ride. Yield: 7.66 g (97%) of a solid, mp 168-171 °C. 'H
NMR (CDCls): 6 = 3.14-3.36 (m, 2H, SCH;), 3.62-3.89
(m, 2H, phenyl CH,), 4.04-4.32 (m, 2H, NCH;), 5.47
(br s, 1H, thiophene H), 6.69-7.05 (m, 2H, aromat. H),
7.07-7.28 (m, 3H, aromat. H), 7.51 (B-part of an AB-sys-
tem, J=28.1 Hz, 2H), 8.11 (A-part of an AB-system,
J=8.1Hz, 2H). C NMR (CDCl): §=28.7, 35.9,
122.4, 123.4, 126.7, 128.2, 128.4, 129.1, 138.8, 139.1,
141.4, 148.5, 166.3 (3C could not be detected). MS: mi/z
246 (31%), 396 (100%). Anal. Calcd for CroH;4N,Os.
S,:0.2CH,Cl,: C, 58.68; H, 4.00; N, 6.78. Found: C,
58.72; H, 3.92; N, 6.84.

5.1.3. General procedure for the preparation of 8 and 9. Re-
agent 6, respectively, 7 was dissolved in a warmed mixture
of glacial acetic acid (100 ml), methanol (7 ml) and water
(7 ml). Then, iron powder (3.92 g, 70 mmol) was added in
portions. The reaction mixture was heated and poured
onto ice water. The crude product was diluted in ethyl ace-
tate and washed with sodium hydrogen carbonate solu-
tion. The organic layer was dried and evaporated.

5.1.3.1. (4-Aminophenyl)(6-ethyl-2,3-dihydro-1H-thie-
no[2,3-b][1,4]thiazin-1-yl) methanone (8). Reagent: com-
pound 6 (3.34g, 10mmol). Reaction temperature:
50 °C. Reaction time: 1 h. Yield: 2.84 g (93%) of an
oil. "H NMR (CDCly): =1.12 (t, J=7.5Hz 3H,
CHj3), 2.58 (q, J=7.5Hz, 2H, CH,), 3.15-3.30 (m,
2H, SCH,), 3.99 (s, 2H, NH,), 4.09-4.23 (m, 2H,
NCH,), 6.22 (s, 1H, thiophene H), 6.56 (B-part of an
AB-system, J = 8.5 Hz, 2H), 7.32 (A-part of an AB-sys-
tem, J = 8.5 Hz, 2H). 3C NMR (CDCl;): 6 = 15.5, 23 4,
28.6,43.7, 113.7, 114.3, 121.3, 124.5, 130.7, 133.6, 141.2,
149.1, 169.0. MS: m/z 120 (69%), 185 (9%), 304 (100%).
Anal. Calcd for CysH;gN,OS,: C, 59.18; H, 5.30; N,
9.20. Found: C, 59.30; H, 5.54; N, 9.00.

5.1.3.2. (4-Aminophenyl)(6-benzyl-2,3-dihydro-1H-thi-
eno[2,3-b][1,4]thiazin-1-yl) methanone (9). Reagent: com-
pound 7 (3.96 g, 10 mmol). Reaction temperature:
70 °C. Reaction time: 4 h. Yield: 3.50 g (96%) of a solid,
mp 130-132°C. 'H NMR (CDCl3): é = 3.10-3.24 (m,
2H, SCH,), 3.85 (s, 2H, phenyl CH,), 3.96 (br s, 2H,
NH»), 4.07-4.19 (m, 2H, NCH,), 6.19 (br s, 1H, thio-
phene H), 7.01-7.12 (m, 2H, aromat. H), 7.14-7.36 (m,
3H, aromat. H), 6.55 (B-part of an AB-system,
J=84Hz, 2H), 7.29 (A-part of an AB-system,
J=8.4Hz 2H). C NMR (CDCl): §=28.7, 36.1,
43.3, 113.8, 1159, 123.1, 124.5, 126.5, 128.3, 1284,
130.7, 133.7, 137.9, 139.4, 149.0, 168.9. MS: m/z 69
(100%), 91 (46%), 170 (24%), 185 (24%), 366 (0.3%).

Anal. Calcd for C,0H[gN>OS,: C, 65.55; H, 4.95; N,
7.64. Found: C, 65.66; H, 4.77; N, 7.39.

5.1.4. General procedure for the preparation of com-
pounds 10-23. To a solution of 8 (0.609 g, 2 mmol),
respectively, 9 (0.732 g, 2 mmol) in dry tetrahydrofuran
(10 ml) triethylamine (0.28 ml, 2 mmol) and 2 mmol of
the corresponding acid chloride, dissolved in dry tetra-
hydrofuran (1 ml), were added dropwise. After stirring
the reaction mixture at room temperature, the solvent
was removed under vacuo. The residue was diluted with
ethyl acetate and washed with 5% aqueous hydrogen
carbonate solution and water. The organic layer was
dried and evaporated. The residue was purified by col-
umn chromatography. The following compounds were
prepared according to this method:

5.1.4.1. NI1-{4-[(6-Ethyl-2,3-dihydro-1H-thieno[2,3-b]-
[1,4]thiazin-1-yl)carbonyl]phenyl}-2-methylbenzamide (10).
Reagents: compound 8, 2-methylbenzoyl -chloride
(0.309 g, 2 mmol). Reaction time: 2.5 h. Eluent: toluene/
ethyl acetate, 7:3. Yield: 0.665 g (79%) of a white solid,
mp 102-105°C. '"H NMR (CDCly): 6=1.12 (t,
J=17.5Hz, 3H, CHj;), 2.47 (s, 3H, CHj; phenyl), 2.59 (q,
J=17.5Hz, 2H, CH,), 3.10-3.28 (m, 2H, SCH,), 4.02-
4.20 (m, 2H, NCH,), 6.22 (br s, 1H, thiophene H), 7.15-
7.30 (m, 2H, aromat. H), 7.31-7.50 (m, 2H, aromat. H),
7.44 (B-part of an AB-system, J = 8.4 Hz, 2H), 7.62 (A-
part of an AB-system, J = 8.4 Hz, 2H), 8.02 (br s, 1H,
CO-NH). '*C NMR (CDCly): 6 = 15.5, 19.8, 23.4, 28.6,
115.5, 119.1, 121.1, 125.8, 126.6, 129.6, 130.5, 130.9,
131.3, 132.9, 135.9, 136.5, 140.3, 141.7, 168.2, 168.3 (1C
could not be detected). MS: m/z 119 (100%), 185 (17%),
238 (30%), 422 (6%). Anal. Calcd for C,3H»,N>0,S,: C,
65.38; H, 5.25; N, 6.63. Found: C, 65.17; H, 5.01; N, 6.45.

5.1.4.2. N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno|2,3-b]-
[1,4]thiazin-1-yl)carbonyl]phenyl}-2-methylbenzamide (11).
Reagents: compound 9, 2-methylbenzoyl chloride (0.309 g,
2 mmol). Reaction time: 1 h. Eluent: toluene/ethyl acetate,
7:3. Yield: 0.585 g (60%) of a yellow oil. "H NMR (CDCls):
0 =2.46 (s, 3H, phenyl CHj3), 3.11-3.23 (m, 2H, SCH,),
3.84 (s, 2H, phenyl CH,), 4.02-4.15 (m, 2H, NCH,), 6.11
(br s, 1H, thiophene H), 6.99-7.47 (m, 9H, aromat. H),
7.38 (B-part of an AB-system, J = 8.4 Hz, 2H), 7.61 (A-
part of an AB-system, J = 8.4 Hz, 2H), 8.25 (s, 1H, CO-
NH). '*C NMR (CDCl;): 6 =19.7, 28.5, 36.0, 117.0,
118.9, 122.8, 125.8, 126.5, 126.6, 128.3, 128.4, 129.5,
130.4, 130.6, 131.2, 1329, 1359, 136.4, 138.3, 139.2,
140.4, 168.2 (2C could not be detected). MS: m/z 119
(100%), 238 (33%), 247 (14%), 484 (9%). Anal. Calcd for
C28H24N202S2: C, 6939, H, 499, N, 5.78. Found: C,
67.51; H, 4.86; N, 5.34. HRMS: Calcd: 484.1279. Found:
484.1267.

5.1.4.3. N1-{4-|(6-Ethyl-2,3-dihydro-1H-thieno|2,3-b]-
[1,4]thiazin-1-yl)carbonyl]phenyl}-2,3-dimethylbenzamide
(12). Reagents: compound 8, 2,3-dimethylbenzoyl chlo-
ride (0.336 g, 2 mmol). Reaction time: 1 h. Eluent: tolu-
ene/ethyl acetate, 7:3. Yield: 0.812 g (93%) of a yellow
oil. '"H NMR (CDCly): d=1.12 (t, J=7.5Hz, 3H,
CH3), 2.30 (s, 3H, CH; phenyl), 2.33 (s, 3H, CHj; phenyl),
2.59 (q, J = 7.5 Hz, 2H, CHj;), 3.11-3.26 (m, 2H, SCH,),





M. E. Galanski et al. | Bioorg. Med. Chem. 14 (2006) 826-836 833

4.01-4.17 (m, 2H, NCH,), 6.22 (br s, 1H, thiophene H),
7.04-7.31 (m, 3H, aromat. H), 7.43 (B-part of an AB-sys-
tem, J=8.5Hz, 2H), 7.61 (A-part of an AB-system,
J=8.5Hz, 2H), 8.05 (s, 1H, CO-NH). '*C NMR
(CDCL): 6 =15.5, 16.3, 20.2, 23.4, 28.5, 43.9, 115.5,
119.0, 121.1, 124.2, 125.5, 129.6, 130.8, 131.7, 132.8,
134.4, 136.8, 138.1, 140.4, 141.6, 168.3, 169.0. MS: m/z
105 (39%), 133 (100%), 185 (19%), 252 (46%), 436
(14%). Anal. Calcd for C,4H-4N>O,S,: C, 66.03; H,
5.54; N, 6.42. Found: C, 66.25; H, 5.40; N, 6.20.

5.1.4.4. N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno|2,3-b]-
[1,4]thiazin-1-yl)carbonyl]phenyl}-2,3-dimethylbenzamide
(13). Reagents: compound 9, 2,3-dimethylbenzoyl chlo-
ride (0.336 g, 2 mmol). Reaction time: 1 h. Eluent: tolu-
ene/ethyl acetate, 7:3. Yield: 0.916 g (92%) of an orange
oil. '"H NMR (CDCly): 6 =2.29 (s, 3H, phenyl CHj;),
2.33 (s, 3H, phenyl CH3), 3.11-3.23 (m, 2H, SCH,), 3.84
(s, 2H, phenyl CH»), 4.01-4.13 (m, 2H, NCH,), 6.11 (br
s, 1H, thiophene H), 7.00-7.29 (m, 8H, aromat. H), 7.36
(B-part of an AB-system, J = 8.4 Hz, 2H), 7.61 (A-part
of an AB-system, J = 8.4 Hz, 2H), 8.13 (s, 1H, CO-
NH). '*C NMR (CDCly): § =16.3, 20.2, 28.6, 36.1,
47.8, 117.0, 118.8, 122.9, 124.2, 125.6, 126.5, 128.3,
128.4, 129.6, 130.7, 131.6, 133.0, 134.4, 136.8, 138.1,
138.3, 139.2, 140.4, 168.2, 168.9. MS: m/z 91 (51%), 105
(43%), 133 (100%), 247 (19%), 252 (31%), 498 (10%).
Anal. Calcd for CyoH,sN>O,S5: C, 69.85; H, 5.26; N,
5.62. Found: 69.73; H, 5.28; N, 5.57.

5.1.4.5. 1-{4-|(6-Ethyl-2,3-dihydro-1 H-thieno|2,3-b][1,4]-
thiazin-1-yl)carbonyl]phenyl}-2,5-dimethylbenzamide (14).
Reagents: compound 8, 2,5-dimethylbenzenecarbonyl
chloride (0.336 g, 2 mmol). Reaction time: 1 h. Eluent:
toluene/ethyl acetate, 7:3. Yield: 0.667 g (76%) of a beige
solid, mp 182-184 °C. "H NMR (CDCls): 6 = 1.11 (4,
J=7.5Hz, 3H, CH,CH3), 2.30 (s, 3H, CH3 phenyl),
2.39 (s, 3H, CH; phenyl), 2.58 (q, J=7.5Hz, 2H,
CH,CH3;), 3.09-3.26 (m, 2H, SCH>), 3.99-4.15 (m, 2H,
NCH,), 6.21 (br s, 1H, thiophene H), 7.04-7.19 (m, 2H,
aromat. H), 7.24 (s, 1H, aromat. H), 7.40 (B-part of an
AB-system, J = 8.4 Hz, 2H), 7.61 (A-part of an AB-sys-
tem, J = 8.4 Hz, 2H), 8.23 (s, 1H, CO-NH). '*C NMR
(CDCly): 6 =15.5, 19.2, 20.8, 23.4, 28.5, 43.8, 1154,
119.0, 121.0, 127.3, 129.5, 130.6, 131.0, 131.1, 132.8,
133.1, 135.3, 135.8, 140.4, 141.6, 168.3, 168.4. MS: m/z
91 (100%), 105 (32%), 133 (73%)), 185 (16%), 252 (38%),
436 (10%). Anal. Calcd for C,4H»4N,0,S,: C, 66.03; H,
5.54; N, 6.42. Found: 66.30; H, 5.39; N, 6.21.

5.1.4.6. N1-{4-[(6-Benzyl-2,3-dihydro-1 H-thieno|2,3-b]-
[1,4]thiazin-1-yl)carbonyl]phenyl}-2,5-dimethylbenzamide (15).
Reagents: compound 9, 2,5-dimethylbenzenecarbonyl chlo-
ride (0.336 g, 2 mmol). Reaction time: 1 h. Eluent: toluene/
ethyl acetate, 7:3. Yield: 0.721 g (72%) of a solid, mp 80 °C.
'H NMR (CDCls): 6 =2.32 (s, 3H, CH; phenyl), 2.43 (s,
3H, CHj3 phenyl), 3.03-3.30 (m, 2H, SCH,), 3.84 (s, 2H,
CH, phenyl) 3.96-4.20 (m, 2H, NCH,), 6.12 (br s, 1H, thio-
phene H), 6.94-7.34 (m, 8H, aromat. H), 7.40 (B-part of an
AB-system, J = 8.0 Hz, 2H), 7.61 (A-part of an AB-system,
J = 8.0 Hz,2H), 8.08 (br's, IH, CO-NH). *C NMR (CDCl,):
0=19.3, 20.8, 28.6, 36.1, 117.0, 118.9, 122.9, 126.5, 127.2,
128.3, 128.4, 129.6, 130.7, 131.1, 131.2, 133.0, 133.2, 1354,

135.8,138.3,139.2,140.4, 168.2, 168.3 (1C could not be detect-
ed). MS: m/z 105 (51%), 133 (100%y), 252 (47%), 498 (22%).
Anal. Calcd for CooHy6N-O,S,: C, 69.85; H, 5.26; N, 5.62.
Found: C, 69.83; H, 5.28; N, 5.39.

5.1.4.7. N1-{4-[(6-Ethyl-2,3-dihydro-1H-thieno|2,3-b]-
[1,4]thiazin-1-yl)carbonyl]phenyl}-2-phenylacetamide (16).
Reagents: compound 8, phenylacetyl chloride (0.309 g,
2 mmol). Reaction time: 1 h. Eluent: toluene/ethyl acetate,
4:6. Yield: 0.582 g (69%) of a yellow oil. "H NMR (CDCl;):
0=1.08(t,J=7.5Hz 3H, CH3), 2.55(q, J/ = 7.5 Hz, 2H,
CH,), 3.05-3.27 (m, 2H, SCH,), 3.67 (s, 2H, phenyl CH,),
3.98-4.19 (m, 2H, NCH,), 6.22 (br s, 1H, thiophene H),
7.23-7.54 (m, 9H, aromat. H), 8.05 (s, 1H, CO-NH). 1*C
NMR (CDCl,): 0 =154, 23.4, 28.5, 44.6, 115.6, 119.0,
121.0, 127.5, 129.0, 129.3, 130.7, 132.7, 134.2, 140.1,
141.7, 168.4, 169.4 (2C could not be detected). MS: m/z
120 (100%), 185 (19%), 238 (49%), 422 (11%). Anal. Calcd
for C53H,,N»0,S,: C, 65.38; H, 5.25; N, 6.63. Found: C,
65.09; H, 5.19; N, 6.38.

5.1.4.8. N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno[2,3-
b][1,4]thiazin-1-yl)carbonyllphenyl}-2-phenylacetamide (17).
Reagents: compound 9, phenylacetyl chloride (0.309 g,
2 mmol). Reaction time: 1 h. Eluent: toluene/ethyl acetate,
6:4. Yield: 0.623 g (64%) of a solid, mp 138-140 °C. 'H
NMR (CDCly): 6 = 3.20-3.36 (m, 2H, SCH,), 3.80 (s, 2H,
CO-CH,), 3.90 (s, 2H, phenyl CH,), 4.13-4.30 (m, 2H,
NCH,), 6.20 (br s, 1H, thiophene H), 7.00-7.15 (m, 2H, aro-
mat. H), 7.18-7.33 (m, 3H, aromat. H), 7.37-7.59 (m, 9H,
aromat. H), 7.99 (br s, 1H, CO-NH). °C NMR (CDCls):
0=28.5, 36.0, 44.6, 60.3, 117.1, 118.9, 122.8, 126.5, 127.5,
128.3, 128.4, 129.1, 129.3, 129.4, 130.6, 132.9, 134.3, 138.3,
139.2, 140.1, 168.3, 169.4. MS: m/z 91 (61%), 120 (100%),
238 (36%), 247 (15%), 484 (9%). Anal. Caled for
C28H24N20282: C, 6939, H, 499, N, 5.78. Found: C,
69.11; H, 5.06; N, 5.67.

5.1.4.9. N1-{4-[(6-Ethyl-2,3-dihydro-1 H-thieno|2,3-b]-
[1,4]thiazin-1-yl)carbonyl]phenyl}-4-fluorobenzamide (18).
Reagents: compound 8, 4-fluorobenzoyl chloride
(0.317 g, 2 mmol). Reaction time: 1.5 h. Eluent: toluene/
ethyl acetate, 7:3. Yield: 0.677 g (79%) of an orange solid,
mp 184-186°C. 'H NMR (CDCly): d=1.10 (t,
J=17.5Hz, 3H, CH;), 2.63 (q, J=7.5Hz, 2H, CH,),
3.19-3.40 (m, 2H, SCH,), 3.92-4.14 (m, 2H, NCH,), 6.61
(br s, 1H, thiophene H), 7.28-7.46 (m, 2H, aromat. H),
7.52 (B-part of an AB-system, J = 8.6 Hz, 2H), 7.87 (A-
part of an AB-system, J = 8.6 Hz, ZHP, 7.99-8.18 (m, 2H,
aromat. H), 10.49 (s, 1H, CO-NH). '*C NMR (CDCls):
0=15.5,22.8,27.4,44.6,114.0,115.4 (d, *Jcr = 21.4 Hz),
119.5, 121.4, 128.8, 130.3, 130.5 (d, *Jcr = 9.2 Hz), 131.1
(d, “Jerp=29Hz), 132.5, 140.0, 141.1, 164.2 (d,
e r=249.5Hz), 164.7, 168.0. MS: m/z 95 (42%), 123
(100%), 185 (44%), 242 (47%), 426 (9%). Anal. Calcd for
C22H19FN202822 C, 6195, H, 449, N, 6.57. Found: C,
61.69; H, 4.52; N, 6.30.

5.1.4.10. N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno[2,3-
bl[1,4]thiazin-1-yl)carbonyl]phenyl}-4-fluorobenzamide (19).
Reagents: compound 9, 4-fluorobenzoyl chloride (0.317 g,
2 mmol). Reaction time: 1 h. Eluent: toluene/ethyl acetate,
6:4. Yield: 0.837 g (86%) of a solid, mp 194-196 °C. 'H
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NMR (CDCL/DMSO-dy): 6 = 3.21-3.41 (m, 2H, SCH,),
394 (s, 2H, phenyl CH,), 3.97-4.11 (m, 2H, NCH,),
6.53 (br s, 1H, thiophene H), 7.03-7.57 (aromat. H, B-part
of an AB-system, J = 8.4 Hz, 9H), 7.87 (A-part of an AB-
system, J = 8.5 Hz, 2H), 8.00-8.17 (m, 2H, aromat. H),
10.52 (s, 1H, CO-NH). '3C NMR (CDCIly/DMSO-dj):
0=284, 36.0, 449, 116.2, 116.3, 116.4, 120.3, 124.0,
127.2, 129.3, 129.7, 131.2, 131.3, 132.0, 133.6, 138.3,
140.6, 142.0, 163.8, 165.6, 166.3. MS: m/z 123 (82%),
242 (98%), 247 (100%), 488 (29%). Anal. Calcd for
C27H21FN202S21 C, 6637, H, 433, N, 5.73. Found: C,
66.16; H, 4.34; N, 5.68.

5.1.4.11. N1-{4-|(6-Ethyl-2,3-dihydro-1H-thieno|2,3-
b][1.,4]thiazin-1-yl)carbonyl]phenyl}-3-methyl-2-thiophene-
carboxamide (20). Reagents: compound 8, 3-methylthio-
phene-2-carbonyl chloride (0.320 g, 2 mmol). Reaction
time: 1h. Eluent: toluene/ethyl acetate, 7:3. Yield:
0.720 g (84%) of a yellow solid, mp 108114 °C. 'H
NMR (CDCl3): 6 = 1.11 (t, J=7.5 Hz, 3H, CH3), 2.56
(s, 3H, thiophene CHj3), 2.47-2.65 (m, 2H, CH;), 3.08-
3.26 (m, 2H, SCH,), 4.03-4.18 (m, 2H, NCH,), 6.24
(br s, 1H, thiophene H), 6.93 (d, /= 5.0 Hz, 1H, thio-
phene H), 7.33 (d, J = 5.0 Hz, 1H, thiophene H), 7.45
(B-part of an AB-system, J = 8.6 Hz, 2H), 7.60 (A-part
of an AB-system, J = 8.6 Hz, 2H), 7.93 (br s, 1H, CO-
NH). 3C NMR (CDCly): 6 =15.5, 15.8, 23.4, 28.5,
43.9, 1154, 119.3, 121.0, 127.1, 129.5, 130.3, 130.8,
132.2, 132.8, 140.1, 141.6, 142.8, 161.2, 168.2. MS: m/z
125 (100%), 185 (28%), 244 (49%), 428 (12%). Anal.
Calcd for C21H20NQOQS3Z C, 5885, H, 470, N, 6.54.
Found: C, 58.69; H, 4.62; N, 6.38.

5.1.4.12. N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno|2,3-
b][1,4]thiazin-1-yl)carbonyl]phenyl}-3-methyl-2-thiophen-
ecarboxamide (21). Reagents: compound 9, 3-methylthio-
phene-2-carbonyl chloride (0.320 g, 2 mmol). Reaction
time: 1h. Eluent: toluene/ethyl acetate, 4:6. Yield:
0.550 g (56%) of a light brown oily solid, mp 150-
151 °C. '"H NMR (CDCl5): 6 =2.59 (s, 3H, CH3), 3.13-
3.28 (m, 2H, SCH,), 3.84 (s, 2H, phenyl CH,), 4.07—
4.20 (m, 2H, NCH,), 6.12 (br s, 1H, thiophene H), 6.95
(d, J = 5.0 Hz, 1H, thiophene H), 6.99-7.11 (m, 2H, aro-
mat. H), 7.11-7.30 (m, 3H, aromat. H), 7.35 (d,
J =5.0 Hz, 1H, thiophene H), 7.43 (B-part of an AB-sys-
tem, J=8.6 Hz, 2H), 7.58 (A-part of an AB-system,
J=8.6Hz, 2H), 7.86 (s, 1H, CO-NH). '*C NMR
(CDCl3): 6 =15.8, 28.6, 36.1, 116.8, 119.2, 122.9, 126.5,
127.1, 128.3, 128.4, 129.6, 130.2, 130.8, 132.3, 133.1,
138.3, 139.3, 140.1, 142.9, 161.1, 168.2 (1C could not be
detected). MS: m/z 91 (25%), 125 (100%), 244 (34%),
490 (10%). Anal. Calcd for C,sH»,N»0,S;: C, 63.65; H,
4.52; N, 5.71. Found: 63.89; H, 4.48; N, 5.52.

5.1.4.13. N1-{4-[(6-Ethyl-2,3-dihydro-1H-thieno|2,3-b]-
[1,4]thiazin-1-yl)carbonyl]phenyl}-5-chloro-2-thiophenecarb-
oxamide (22). Reagents: compound 8, 5-chlorothiophene-2-
carbonyl chloride (0.360 g, 2 mmol). Reaction time: 2.5 h.
Eluent: toluene/ethyl acetate, 6:4. Yield: 0.217 g (24%) of
a beige solid, mp 105-112 °C. '"H NMR (CDCly/DMSO-
dg): 6=1.07 (t, J=114Hz, 3H, CHj), 2.59 (q,
J=11.4Hz, 2H, CH,), 3.19-3.39 (m, 2H, SCH,), 3.90-
4.06 (m, 2H, NCH,), 6.54 (br s, 1H, thiophene H), 7.28

(d,J = 6.2 Hz, 1H, thiophene H), 7.44 (B-part of an AB-sys-
tem, J=12.8 Hz, 2H), 7.76 (A-part of an AB-system,
J =128 Hz, 2H), 7.93 (d, J = 6.2 Hz, 1H, thiophene H),
10.47 (s, 1H, CO-NH). *C NMR (CDCIly/DMSO-dj):
0=13.8,214,26.2,58.1,112.8, 117.8, 119.5, 125.9, 127.2,
127.4, 128.7, 130.9, 133.3, 137.2, 138.7, 139.0, 157.5,
166.3. MS: mi/z 120 (100%), 145/147 (74%/30%), 185
(65%), 264/266 (45%/17%), 304 (14%), 448/450 (26%/
13%). Anal. Calcd for C,oH;7CIN-O,S5:0.1toluene: C,
54.26; H, 3.92; N, 6.11. Found: 54.29; H, 4.20; N, 5.94.

5.1.4.14. N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno[2,3-
b][1,4]thiazin-1-yl)carbonyl|phenyl}-5-chloro-2-thiophene-
carboxamide (23). Reagents: compound 9, 5-chlorothio-
phene-2-carbonyl chloride (0.360 g, 2 mmol). Reaction
time: 2.5 h. Crystallization from toluene. Yield: 0.345 g
(34%) of a beige solid, mp 203-205°C. 'H NMR
(CDCI/DMSO-dy): 6 =3.19-3.35 (m, 2H, SCH,), 3.92
(s, 2H, phenyl CH,), 3.96-4.11 (m, 2H, NCH,), 6.50
(br s, 1H, thiophene H), 7.02-7.35 (m, SH, aromat. H),
7.32 (d, J=4.1 Hz, 1H, thiophene H), 7.49 (B-part of
an AB-system, J=8.5Hz, 2H), 7.80 (A-part of an
AB-system, J = 8.5 Hz, 2H), 7.99 (d, J = 4.1 Hz, 1H, thi-
ophene H), 10.53 (s, 1H, CO-NH). >*C NMR (DMSO-
dg): 0=27.5, 35.1, 1154, 1194, 123.1, 1253, 1264,
128.3, 128.4, 1289, 129.5, 130.6, 132.6, 134.4, 1374,
138.8, 139.7, 140.4, 159.0, 167.8 (1C could not be detect-
ed). MS: m/z 91 (100%), 145/147 (33%/14%), 247 (22%),
264/266 (14%/5%), 510/512 (5%/3%). Anal. Calcd for
C,sH19CIN,O; Ss: C, 58.75; H, 3.75; N, 5.48. Found:
C, 59.05; H, 3.93; N, 5.25.

5.2. Electromechanical studies on heart and smooth
muscle preparations

Guinea pigs of both sexes (340480 g) were killed with a
blow on the neck. After excision of the heart, the aorta
and the ileum were dissected. The aorta was stored at
room temperature in gassed (95% O, and 5% CO»,),
modified Krebs—Henseleit solution with the following
composition (in millimoles per litre): NaCl 118.0, KCI
4.7, CaC12 18, MgSO4 58, KH2PO4 14, NaHCO3
11.9 and glucose 10. The aorta was cleaned of loosely
adhering fat and connective tissue and cut into rings
of 2 mm width. Aortic rings were precontracted with
90 mmol/l KCI.

The terminal portion of the ileum was removed and the
10 cm nearest to the caecum was discarded. The intes-
tine was placed in a nutrient solution. The intestine
was cleaned by flushing with nutrient solution and cut
into pieces of 2-3 cm length.

The arteria pulmonalis was dissected close to the heart,
cleaned and cut into rings of 2 mm width. Papillary mus-
cles were dissected from the right ventricle for contractil-
ity measurements. Purkinje fibres were carefully
removed to prevent spontaneous activity. Only muscles
with a diameter of less than 0.87 mm were used in order
to have a sufficient oxygen supply.’® Chronotropic
activity was tested on guinea pig isolated right atria.
After the isolation, the preparations (terminal ilea,
arteria pulmonalis rings, papillary muscles and right





M. E. Galanski et al. | Bioorg. Med. Chem. 14 (2006) 826-836 835

atria) were stored at room temperature in gassed (95% O,
and 5% CO,) Krebs—Henseleit solution with the following
composition (in millimoles per litre): NaCl 114.9, KCI
4.73, CaCl, 3.2, MgSO4 1.18, NaHCO;, 24.9, KH,PO,
1.18, glucose 10; pH 7.2-7.4. Isometric contraction
force of electrically stimulated papillary muscles (1 Hz),
terminal ilea precontracted by 60 mmol/l KCI, aortic
and arteria pulmonalis rings precontracted by 90 mmol/
1 KCl as well as spontaneous activity of right atria was
measured by the method described by Reiter.3* The prep-
arations were placed in a continuously oxygenated (95%
0O, and 5% CO,) bath of 35 ml nutrient solution to
guarantee sufficient oxygen supply and appropriate pH
as well as circulation of nutrient solution with and without
test compound. The experiments were performed at a
temperature of 37 = 1 °C. The smooth and heart muscle
preparations were connected with one end to a tissue
holder and the other to a force transducer (Transbridge™,
4-Channel Transducer Amplifier, World Precision
Instruments, Sarasota, FL, USA). Papillary muscles were
electrically driven with an Anapulse Stimulator Model
301-T and an Isolation Unit Model 305-1 (WPI, Hamden,
CT, USA) at a frequency of 1 Hz and a pulse duration of
3 ms. Amplitude of stimulation pulse was adjusted to 10%
above threshold level. Resting tension of either 3.92 mN
(papillary muscles), 10.37 mN (right atria) or 19.6 mN
(aortic and arteria pulmonalis rings) was kept constant
throughout the experiments.

Signals were recorded with a chart recorder (BD 112
Dual Channel, Kipp and Zonen) and evaluated. For sta-
tistical analyses the arithmetic means and standard error
of the mean (SEM) of n experiments were calculated.
Statistical significance of the results was evaluated by
Student’s ¢-test for paired observations.

Stock solutions of the compounds 14-16, 18, 19 and 21—
23 were dissolved in dimethylsulfoxide (DMSO) and dis-
tilled water every day and were further diluted with
modified Krebs—Henseleit solution to the required con-
centrations. To exclude the DMSO effect experiments
with DMSO only were performed and the effect was
subtracted from the results of the compounds.

To study the inotropic and chronotropic activity, after a
control period of 30 min the different concentrations of
the compounds were added to the bathing solution
cumulatively, until a steady state was reached.

5.3. Receptor binding assays

The effects of 21 were investigated in in vitro human
Vi. and V, receptor binding assays. [d(CHz)sl,
Tyr(Me),]-AVP and AVP were used as reference com-
pounds. For competition studies [HJAVP (0.3 nM)
was added to each membrane preparation that was then
incubated with a concentration of 10 pumol/l of com-
pound 21. After the incubation period (Vi, (h),
60 min/22 °C and V, (%), 90 min/22 °C), the reaction
was terminated, followed by rapid filtration. The filters
were rinsed and the retaining radioactivity was counted
with a scintillation counter (for details, see Tahara et al.
199831).

The specific ligand binding to the receptors is defined as
the difference between the total binding and the nonspe-
cific binding determined in the presence of an excess of
unlabelled ligand. The results are expressed as a percent
of control specific binding and as a percent inhibition of
control specific binding obtained in the presence of 21.
Individual and mean values are presented in the Results
section 3.6. The ICs, values (concentration causing a
half-maximal inhibition of control specific binding)
and Hill coefficients (ny) were determined by nonlinear
regression analysis of the competition curves using Hill
equation curve fitting. The inhibition constants (K;) were
calculated from the Cheng Prusoff equation (K; = ICsq/
(1 + (L/Kp)), where L = concentration of radioligand
in the assay and Kp = affinity of the radioligand for
the receptor).
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		N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno[2,3-b][1,4]thiazin-1-yl)carbonyl]phenyl}-4-fluorobenzamide (19)

		N1-{4-[(6-Ethyl-2,3-dihydro-1H-thieno[2,3-b][1,4]thiazin-1-yl)carbonyl]phenyl}-3-methyl-2-thiophenecarboxamide (20)

		N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno[2,3-b][1,4]thiazin-1-yl)carbonyl]phenyl}-3-methyl-2-thiophenecarboxamide (21)

		N1-{4-[(6-Ethyl-2,3-dihydro-1H-thieno[2,3-b]- [1,4]thiazin-1-yl)carbonyl]phenyl}-5-chloro-2-thiophenecarboxamide (22)

		N1-{4-[(6-Benzyl-2,3-dihydro-1H-thieno[2,3-b][1,4]thiazin-1-yl)carbonyl]phenyl}-5-chloro-2-thiophenecarboxamide (23)
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Abstract—To date, J-113397 represents the most potent and selective non peptide NOP receptor antagonist widely used in pharma-
cological studies. However, the synthesis, purification, and enantiomer separation of this molecule, which contains two chiral cen-
ters, is rather difficult and low-yielding. Here, we synthesized and tested a series of simplified J-113397 analogues to investigate the
importance of the stereochemistry and the influence of the substituents at position 3 of the piperidine nucleus and on the nitrogen
atom of the benzimidazolidinone nucleus. The compound coded as Trap-101, an achiral analogue of J-113397, combines a pharma-
cological profile similar to that of the parent compound with a practical, high-yielding preparation.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The nociceptin/orphanin FQ (N/OFQ) peptide receptor
(NOP, ') was cloned 10 years ago as a novel member
of the opioid family of receptors. However, it was soon
evident that despite the close structural and transduc-
tional similarities the NOP receptor does not bind opi-
oid ligands and displays a unique pharmacology.>* The
NOP receptor was then used for identifying its endog-
enous ligand, the neuropeptide N/OFQ,*> the first suc-
cessful example of reverse pharmacology.® Thereafter,
the N/JOFQ-NOP receptor system has been shown to
be involved in the regulation of a variety of central
and peripheral functions, however, most of the early
studies were performed simply administering N/
OFQ.>?* For deeply understanding the biological roles
of the N/OFQ-NOP receptor system potent and selec-
tive antagonists, possibly of non-peptide nature, are re-
quired. The first reported molecule displaying such

Keywords: Nociceptin/orphanin FQ; NOP receptor; Non peptide antag-

onists; J-113397; Mouse vas deferens assay; Structure—activity study.

* Corresponding author. Tel.: +39 0532 291 281; fax: +39 0532 291
296; e-mail: r.guerrini@unife.it

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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features was J-1133977 (Chart 1), which was shown
to bind with nanomolar affinity to NOP receptors
and to display 100- to 300-fold selectivity over classical
opioid receptors.®? J-113397 antagonized N/OFQ ef-
fects at human NOP in a competitive manner with
pA, values in the range of 7.5-8.9 in cAMP and
GTPyS assays.>! The selective antagonist properties
of J-113397 were confirmed at native NOP receptors
expressed in isolated tissues'!~'* and in brain prepara-
tions evaluated with biochemical,'’>'” neurochemi-
cal,’®2% and electrophysiological?'2* techniques. J-
113397 was also investigated in vivo where, in the
range of 1-30 mg/kg, it prevented the actions of N/
OFQ on pain transmission,”>>?¢ on airways®’ and
cough reflex,?®?° and on gastrointestinal functions.!#30
Moreover, J-113397 produced per se pronociceptive ef-
fects in the rat>' and mouse®? formalin test, antidepres-
sant-like effects (similar to NOP receptor peptide
antagonists®334) in the forced swimming test,> reduc-
tion of kainate-induced seizures,>> and potentiation of
buprenorphine analgesia in wild type but not in NOP
knockout mice,*® and facilitation of striatal dopamine
release and locomotor performance on the rotarod in
rats.’” This latter effect was recently confirmed in 6-
hydroxydopamine lesioned animals.?®
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Chart 1. Structure of the compounds selected for molecular modeling studies.

The use of J-113397 has been limited by the lack of com-
mercial availability of the compound and the difficulties
related to the synthesis and purification of a compound
that contains 2 chiral centers. In the recent past, we were
not able to replicate the synthetic approach described by
Kawamoto’*° and we developed an original alternative
synthesis for J-1133974° which, however, revealed oper-
ational issues associated with low yields in the last steps
and purification.

The present study was performed in an attempt to iden-
tify J-113397 derivatives with a similar pharmacological
profile but obtainable with shorter/high-yielding syn-
thetic procedures. We first considered cis- and trans-J-
113397 as racemic compounds to evaluate the influence
of the chirality at C3—C4 carbon atoms of the piperidine
ring system. Then we decided to simplify the molecule
removing the two chiral centers through the introduc-
tion of a C3—C4 double bond. Interestingly, the derived
compound, coded as Trapl01 (Chart 1), displayed a
pharmacological activity similar to that of (+)J-113397
and could be used as a novel template for a structure—ac-
tivity study aimed at establishing the importance of both
the C3 hydroxymethyl function and of the benzimidazo-
lidinone nitrogen substituent. All new compounds were
pharmacologically evaluated in the electrically stimu-
lated mouse vas deferens*' using N/OFQ as NOP recep-
tor agonist.

2. Chemistry

Scheme 1 reports the synthesis of (£)J-113397 and Trap-
101 analogues starting from compound I, as described
by De Risi et al.*® LiAlH, reduction of compound I un-
der mild conditions (15 min at 0 °C) allowed us to ob-
tain compound 7 preserving the carbamate moiety at
position N3 of benzimidazolidinone. Removal of the
nitrogen protective group of I by treatment with TFA
in DCM at rt gave the free amide II, which was trans-
formed to 6 by LiAlH, reduction of the ester group at
position C3. Alkylation of II with ethylbromide or eth-
ylbromoacetate in DMF, in the presence of sodium hy-
dride, gave compounds 5 and III, respectively. It is
noteworthy that the key intermediate 5, bearing all the
functionalities required to obtain Trap-101, its ana-
logues as well as (F)J-113397 analogues, could be
produced in a multigrams scale with a multistep high-
yielding reactions. LiAlH4 reduction of 5 produced
Trap-101, while that of III proceeded with concomitant
reduction of both ester groups, leading efficiently to the
formation of compound 8.

High pressure (1000 psi) catalytic hydrogenation of 5
produced the cis isomer 3 with increased yield com-
pared to the published reaction conditions.*® The trans
isomer 2 was easily obtained by treatment of 3 with
MeONa in anhydrous methanol at rt for 60 h, while
LiAlH4 reduction of 3 in THF at 0 °C for 15 min gave
the cis-alcohol 1.

The trans-ester 2 was used to obtain both (+)J-113397
and compound 4, simply by increasing the reduction
time from 15 to 45 min.

The synthesis of compound 9 is depicted in Scheme 2.
Double Michael addition of the cycloctenmethylamine
IV, easily prepared by reduction of 1-nitromethyl-cyc-
looctene,*? to methyl acrylate produces the adduct V
which underwent Dieckmann cyclization promoted by
‘ButOK to furnish the desired B-ketoester VI.

Heating of a mixture of B-ketoester VI and o-phenylen-
ediamine in toluene at reflux in the presence of a catalyt-
ic amount of AcOH and 4 A molecular sieves yielded the
stable enamine VII, which on treatment with an excess
of di-tert-butyldicarbonate and DMAP led to the for-
mation of the benzimidazolidinone nucleus protected
on the nitrogen N3 as the Boc-derivative VIII.

The deprotection of compound VIII with TFA in DCM
and the alkylation at the N3 nitrogen of the benzimi-
dazolidinone with ethyl bromide in the presence of
NaH furnished IX that was transformed to 9 by reduc-
tion of the ester moiety with LiAlIHy.

3. Molecular modeling studies

An effort was made for exploring the conformational
features of the structures of compounds J-113397, com-
pound 1, and Trap-101 (Chart 1). Assuming that all
ligands bind at the same site of the receptor, they
should adopt a common three-dimensional geometry
that is responsible for their biological activity. Since
the absolute configuration of the active enantiomer
(3R,4R)J-113397 was determined by X-ray crystallogra-
phy*® (CCDC 151492), we used this information as a
starting point for further conformational analyses per-
formed on the three compounds. In MM calculations,
no solvent was taken into account and semiempirical
geometry reoptimization, using the AMI1 method,*
was performed. The lowest energy structure of J-
113397, generated in the conformational search, has an
opposite orientation of the benzimidazolidinone group
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Scheme 1. Synthesis of (+)J-113397, Trap-101, and compounds 1-8. Reagents: (a) LiAlH4, THF, 0 °C to rt, 15 min; (b) TFA, DCM, 0 °C to rt, 8 h;
(c) BrCH,COOEt, NAH, DMF, 0 °C to rt, 12 h; (d) LiAlH4, THF, 0 °C to rt, 15 min; (e¢) EtBr, NAH, DMF, 0 °C to rt, 12 h; (f) LiAlH4, THF, 0 °C
to rt, 30 min; (g) H, 60 atm, 10% C/Pd, MeOH, 24 h; (h) LiAlH,, THF, 0 °C to rt, 15 min; (i) MeONa, MeOH, rt, 60 h; (j) LiAlH,, THF, 0 °C to rt,
15 min; (k) LiAlH4, THF, 0 °C to rt, 15 min to (£)-J113397, 45 min to 4.

compared to the crystal structure,>® however, the energy
difference of the two conformers was negligible
(0.05 kcal/mol). The bioactive conformation of J-
113397 was chosen according to crystal structure and
the results of previous molecular modeling studies, **
in which a 3D-QSAR analysis on a set of piperidine
based NOP agonists was performed. To select the bioac-
tive conformer, compound 1 and Trap-101 were super-
imposed on the reference compound J-113397 by
matching the common correspondent piperidine ring
and the centroids (the geometrical centers) of the cyc-
looctyl ring and benzimidazolidinone system (Fig. 1).

The smallest RMSD of the fitting procedure and the
energy values (kcal) were used as parameters. The select-
ed conformation of Trap-101 fits with a minimum
RMSD =0.250 A and has a energy of 1.770 kcal/mol
above the lowest energy minima calculated in the con-
formational analysis. In the case of compound 1, both
the enantiomers (3R,4S; 3S,4R) were taken into ac-
count. The selected low energy conformations of enanti-
omers 3R,4S and, 35,4R, fit with a minimum RMSD of
0.951 and 0.675 A, respectively, with the reference com-
pound J-113397. Enantiomer 3S5,4R was chosen as bio-
active structure according to the results of the
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EtBr, NaH, DMF, 0 °C to rt, 8 h; (f) LiAlH4, THF, 0 °C, 15 min.

Figure 1. Superimposition of compounds 1 (purple) and Trap-101 (yellow) on the reference molecule J-113397 (green).

alignment procedure. All the calculated low energy con-
formations of enantiomer 3S5,4R showed two intramo-
lecular hydrogen bonds: one between NH of piperidine
ring and the OH of the hydroxymethyl function, and
one between the OH and the O of the benzimidazolidi-
none moiety. The lowest energy conformation of
compound 1 (35,4R), selected in the molecular superim-
position, is characterized by an interatomic distance be-
tween the hydrogen of the piperidine nitrogen,and the
oxygen of the hydroxymethyl group of 2.07 A (angle
N-H...0=128.38°), and an interatomic distance
between the hydrogen of the hydromethyl group and

the oxygen of the benzimidazolidinone moiety of
2.120 A (angle O-H...O = 131.71°).

4. Results and discussion

All compounds were tested in the electrically stimulated
mouse vas deferens, a pharmacological preparation sen-
sitive to N/OFQ,*! currently used for characterizing
large series of NOP ligands,>* including (+)J-113397,
which behaved as a potent and competitive NOP recep-
tor antagonist showing a pA, value of 7.89.!!
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Results obtained with the new compounds have been
summarized in Table 1. None of the compounds showed
agonist activity up to 10 uM. N/OFQ produced a con-
centration dependent inhibition of the electrically in-
duced twitch response with a pECsy of 7.72 and an
Eax of —89%.

In line with previous findings,!! the reference com-
pound (£)J-113397 produced a rightward parallel shift
of the concentration—-response curve to N/OFQ without
modifying the maximal effect of the peptide; a pA, val-
ue of 7.79 was calculated from these experiments (Table
1). The cis isomer compound 1 also behaved as an
antagonist showing, however, 100-fold lower potency
(pA, 5.88). This suggests that the stereochemistry of
C3—C4 carbon atoms is highly important for biological
activity, with the cis conformation limiting NOP recep-
tor occupation. Other NOP receptor ligands character-
ized by a piperidine 1,4 disubstituted scaffold, such as
the agonists Ro-65-6570%4¢ and Ro 64-6198,*74% and
the recently discovered antagonist SB-612111%° contain
chiral centers which are important for receptor binding;
however, in these molecules the chirality is on the
piperidine nitrogen substituent and not on the piperi-
dine carbon atoms.

To investigate the relative importance of the hydroxy-
methyl function in position 3 of the piperidine nucleus
for NOP receptor interaction, we evaluated compounds
2 and 3 which have a methyl ester instead of the primary
alcoholic function. Compound 2 was completely inac-
tive up to 10 uM, while compound 3 showed a pA, value
of 6.18, similar to that of compound 1. The very differ-
ent biological effect of the methyl ester function in posi-
tion 3 suggests that the spatial orientation of the
primary alcoholic function of J-113397 is crucial for its
biological activity.

The reduction of the carbonyl function of the benzimi-
dazolidinone nucleus (compound 4) generated a (+)J-
113397 analogue equipotent to the parent molecule indi-
cating that the oxygen atom is not relevant for NOP
receptor occupation.

To further investigate the importance of the chirality at
C3-C4 carbon atoms, we removed it introducing a dou-
ble bond, thus generating Trap-101 (Chart 1). The new
achiral J-113397 derivative behaved as a pure NOP
receptor antagonist with a pA, value (7.75) superimpos-
able to that of the reference compound. This result,
together with those obtained with (+)J-113397 and com-
pound 1, suggests that the chirality of the C3-C4 piper-
idine atoms is important but not essential for NOP
receptor interaction. This is corroborated by the findings
by Kawamoto et al.” who, by eliminating the hydroxy-
methyl function in position 3, generated an achiral ana-
logue of J-113397 (compound 15 in the Kawamoto
paper) which maintained high binding affinity to the
NOP receptor. These findings prompted us to perform
a molecular modeling study on (£)J-113397, the corre-
sponding cis isomer (compound 1) and the achiral
analogue Trap-101, to get information regarding the
spatial disposition of the piperidine substituents.

Figure 1 shows the superimposition of the piperidine
and the centroids of the cyclooctyl and benzimidazolid-
inone moieties of 1 and Trap-101 on the reference J-
113397. The benzimidazolidinone moiety of J-113397
and Trap-101 is better overlaid than that of compound
1. The same can be said for the hydroxymethyl pharma-
cophore whose spatial orientation is almost identical in
J-113397 and Trap-101 while very different in compound
1. Thus, these molecular modeling results, together with
those obtained by bioassay, point to a crucial role of the
spatial orientation of both the benzimidazolidinone and

Table 1. Structure and mouse vas deferens activity of J-113397 and Trap-101 analogues

RlNQ%O

N

N—R;3

Compound R, R, R; C3-Cy Antagonist® pA, (CLosy,)
+J-113397 Cy CH,OH Et Trans 7.79 (7.45-8.13)
1 Cy CH,OH Et Cis 5.88 (5.55-6.21)
2 Cy COOCH; Et Trans <5

3 Cy COOCH; Et Cis 6.18 (5.83-6.53)
4° Cy CH,OH Et (benzimidazole) Trans 7.60 (7.30-7.90)
Trap-101 Cy CH,OH Et DB 7.75 (7.48-8.02)
5 Cy COOCH; Et DB 5.49 (5.02-5.96)
6 Cy CH,OH H DB 6.79 (6.44-7.14)
7 Cy CH,OH Boc DB 6.79 (6.62-6.92)
8 Cy CH,OH CH,CH,OH DB 6.86 (6.63-7.09)
9 CyDB CH,OH Et DB 7.02 (6.74-7.30)

CLos0,, confidence limits 95%. The data are means of at least 5 separate experiments. Cy, cyclooctylmethyl; CyDB, 1-Cycloct-lenylmethyl.

2 All the compounds were tested in the electrically stimulated mouse vas deferens as agonists and were found to be inactive up to 10 uM. The
antagonistic properties of the compounds were evaluated using N/OFQ as agonist. N/OFQ produced a concentration dependent inhibition of the
electrically induced twitch response with a pECsq of 7.72 (7.57-7.87) and a maximal effect of 89 £ 1% of control twitch.

°In compound 4, the carbonyl group of the benzimidazolidinone moiety has been reduced.
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hydroxymethyl pharmacophores (superimposable in
(£)J-113397 and Trap-101, but not in compound 1) for
an optimal NOP receptor binding (high potency of
(+£)J-113397 and Trap-101, low potency of compound
1). Moreover, it should be noted that an intermolecular
hydrogen bond between the hydroxy group and the
piperidine nitrogen is present in compound 1 but not
in the other two molecules (Fig. 1); thus, the hydroxy
group and the piperidine nitrogen of J-113397 and
Trap-101 are available for possible hydrogen bonds with
the NOP receptor, while this cannot happen (or at least
is highly unlikely) with compound 1. The importance of
the hydroxymethyl group is also emphasized by the fact
that compound 15 of the Kawamoto paper’ (which has
been synthesized and evaluated by us in the electrically
stimulated mouse vas deferens) displayed very low
potency (pA, 6.04) compared to that of J-113397 or
Trap-101.

Trap-101 was then used as a template for investigating
the importance of the C3 piperidine (compound 5) and
benzimidazolidinone  nitrogen (compounds 6-8)
substituents.

Similar to what happens with compound 2, the insertion
of a methyl ester function in position C3 of Trap-101
(compound 5) produced a drastic decrease in potency
(pA> 5.49). This findings suggests a similar favorable
role of the primary alcoholic function both in (%)J-
113397 and Trap-101.

The low potency of compounds 2 and 5 could be related
to the increase of the steric hindrance and/or hydropho-
bicity of the methyl ester group compared to the hydrox-
yl function. Alternatively, the primary alcoholic moiety
should be available for interacting with an amino acid of
the NOP receptor binding pocket. It is worthy of men-
tion that a model of interaction between the NOP recep-
tor and the nonpeptide NOP receptor agonist Ro 64-
6198 has been recently proposed. 4 This model indicates
as crucial for ligand-receptor interaction; (i) the salt
bridge between the protonated piperidine nitrogen and
the Asp'*” residue of the receptor and (ii) the hydrogen
bond that may be formed between the hydrogen of the
amide nitrogen in position 3 of the 1,3,8-triaza-spi-
ro[4.5]decan-4-one nucleus and the oxygen of the recep-
tor Thr*® side chain. Interestingly enough, the Asp'°
residue of the NOP receptor is also considered crucial
for the interaction with the protonated N terminal of
the natural ligand N/OFQ as described in the ligand-re-
ceptor model generated by Topham.>® The replacement
of the H atom in position 3 of the 1,3,8-triaza-spi-
ro[4.5]decan-4-one nucleus with an acetic acid methyl es-
ter function as in the NOP ligand NNC 63-05323!
produces an important decrease in NOP affinity; as a
matter of fact, the potency of NNC 63-0532 is 100-fold
lower than that of N/JOFQ in cAMP experiments per-
formed in cells expressing the human NOP>! while that
of Ro 64-6198 is, in similar experiments, only 7-fold
lower.!® A similar trend of decreased potency was ob-
served with (+)J-113397 and Trap-101 and their corre-
sponding compounds 2 and 5, suggestin§ that these
molecules may also interact with the Thr’"> residue of

the NOP receptor by forming a hydrogen bond with
their primary alcoholic function, while this is unfavor-
able for compound 1, whose primary alcoholic function
is involved in two intramolecular hydrogen bonds. Inter-
estingly enough, both (£)J-113397 and Trap-101 also
contain a basic nitrogen (the piperidine nitrogen and
that of the 1,2,3,6-tetrahydro-pyridine nucleus, respec-
tively) as in Ro-64-6198 gand NNC 63-0532), which
may interact with the Asp'*® residue of the NOP recep-
tor by forming a salt bridge. However, it should be not-
ed that (£)J-113397 and Trap-101 behave as pure
receptor antagonists, while Ro-64-6198 and NNC 63-
0532 as full agonists; thus, if our interpretations are true,
both the salt bridge and hydrogen bond are important
for receptor occupation but not activation. Receptor
activation may depend on the substituents that are pres-
ent in positions 1 and 4 of the piperidine scaffold. This
view is corroborated by recent findings by Zaveri
et al.>?> who reported a novel series of NOP ligands
encompassing agonist and antagonist activities obtained
by modification of the piperidine nitrogen substituent.

To investigate the role played by the substituent (R3) on
the benzimidazolidinone nitrogen in Trap-101 biological
activity, we eliminated (compound 6) or replaced the
ethyl group with the more hydrophobic, Boc (com-
pound 7), or the more hydrophilic, hydroxyethyl (com-
pound 8) moieties. Compounds 6-8 behaved as NOP
receptor antagonists showing, however, 10-fold reduced
potency. Similar results have been obtained on the J-
113397 template,’ suggesting that the best benzimidazo-
lidinone nitrogen substituent is indeed the ethyl group.
A further insertion of a double bond on the cyclooc-
tylmethyl (R1) group, as in (compound 9), produced a
5-fold reduction in potency compared to Trap-101.

The selectivity of action of Trap-101 over classical opi-
oid receptors was investigated by testing the compound
against the inhibitory effects of selective agonists in the
electrically stimulated mouse vas deferens and guinea
pig ileum, and by evaluating Trap-101 in receptor bind-
ing experiments performed on membranes of CHO cells
expressing NOP or classical opioid receptors of the mu
(MOP), delta (DOP), and kappa (KOP) types. Trap-
101 up to 1 pM did not modify either the potency or
the maximal effects induced by the DOP selective ago-
nist deltorphin I in the mouse vas deferens (control:
pPECso 10.99, E..x 92+ 1%; 1 uM Trap-101: pECs
11.08, Eux 94 * 1%) or by the MOP selective agonist
dermorphin in the guinea pig ileum (control: pECs
9.18, Enax 95 £ 2%; 1 uM Trap-101: pECsg 9.18, Eax
91 £ 2%). Moreover, receptor binding experiments sum-

Table 2. Receptor binding affinities of N/OFQ, (£)J-113397 and Trap-
101 at recombinant human NOP, and classical opioid receptors
expressed in CHO cell membranes

NOP MOP DOP KOP
N/OFQ 9.89 6.49 <5 <5
(£)J-113397 9.15 6.98 <5 <6
Trap-101 8.65 6.60 <5 6.14

These data, expressed as pK; values, are means of at least 3 separate
experiments.
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Figure 2. Left panel: effects of Trap-101 (3, 30, and 300 nM) on N/OFQ stimulated GTPy**S binding to CHOnop membranes (stimulation factor
expressed as a percentage of the maximum N/OFQ response). Trap-101 produced a concentration dependent parallel rightward shift of the
concentration-response curve to N/OFQ. These data were used to generate the Schild Plot shown in the right panel. Data are means £ SEM of 4

separate experiments.

marized in Table 2 show that Trap-101 binds to the
NOP receptor with high affinity only 3-fold lower than
that of (+)J-113397 while maintaining a similar profile
of selectivity over classical opioid receptors (approx
100-fold) as the reference molecule.

Finally, the pure and competitive NOP antagonist prop-
erties of Trap-101 have been confirmed in a series of
[**S]IGTPyS binding experiments performed on CH-
Opnop cell membranes. As shown in Figure 2,
Trap-101 was inactive per se up to 10 uM while, in the
range 3-300 nM, it produced a concentration dependent
rightward shift of the concentration-response curve to
N/OFQ without modifications of the maximal response
to the agonist. Schild analysis of these data yielded a
pA, value of 8.55. In parallel experiments, (+)J-113397
displayed the same profile (pure and competitive antag-
onist behavior) but it showed a 3-fold higher pA, value
(9.08).

5. Conclusions

Investigating the importance of the chirality of J-113397
we identified a structurally related achiral compound,
named Trap-101, that behaves as a potent NOP receptor
antagonist. This molecule represents the first example of
a NOP receptor ligand characterized by a 1,2,3,6-tetra-
hydro-pyridine nucleus. Trap-101 shows, in the mouse
vas deferens assay and in receptor binding and
[**SIGTPYS binding experiments on recombinant NOP
receptors, a pharmacological profile very close to that
of J-113397; however, the preparation of Trap-101 is
much easier than that of J-113397 and the yield much
higher. A detailed characterization of the in vitro and
in vivo pharmacological profile of Trap-101 in compar-
ison with J-113397 is under way in our laboratories. The
results of these studies will define the value of Trap-101
as a novel pharmacological tool for investigating the
biological functions modulated by the N/OFQ-NOP
receptor system.

6. Experimental
6.1. Materials

Reagents and solvents were obtained from commercial
suppliers and used without further purification. Solvents
used were of either analytical reagent or HPLC grade.
Dry DMF was prepared and stored over molecular
sieves (11X).

6.2. Chemistry

Melting points (uncorrected) were measured with a Bu-
chi-Tottoli apparatus, and 'H, '*C, and NMR spectra
were recorded on a VARIAN 400 MHz instrument unless
otherwise noted. Chemical shifts are given in ppm (J) rel-
ative to TMS and coupling constants are in Hz. MS anal-
yses were performed on a ESI-Micromass ZMD 2000.
Infrared spectra were recorded on a Perkin-Elmer FT-
IR Paragon 500 spectrometer. Flash chromatography
was carried out on a silica gel (Merck, 230-400 Mesh).

Elemental analyses were performed by the microanalyt-
ical laboratory of Dipartimento di Chimica, University
of Ferrara.

7. Synthesis

7.1. 3-(1-Cyclooctylmethyl-5-methoxycarbonyl-1,2,3,6-
tetrahydro-pyridin-4-yl)-2-0x0-2,3-dihydro-benzoimidaz-
ole-1-carboxylic acid terz-butyl ester (1)

A cooled (0 °C) solution of 4-(2-amino-phenylamino)-1-
cyclooctylmethyl-1,2,5,6-tetrahydro-pyridine-3- carbox-
ylic acid methyl ester (REF) (2 g, 5,39 mmol) in CH,Cl,
(40 mL) was treated with di-tert-butyldicarbonate
(5.88 g, 26.95 mmol) and a catalytic amount of DMAP.
The reaction mixture was stirred at the same temperature
for 3 h, and then the solvent was evaporated in vacuo
and the residue was purified by flash chromatography
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(EtOAc/light petroleum, 1:6) yielding I (2.4 g, 89%) as an
orange oil. Anal. Calcd for Co3H39N30 s: C, 67.58; H,
7.90; N, 8.44. Found: C, 67.61; H, 7.88; N, 8.43. MS
(ESI): [MH]" = 498. IR (KBr): 1742, 1724, 1647, 1580,
1500 cm~'. '"H NMR (CDCl5): d 7.83-7.90 (m, 1H);
7.08-7.18 (m, 2H); 6.80-6.90 (m, 1H); 3.47 (s, 3H); 3.45
(AB system, 2H, J =15 Hz); 2.60-3.00 (m, 4H); 2.29
(d, 2H, J = 7.2 Hz); 1.20-1.90 (m, 24H). Analytical data
are in accord with the literature.

7.2. 1-Cyclooctylmethyl-4-(2-0x0-2,3-dihydro-ben-
zoimidazol-1-yl)- 1,2,5,6-tetrahydro-pyridine-3-carboxyl-
ic acid methyl ester (II)

To a solution of I (2 g, 4.02 mmol) in dichloromethane
(20 mL) at 0 °C, TFA (2.17 mL, 28.14 mmol) was added
dropwise. The reaction mixture was kept at rt until the
completion (8 h), and then saturated aq NaHCO;
(20 mL) was carefully added. The phases were separated
and the aqueous phase was extracted with CH,Cl, (3%
20 mL). The combined organic layers were dried. Evap-
oration of the solvent gave II (1.54 g, 97%) as a yellow
amorphous solid (mp 28-30°C). Anal. caled for
Cy3H3 N30 50 C, 69.49; H, 7.86; N, 10.57. Found: C,
69.51; H, 7.85; N, 10.56. MS (ESI): [MH]" = 398. IR
(KBr): 3422, 1707, 1487 cm~'. '"H NMR (CDCl5): ¢
9.64 (s, 1 H); 7.05-7.20 (m, 3H); 6.85-7.00 (m, 1H);
3.30-3.60 (s, 3H, superimposed at 3.44); 2.60-2.90 (m,
4H); 2.31 (d, 2H, J = 7.1 Hz); 1.20-1.90 (m, 15H).

7.3. 1-Cyclooctylmethyl-4-(3-ethoxycarbonylmethyl-2-
0x0-2,3- dihydro- benzoimidazol-1-yl)-1,2,5,6-tetrahydro-
pyridine-3-carboxylic acid methyl ester (I1I)

A solution of II (0.4 g, 1.007 mmol) in anhydrous DMF
(10 mL) was added dropwise to a stirred suspension of
75% NaH (44 mg, 1.10 mmol) in anhydrous DMF
(5mL) at 0°C. The reaction mixture was stirred for
30 min at the same temperature, and then a solution of
ethyl bromoacetate (0.122 mL, 1.10 mmol) in DMF
(5 mL) was added slowly and stirring was continued over-
night at rt. Most of the solvent was evaporated and the
residue was diluted with ethyl ether (50 mL). The precip-
itated salts were filtered over a Celite pad, the solvent was
removed under reduced pressure, and the residue was
purified by flash chromatography (EtOAc/light petro-
leum/NH4OH, 1:4:0.1) to give I11 (0.36 g 75%) as a yellow
oil. Anal. Calcd for C,;H37N50 5: C, 67.06; H, 7.71; N,
8.69. Found: C, 67.08; H, 7.72; N, 8.70. MS (ESI):
[MH]" = 484,5. '"H NMR (CDCls): 7.05-7.07 (m, 2H);
6.87-6.91 (m, 2H); 5.29 (s, 1H); 4.63 (s, 2H); 4.20-4.26
(q, 2H, J=7Hz); 342 (s, 3H); 2.27-2.29 (d, 2H,
J=7Hz); 1.49-1.74 (m, br, 18H); 1.24-1.30 (m, 6H).
3C NMR (CDCly): 167.70; 165.10; 152.41; 138.23;
129.38; 129.14; 127.94; 121.96; 121.82; 108.64; 107.8;
65.02; 61.82; 53.51; 53.13; 51.91; 49.42; 42.30; 35.03;
30.75; 29.68; 27.26; 26.49; 25.63; 14.24.

7.4. C-Cyclooct-1-enyl-methylamine (IV)
A solution of Il-nitromethylcyclooctene (6 g,

35.50 mmol) in anhydrous THF (20 mL) was added
dropwise to a suspension of LiAlH4 (4 g, 106.5 mmol)

in anhydrous THF (80 mL) cooled at 0 °C. The reaction
mixture was stirred at the same temperature for 6 h,
after that icey-cooled water was carefully added and
the aluminum salts were filtered through Celite pad.
The organic fraction was evaporated in vacuo to obtain
a yellow oil (4.23 g 86%) IV. Anal. Calcd for CoH7N: C,
77.63; H, 12.31; N, 10.06. Found: C, 77.61; H, 12.29; N,
10.08. MS (ESI): [MH]"=140.3. IR (film): 3300,
1579 cm™'. '"H NMR (CDCl;): é 5.44 (t, 1H, J=8.1);
3.16 (s, 2H); 1.3-2.2 (m, 12H).

7.5. 3-[Cyclooct-1-enylmethyl-(2-methoxycarbonyl-eth-
yl)-amino]- propionic acid methyl ester (V)

A solution of (IV) (5g, 35.97 mmol) in methanol
(20 mL) was added dropwise to a solution of methylac-
rylate (7 mL, 78.01 mmol) in methanol (50 mL). The
reaction mixture was stirred at rt for 24 h, the solvent
was evaporated in vacuo, and the residues was purified
by flash chromatography (EtOAc/light petroleum 1:6)
to give the product (V) as a light yellow oil (8 g, 72%).
Anal. Calcd for Ci7H,oNO4: C, 65.57; H, 9.39; N,
4.50. Found: C, 65.56; H, 9.41; N, 4.47. MS (ESI):
[MH]* =3124. '"H NMR (CDCl3): & 5.32 (t, 1H,
J=8.1Hz); 3.67 (s, 6H); 3.03 (s, 2H); 2.75 (t, 4H,
J=17Hz); 2.735 (t, 4H, J =7 Hz); 1.20-1.96 (m, 12H).

7.6. 1-Cyclooct-1-enylmethyl-4-oxo-piperidine-3-carbox-
ylic acid methyl ester (VI)

To a solution of V (8 g, 24.46 mmol) in toluene (80 mL)
cooled at 0 °C was added in one portion ‘ButOK (4.3 g
38.34 mmol). The reaction mixture was stirred for
30 min at the same temperature and then for 12 h at
rt. One hundred millilitres of water was added, the phas-
es were separated, and the aqueous layer was extracted 3
times with EtOAc. The combined organic phases were
dried and concentrated in vacuo. The residue was puri-
fied by flash chromatography (EtOAc/light petroleum
1:9) to give VI as a orange oil (5.6 g 78%). Anal. Calcd
for C1sH»5sNO;: C, 68.79; H, 9.02; N, 5.01. Found: C,
65.56; H, 9.41; N, 4.47. MS (ESI): [MH]* =280.4. 'H
NMR (CDCls): 6 11.87 (s, b, 1H enolic form); 5.30 (t,
1H, J=8.1 Hz); 3.73 (s, 3H); 3.07 (AB system, 2H,
J=10Hz); 2.56 (t, 2H, J=7Hz); 237 (t, 2H,
J=7Hz); 2.19 (d, 2H, J= 7.3 Hz); 1.5-1.85 (m, 12H).

7.7. 4-(2-Amino-phenylamino)-1-cyclooct-1-enylmethyl-
1,2,5,6-tetrahydro-pyridine-3-carboxylic acid methylester
(VID)

A solution of VI (3 g, 10.75 mmol) and o-phenylenedi-
amine (1.77 g, 16.43 mmol) in benzene (50 mL) was
heated at reflux overnight in the presence of AcOH
(0.3 mL) and molecular sieves 4 A (1 g) using a Dean-
stark apparatus. The solution was cooled at rt, filtered,
and the solvent was removed under reduced pressure.
The residue was purified by flash chromatography using
as eluent EtOAc/light petroleum/NH4,OH, 1:4:0.3 to
give VII (3.3 g, 83%). Anal. Caled for C,,H3N;0 »:
C, 71.51; H, 8.46; N, 11.37. Found: C, 71.51; H, 8.45;
N, 11.37. MS (ESI): [MH]* = 370.3. '"H NMR (CDCls):
0 9.83 (s, 1H); 6.95-7.12 (m, 2H); 6.60-6.80 (m, 2H);
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5.36 (t, 1H, J = 8.1 Hz); 3.80 (s, 2H); 3.72 (s, 3H); 3.20
(s, 2H); 2.18 (d, 2H, J=7.3 Hz); 2.20-2.50 (m, 4H);
1.20-1.90 (m, 12H).

7.8. 3-(1-Cyclooct-1-enylmethyl-5-methoxycarbonyl-
1,2,3,6-tetrahydro-pyridin-4-yl)-2-0x0-2,3-dihydro-benzo-
imidazole-1-carboxylic acid zert-butyl ester (VIII)

A solution of VII (2g, 542 mmol) in 40 mL DCM
cooled at 0 °C was treated with di-fert-butyldicarbonate
(5.88 g, 26.95 mmol) and a catalytic amount of DMAP.
The reaction mixture was stirred at 0 °C for 12 h, the
solvent was evaporated under reduced pressure, and
the residue was purified by flash chromatography
(EtOAc/light petroleum/NH4OH, 1:9:0.3) to yield VIII
(2.4¢g, 89%) as a orange oil. Anal. Calcd for
C28H37N3O 5. C, 6786, H, 752, N, 8.48. Found: C,
67.85; H, 7.54; N, 8.51. MS (ESI): [MH]" = 396.4 (loss
of 'Butoxycarbonyl group). 'H NMR (CDCly):
7.086-7.14 (m, 3H); 6.84 (m, 1H); 5.56 (t, 1H,
J =8.0 Hz); 4.41 (s, br, 4H); 3.46 (s, 3H); 3.03 (d, 2H,
J=3.4Hz); 223 (d, 2H, J=6.4Hz); 2.153 (d, 2H,
J =5.6 Hz); 1.64 (s, 9H); 1.25-1.54 (m, 10H).

7.9. 1-Cyclooct-1-enylmethyl-4-(3-ethyl-2-0x0-2,3-dihy-
dro- benzoimidazol-1-yl)- 1,2,5,6-tetrahydro-pyridine-3-
carboxylic acid methyl ester (IX)

To a solution of VIII (2.4g, 4.85 mmol) in DCM
(20 mL) cooled at 0°C was added dropwise TFA
(2.6 mL, 33.95 mmol). The reaction mixture was stirred
at rt for 8 h, a saturated solution of NaHCOj3 (20 mL)
was added, the phases were separated, and the aqueous
phase was extracted with Et,O (3x 20 mL). The com-
bined organic phases were dried and evaporated under
vacuum to obtain a free amide used in the next step
without further purification.

A solution of free amide (1.97g, 4.65 mmol) in 10 mL of
anhydrous DMF was added dropwise to a stirred sus-
pension of NaH 75% (0.163g, 5.115 mmol) in DMF
(5mL) at 0 °C under argon atmosphere. The reaction
mixture was stirred for 30 min at the same temperature
and then a solution of ethyl bromide (0.381 mL,
5.115 mmol) in 5 mL DMF was added; the reaction mix-
ture was kept at rt for 12 h. Most of the solvent was evap-
orated and the residue was diluted with Et,O (50 mL),
the salts were filtered over a Celite pad, and the solvent
was removed under vacuum evaporation. The residue
was purified by silica gel chromatography (EtOAc/light
petroleum/NH4OH, 1:4:0.3) yielding IX (1.47g, 75%) as
a yellow oil. Anal. Calcd for C,5sH33N50 5: C, 70.89;
H, 7.85; N, 9.92. Found: C, 70.92; H, 7.88; N, 9.89.
MS (ESI): [MH]" = 424.5. '"H NMR (CDCls): 6 7.00-
7.07 (m, 3H); 6.88 (m, 1H); 5.54-5.58 (t, 1H, J = 8 Hz);
3.93-395 (q, 2H, J = 7.2 Hz); 3.39 (s, 3H); 3.03 (s, 2H);
2.68 (s, br, 6H); 2.24 (t, 2H, J = 6.4 Hz); 2.13 (m, 2H);
1.48-1.53 (m, 8H); 1.34 (t, 3H, J = 7.2 Hz).

3C NMR (CDCly): ¢ 164.93; 152.22; 138.71; 137.75;
129.32; 129.11; 127.87; 127.60; 121.46; 121.22; 108.42;
107.68; 63.93; 52.99; 51.76; 48.54; 35.91; 29.80; 29.68;
28.89; 27.33; 26.54; 26.48; 26.18; 13.6.

7.10. -cis-1-(1-Cyclooctylmethyl-3-hydroxymethyl-piperi-
din-4-yl)-3-ethyl-1,3-dihydro-benzoimidazol-2-one (1)

A solution of (3) (0.03 g, 0.07 mmol) in anhydrous THF
(2 mL) was added dropwise to a cooled (0 °C) slurry of
LiAIH; (5.85mg, 0.154 mmol) in anhydrous THF
(5 mL). After stirring for 20 min at the same tempera-
ture, water (3 mL) was slowly added, and the precipitat-
ed aluminum salts were filtered through a Celite pad.
Evaporation of the solvent and preparative HPLC using
a linear gradient 20-100% CH3;CN in 30 min gave race-
mic (1) (25.2 mg, 90%) as a yellow oil. Anal. Calcd for
Co4H37N30 ,: C, 72.14; H, 9.33; N, 10.51. Found: C,
72.15; H, 9.38; N, 10.53. MS (ESI): [MH]" = 400.4.

"H NMR (CDCls): § 7.85-7.88 (m, 1H); 7.07-7.09 (m,
3H); 6.98-7.00 (m, 1H); 4.68-4.74 (dt, 1H J = 14 Hz;
J=5Hz); 391397 (m, 4H): 321331 (dq, 2H,
J=11.6 Hz; J=4Hz); 3.14-3.17 (d, 2H, J = 11.6 Hz);
2.59-2.62 (dt, 1H, J=11.6Hz J=2Hz); 2.142.18
(m, 3H); 2.03 (s, dr, 1H); 1.49-1.70 (m, 14H); 1.34 (t,
3H, J = 7 Hz).

3C NMR (CDCly): 154.04; 129.53; 128.81; 121.22;
120.85; 110.97; 107,21; 66.01; 65.13; 59.77: 54.08;
54.04; 39.92; 35.92; 34.40; 30.77; 27.15; 26.90; 26.70;
26.38; 25.74; 25.02; 13.55.

7.11. (*)-trans-1-Cyclooctylmethyl-4-(3-ethyl-2-0x0-2,3-
dihydro-benzoimidazol-1-yl)-piperidine-3-carboxylic acid
methyl ester (2)

A solution of (3) (0.5g, 1.17 mmol) in anhydrous metha-
nol was added dropwise to a solution of MeONa, freshly
prepared dissolving sodium (0.19 g, 8.26 mmol) in anhy-
drous methanol (5mL) at 0 °C. The reaction mixture
was stirred at rt for 60 h, then adsorbed on silica gel
(1 g) and subjected to flash chromatography (EtOAc/light
petroleum/NH4OH, 1:4:0.1) to give (2) (0.46 g, 92%) as a
white solid (mp 68-70 °C). Anal. Calcd for C,5H37N;30 3:
C, 70.23; H, 8.72; N, 9.83. Found: C, 70.19; H, 8.73; N,
8.95. MS (ESI): [MH]" =428. IR (KBr): 1745, 1698,
1616, 1490 cm™'. '"H NMR (CDCl5): § 7.00-7.20 (m,
4H); 4.39 (dt, 1H, J=12.2, SHz); 391 (q, 2H,
J=7Hz); 3.68 (m, 1H); 3.43 (s, 3H); 3.10-3.25 (m, 2H);
2.90-3.08 (m, 1H); 2.56 (dq, 1H, J = 12.5, 3.9 Hz); 2.08-
2.30 (m, 5H); 1.40-1.80 (m, 15H); 1.33 (t, 3H, J = 7 Hz).
Analytical data are in accord with the literature.

7.12. (*)-cis-1-Cyclooctylmethyl-4-(3-ethyl-2-0x0-2,3-
dihydro-benzoimidazol-1-yl)-piperidine-3-carboxylic acid
methyl ester (3)

A solution of (5) (0.3 g, 0.70 mmol) in methanol (15 mL),
was hydrogenated in bomb at 60 atmosphere for 24 h in
the presence of Pd/C 10% (0.1 g). Filtration of the cata-
lyst through a Celite pad, solvent evaporation, and flash
chromatography  (EtOAc/light petroleum/NH,OH,
1:4:0.1) of the residue gave (3) (0.21 g 70%) as a colorless
oil. Anal Calcd for C,sH37N50 3: C, 70.23; H, 8.72; N,
9.83. Found: C, 70.26; H, 8.70; N, 9.81. MS (ESI):
MH]" = 428. IR (film): 1745, 1698, 1616, 1490 cm™'.
H NMR (CDCly): ¢ 7.50-7.70 (m, 1H); 6.95-7.10 (m,
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3H); 4.39 (dt, 1H, J=13.3, 4 Hz); 3.93 (dq, 2H, J =17,
2.4 Hz); 3.53 (s, 3H); 3.20-3.48 (m, 2H); 3.00-3.15 (m,
1H); 2.37 (dd, 1H, J=11.6, 3 Hz); 1.90-2.30 (m, 5H);
1.40-1.80 (m, 15H); 1.33 (t, 3H, J =7 Hz). Analytical
data are in accord with the literature.

7.13. [1-Cyclooctylmethyl-4-(3-ethyl-2,3-dihydro-ben-
zoimidazol-1-yl)-piperidin-3-yl]-methanol (4)

A solution of (2) (0.5 g, 1.17 mmol) in anhydrous THF
(3mL) was added dropwise to a cooled (0°C) slurry
of LiAlH, (5.02mg, 0.132 mmol) in anhydrous THF
(8 mL). After stirring for 50 min at the same tempera-
ture, water (5 mL) was slowly added, and the precipitat-
ed aluminum salts were filtered through a Celite pad.
Evaporation of the solvent gave (4) (383 mg 85%) with-
out further purification as a yellow oil. Anal. Calcd for
C,4H39N30: C, 74.76; H, 10.19; N, 10.90. Found: C,
74.76; H, 10.21; N, 10.92. MS (ESI): [MH]" = 386.6.
'"H NMR (CDCls): 6 7.85-7.88 (m, 1H); 7.07-7.09 (m,
3H); 6.98-7.00 (m, 1H); 5.41 (s, 2H); 4.68-4.74 (dt, 1H
J=14Hz; J=5Hz); 3.91-3.97 (m, 4H); 1.13 (t, 3H,
J=17Hz); 3.21-3.31 (dq, 2H, J=11.6 Hz; J =4 Hz);
3.14-3.17 (d, 2H, J=11.6 Hz); 2.59-2.62 (dt, 1H,
J=11.6 Hz; J =2 Hz); 2.14-2.18 (m, 3H); 2.03 (s, br,
1H); 1.30-1.60 (m, 14H).

13C NMR (CDCly): 129.53; 128.81; 121.22; 120.85;
110.97; 107,21; 68.02; 66.01; 65.13; 59.77; 54.08; 54.04;
39.92; 35.92; 34.40; 30.77; 27.15; 26.90; 26.70; 26.38:
25.74; 25.02; 13.55.

7.14. 1-Cyclooctylmethyl-4-(3-ethyl-2-ox0-2,3-dihydro-
benzoimidazol-1-yl)-1,2, 5,6-tetrahydro-pyridine-3-car-
boxylic acid methyl ester (5)

A solution of II (1.5 g, 3.78 mmol) in anhydrous DMF
was added dropwise to a stirred suspension of 75%
NaH (.12 g, 3.78 mmol) in anhydrous DMF (5mL) at
0 °C. The reaction mixture was stirred for 30 min at the
same temperature, then a solution of ethyl bromide
(0.31 mL, 4.16 mmol) in DMF (5 mL) was added slowly
and stirring was continued overnight at rt. Most of the
solvent was evaporated and the residue was diluted with
ethyl ether (50 mL). The precipitated salts were filtered
over a Celite pad, the solvent was removed under re-
duced pressure, and the residue was purified by flash
chromatography  (EtOAc/light petroleum/NH,OH,
1:4:0.1) to give (5) (1.2 g 75%) as a yellow oil. Anal Calcd
for C,5H35N50 3: C, 70.56; H, 8.29; N, 9.87. Found: C,
70.58; H, 8.28; N, 9.86. MS (ESI): [MH]" = 426. IR
(film): 1714, 1647, 1616, 1493 cm™'. "H NMR (CDCls):
0 7.05-7.10 (m, 3H); 6.80-7.00 (m, 1H); 3.88 (q, 2H,
J =17.2 Hz); 3.30-3.50 (m, 2H, superimposed to s, 3H a
3.34); 2.50-2.80 (m, 4H); 2.22 (d, 2H, J=7.2 Hz);
1.40-1.80 (m, 15H); 1.28 (t, 3H, J = 7.2 Hz).

7.15. 1-(1-Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-
tetrahydro-pyridin-4-yl)-1, 3-dihydro-benzoimidazol-2-
one (6)

A solution of II (1 g, 2.52 mmol) in anhydrous THF
(15mL) was added dropwise to a cooled (0 °C) slurry

of LiAlH4 (098 g, 2.57 mmol) in anhydrous THF
(20 mL). After stirring for 20 min at the same tempera-
ture, water (10 mL) was slowly added, and the precipi-
tated aluminum salts were filtered through a Celite
pad. Evaporation of the solvent and flash chromatogra-
phy purification (EtOAc/light petroleum/NH,OH,
2:1:0.1) gave (6) (0.65 g 70%) as a yellow oil. Anal. Calcd
for C5,H3; N3O ,: C, 71.51; H, 8.46; N, 11.37. Found: C,
71.47; H, 8.48; N, 11.35. MS (ESI): [MH]" = 370,6. 'H
NMR (CDCly): 7.06-7.10 (m, 3H); 6.95 (m, 1H); 4.16
(d, 1H, J =16 Hz); 3.59 (m, 2H); 2.5-3.1 (m, br, 6H);
2.25-2.29 (d, 2H, J =16 Hz); 2.02 (m, 2H); 1.53-1.75
(m, br, 12H); 1.24-1.28 (m, 2H).

7.16. 3-(1-Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-
tetrahydro-pyridin-4-yl)-2-0x0-2,3-dihydro-benzoimidaz-
ole-1-carboxylic acid terz-butyl ester (7)

A solution of I (30 mg, 0.06 mmol) in anhydrous THF
(1 mL) was added dropwise to a cooled (0 °C) slurry
of LiAlH4 (5.02mg, 0.132 mmol) in anhydrous THF
(5 mL). After stirring for 20 min at the same tempera-
ture, water (3 mL) was slowly added, and the precipitat-
ed aluminum salts were filtered through a Celite pad.
Evaporation of the solvent and flash chromatography
purification (EtOAc/light petroleum/NH4OH, 3:1:0.3)
gave (7) (19 mg 67%) as a colorless oil. Anal. Calcd
for C,7H39N30 4 C, 69.05; H, 8.37; N, 8.95. Found:
C, 69.02; H, 8.39; N, 8.94. MS (ESI): [MH]" = 470.6.
(IMH]* = 370.6 tert-butoxycarbonyl moiety). '"H NMR
(CDCly): 7.1 (m, 3H); 6.9 (m, 1H); 6.05 (s, br, 2H); 5.8
(s, br, 2H); 4.05 (m, 1H); 3.69-3.75 (t, 4H, J = 6.6 Hz);
2.79 (m, 2H); 2.28 (m, 2H); 1.99 (s, 9H); 1.51-1.86 (m,
12H).

7.17. 1-(1-Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-
tetrahydro-pyridin-4-yl)-3- (2-hydroxy-ethyl)-1,3-dihy-
dro-benzoimidazol-2-one (8)

A solution of HI (0.1 g, 0.21 mmol) in anhydrous THF
(5 mL) was added dropwise to a cooled (0 °C) slurry
of LiAlH4 (17.3 mg, 0.455 mmol) in anhydrous THF
(7mL). After stirring for 20 min at the same tempera-
ture, water (5 mL) was slowly added, and the precipitat-
ed aluminum salts were filtered through a Celite pad.
Evaporation of the solvent and flash chromatography
purification (EtOAc/light petroleum/NH4OH, 4:1:0.3)
gave (8) (62 mg 72%) as a colourless oil. Anal. Calcd
for C,4H35N50 5: C, 69.70; H, 8.53; N, 10.16. Found:
C, 69.67; H, 8.50; N, 8.13. MS (ESI): [MH]" =414.2.
'"H NMR (CDCls): 7.04-7.10 (m, 3H); 6.88-6.89 (m,
1H); 3.99-4.02 (m, 3H); 3.87-3.89 (m, 2H); 3.58-3.61
(d, 1H, J =12 Hz); 3.40-3.45 (d, br, 1H, J=16.8 Hz);
3.02-3.07 (d, 1H, J=16.8 Hz); 2.70-2.76 (m, 1H);
2.58-2.63 (m, 1H); 2.43-2.47 (d, br, 1H, J=17 Hz);
2.26-2.31 (br, 1H); 2.22-2.24 (d, 2H, J = 7.6 Hz); 1.56—
1.94 (m, br, 6H); 1.45-1.55 (m, br, 7H); 1.20-1.23 (m,
2H).

3C NMR (CDCly): 173.47; 154.30; 136.75; 129.78;
128.73; 125.64; 122.07; 121.74; 109.33; 108.56; 65.47;
60.22; 59.61; 54.53; 50.04; 44.26; 34.76; 30.76; 30.68;
27.83; 27.11; 26.36; 25.50; 22.62.
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7.18. 1-(1-Cyclooct-1-enylmethyl-5-hydroxymethyl-
1,2,3,6-tetrahydro-pyridin-4-yl)-3-ethyl-1,3-dihydro-ben-
zoimidazol-2-one (9)

A solution of IX (1 g, 2.36 mmol) in anhydrous THF
(10 mL) was added dropwise to a cooled (0 °C) slurry
of LiAlH4 (197 mg, 5.192 mmol) in anhydrous THF
(20 mL). After stirring for 20 min at the same tempera-
ture, water (10 mL) was slowly added, and the precipi-
tated aluminum salts were filtered through a Celite
pad. Evaporation of the solvent and purification by flash
chromatography  (EtOAc/light petroleum/NH,OH,
1:2:0.3) gave (9) (0.91g 97%) as a white oil. Anal. Calcd
for C24H33N3O 2. C, 7288, H, 841, N, 10.62. Found: C,
72.90; H, 8.44; N, 10.65. MS (ESI): [MH]" = 396.5. '"H
NMR (CDCl3): 6 7.03-7.13 (m, 3H); 6.94-6.95 (m,
1H); 5.56 (t, 1H); 4.06 (d, 1H, J =12 Hz); 3.96 (q, 2H,
J=12Hz); 3.58 (d, 1H, J = 12 Hz); 3.12-3.52 (2d, 2H,
J =16.4 Hz); 3.02 (s, 2H); 2.65-2.74 (m, 2H); 2.58 (d,
1H); 2.25-2.26 (m, 2H); 2.13 (m, 2H); 1.47-1.54 (m,
10H); 1.36 (t, 3H, J=7.2Hz). >C NMR (CDCly):
153.69; 137.87; 136.83; 129.27; 128.88; 127.81; 126.03;
121.92; 121.53; 109.54; 108.03; 64.16; 60.05; 54.65;
49.33; 36.33; 29.84; 28.85; 27.84; 27.27; 26.57; 26.48;
26.20; 13.64.

7.19. (¥)-1-(1-Cyclooctylmethyl-3-hydroxymethyl-piperi-
din-4-yl)-3-ethyl-1,3-dihydro-benzoimidazol-2-one. (%)-J-
113397

A solution of (2) (1 g, 2.34 mmol) in anhydrous THF
(15 mL) was added dropwise to a cooled (0 °C) slurry
of LiAIH4 (0.19g, 5.0l mmol) in anhydrous THF
(20 mL). After stirring for 20 min at the same tempera-
ture, water (10 mL) was slowly added, and the precipitat-
ed aluminum salts were filtered through a Celite pad.
Evaporation of the solvent and flash chromatography
purification (EtOAc/light petroleum/NH,OH, 1:2:0.1)
gave racemic J-113397 (0.89g, 95%) as a white solid (mp
93-95 °C). Analytical data are in accord with the litera-
ture (REF). Anal. Calcd for C,4H37N30 »: C, 72.14; H,
9.33; N, 10.51. Found: C, 72.18; H, 9.30; N, 10.51. MS
(ESI): [MH]" = 400. IR (KBr): 3435, 1686, 1491 cm ™.
'H NMR (CDCly): 6 7.31-7.33 (d, 1H, J=7.2 Hz);
7.03-7.11 (m, 3H); 4.35-4.40 (t, br, 1H, J=11.6 Hz);
4.09-4.14 (q, 1H, J=7.2 Hz); 3.90-4.01 (m, 2H); 3.33
(s, 2H); 2.98-3.02 (t, 3H, J=6.4 Hz); 2.58-2.62 (dq,
1H, J=8.2 Hz, J =4 Hz,); 2.17-2.29 (m, 2H); 2.13-2.15
(d, 2H, J = 6.8 Hz); 2.01-2.06 (m, 3H); 1.88 (dd, 1H);
1.47-1.74 (m, 12H); 1.32-1.35 (t, 3H, J = 7.2 Hz).

3C NMR (CDCly): 154.67; 129.30; 128.09; 121.22;
110.32; 108.02; 66.14; 61.95; 60.48; 56.53; 53.65; 51.80;
41.07; 36.15; 34.92; 30.97; 30.92; 28.80; 27.22; 27.20;
26.54; 25.67; 14.26; 13.64. Analytical data are in line
with the literature.

7.20. 1-(1-Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-
tetrahydro-pyridin-4-yl)-3-ethyl-1,3-dihydro-ben-
zoimidazol-2-one. (Trap-101)

A solution of (5) (0.5 g, 1.17 mmol) in anhydrous THF
(15mL) was added dropwise to a cooled (0 °C) slurry

of LiAlH4 (098 g, 2.57 mmol) in anhydrous THF
(20 mL). After stirring for 20 min at the same tempera-
ture, water (10 mL) was slowly added, and the precipi-
tated aluminum salts were filtered through a Celite
pad. Evaporation of the solvent and flash chromatogra-
phy purification (EtOAc/light petroleum/NH,OH,
1:2:0.1) gave (Trap-101) as a slurry yellow oil in quanti-
tative yield. Anal. Calcd for C,4H35N30 »: C, 72.51; H,
8.87; N, 10.57. Found: C, 72.49; H, 8.90; N, 10.55. MS
(ESI): [MH]" = 398.5. '"H NMR (CDCls): 7.04-7.13 (m,
3H); 6.94-6.96 (m, 1H); 4.05-4.08 (d, 1H, J = 11.6 Hz);
3.95-3.98 (m, 2H); 3.72-3.75 (m, 3H); 3.56 (m, 2H);
3.06-3.10 (dt, 1H, J=16.5Hz, J=2.5Hz); 2.74-2.79
(m, 1H); 2.55-2.59 (d, br, 1H); 2.65-2.70 (m, 1H);
2.25-2.28 (m, 2H); 1.83-1.84 (m, 2H); 1.48-1.75 (m,
12H); 1.34-1.36 (t, 3H, J =7 Hz).

3C NMR (CDCly): 153.71; 136.70; 129.28; 128.88;
125.94; 121.93; 121.52; 109.58; 108.04; 68.04; 65.42;
60.06; 54.82; 50.14; 36.35; 34.94; 30.85; 30.75; 27.89;
27.21; 26.49; 25.66; 25.62; 13.65.

8. Molecular modeling procedures

Molecular modeling studies were performed on an Oc-
tane R12000 Silicon Graphics workstation. Molecular
structure was generated using SYBYL (Version 6.9) sup-
plied by Tripos Associates, St. Louis, Missouri, USA.
Three-dimensional model of the molecules was generated
starting from the crystal structure of J-113397.%° as
deposited at Cambridge Crystallographic Data Centre
(CCDC 151492). Assuming physiological conditions,
all the compounds were considered protonated on the
basic nitrogen atom of piperidine system. For each com-
pound, the piperidine ring was maintained in a chair con-
formation, energetically preferred compared to the boat
conformation, as found in the starting crystal structure
of molecule J-113397.3° The geometry was optimized
using the Tripos force field without including electrostat-
ic terms, applying the conjugate gradient method. Semi-
empirical molecular orbital calculations were done using
the AM1 Hamiltonian** as implemented in MOPAC. A
conformational analysis was carried out on 3 routable
bonds using the Monte Carlo options implemented in
MacroModel 8.1.5* The maximum number of attempts
was 5000 and the energy cut-off was set at 100 kcal/mol
above the estimated total energy of the molecule. The
low energy conformers produced by the random confor-
mational search were fully reoptimized with the semiem-
pirical quantum mechanics calculations AMI1.43
Resulting structures were superimposed on the piperi-
dine ring and on the centroids of the cyclooctyl and benz-
imidazolidinone system of J-113397, applying the
superimposition procedure as implemented in SYBYL.

9. Pharmacological studies

9.1. Electrically stimulated mouse vas deferens

Male Swiss mice weighing 25-30 g and albino guinea
pigs weighing 250-300g were used. The bioassay





C. Trapella et al. | Bioorg. Med. Chem. 14 (2006) 692-704 703

experiments were performed as previously described.*!
The mouse vas deferens and guinea pig ileum tissues
were suspended in 5 mL organ baths containing Krebs
solution. For mouse vas deferens experiments the bath
temperature was set at 33 °C and the Krebs solution
was Mg®* free, while for guinea pig ileum experiments
the bath temperature was set at 37 °C. The tissues were
stimulated through two platinum ring electrodes with
supramaximal rectangular pulses of 1 ms duration and
0.05 Hz frequency. The resting tension was maintained
at 0.3 g. The electrically evoked contractions were mea-
sured isotonically by means of a Basile strain gauge
transducer and recorded with a PC-based acquisition
system (Autotrace, RCS, Florence, Italy). After an
equilibration period of about 1h, the contractions in-
duced by electrical field stimulation were stable. At this
time, cumulative concentration-response curves to N/
OFQ or J-113397 derivatives were performed (0.5 log
unit steps). When tested as antagonists the compounds
were added to the Krebs solution 15 min before per-
forming the concentration—response curve to N/OFQ.

9.2. Receptor binding and stimulation of GTPYS binding
to human recombinant receptors

The binding of Trap-101 to recombinant human NOP,
MOP, DOP, and KOP expressed in Chinese hamster
ovary cells was assessed by the displacement of either
a fixed concentration of [PH]N/OFQ (for NOP) or
[*H]diprenorphine (for MOP, DOP, and KOP) and
increasing concentrations of Trap-101 as previously de-
scribed.>* Upstream functional antagonism of Trap-101
was assessed in a standard GTPy>°S binding protocol®*
using 3, 30, and 300 nM Trap-101 against N/OFQ.

The pharmacological terminology adopted in this study
is in line with ITUPHAR recommendations:>> the agonist
potencies are given as pECso = the negative logarithm to
base 10 of the molar concentration of an agonist that
produces 50% of the maximal possible effect. Antagonist
potencies have been evaluated using the Gaddum Schild
equation: pA, =log ((CR—1)/[antagonist]) assuming a
slope value equal to unity. In receptor binding studies,
the concentration of displacer producing 50% displace-
ment was corrected for the competing mass of radiolabel
to yield K; according to Cheng and Prusoff.>°
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		Synthesis

		3-(1-Cyclooctylmethyl-5-methoxycarbonyl-1,2,3,6-tetrahydro-pyridin-4-yl)-2-oxo-2,3-dihydro-benzoimidazole-1-carboxylic acid tert-butyl ester (I)

		1-Cyclooctylmethyl-4-(2-oxo-2,3-dihydro-benzoimidazol-1-yl)- 1,2,5,6-tetrahydro-pyridine-3-carboxylic acid methyl ester (II)

		1-Cyclooctylmethyl-4-(3-ethoxycarbonylmethyl-2-oxo-2,3- dihydro- benzoimidazol-1-yl)-1,2,5,6-tetrahydro-pyridine-3-carboxylic acid methyl ester (III)

		C-Cyclooct-1-enyl-methylamine (IV)

		3-[Cyclooct-1-enylmethyl-(2-methoxycarbonyl-ethyl)-amino]- propionic acid methyl ester (V)

		1-Cyclooct-1-enylmethyl-4-oxo-piperidine-3-carboxylic acid methyl ester (VI)

		4-(2-Amino-phenylamino)-1-cyclooct-1-enylmethyl-1,2,5,6-tetrahydro-pyridine-3-carboxylic acid methylester (VII)

		3-(1-Cyclooct-1-enylmethyl-5-methoxycarbonyl-1,2,3,6-tetrahydro-pyridin-4-yl)-2-oxo-2,3-dihydro-benzoimidazole-1-carboxylic acid tert-butyl ester (VIII)

		1-Cyclooct-1-enylmethyl-4-(3-ethyl-2-oxo-2,3-dihydro- benzoimidazol-1-yl)- 1,2,5,6-tetrahydro-pyridine-3-carboxylic acid methyl ester (IX)

		-cis-1-(1-Cyclooctylmethyl-3-hydroxymethyl-piperidin-4-yl)-3-ethyl-1,3-dihydro-benzoimidazol-2-one (1)

		( plusmn )-trans-1-Cyclooctylmethyl-4-(3-ethyl-2-oxo-2,3-dihydro-benzoimidazol-1-yl)-piperidine-3-carboxylic acid methyl ester (2)

		( plusmn )-cis-1-Cyclooctylmethyl-4-(3-ethyl-2-oxo-2,3-dihydro-benzoimidazol-1-yl)-piperidine-3-carboxylic acid methyl ester (3)

		[1-Cyclooctylmethyl-4-(3-ethyl-2,3-dihydro-benzoimidazol-1-yl)-piperidin-3-yl]-methanol (4)

		1-Cyclooctylmethyl-4-(3-ethyl-2-oxo-2,3-dihydro-benzoimidazol-1-yl)-1,2, 5,6-tetrahydro-pyridine-3-carboxylic acid methyl ester (5)

		1-(1-Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-tetrahydro-pyridin-4-yl)-1, 3-dihydro-benzoimidazol-2-one (6)

		3-(1-Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-tetrahydro-pyridin-4-yl)-2-oxo-2,3-dihydro-benzoimidazole-1-carboxylic acid tert-butyl ester (7)

		1-(1-Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-tetrahydro-pyridin-4-yl)-3- (2-hydroxy-ethyl)-1,3-dihydro-benzoimidazol-2-one (8)

		1-(1-Cyclooct-1-enylmethyl-5-hydroxymethyl-1,2,3,6-tetrahydro-pyridin-4-yl)-3-ethyl-1,3-dihydro-benzoimidazol-2-one (9)

		( plusmn )-1-(1-Cyclooctylmethyl-3-hydroxymethyl-piperidin-4-yl)-3-ethyl-1,3-dihydro-benzoimidazol-2-one. ( plusmn )-J-113397

		1-(1-Cyclooctylmethyl-5-hydroxymethyl-1,2,3,6-tetrahydro-pyridin-4-yl)-3-ethyl-1,3-dihydro-benzoimidazol-2-one. (Trap-101)



		Molecular modeling procedures

		Pharmacological studies

		Electrically stimulated mouse vas deferens

		Receptor binding and stimulation of GTP gamma S binding to human recombinant receptors



		Acknowledgments

		References and notes






Available online at www.sciencedirect.com

sc.euce@p.“m

Bioorganic &
Medicinal
Chemistry

ELSEVIER Bioorganic & Medicinal Chemistry 14 (2006) 815-825

Synthesis and characterization of selective dopamine D,
receptor antagonists

Suwanna Vangveravong,® Elizabeth McElveen,” Michelle Taylor,® Jinbin Xu,* Zhude Tu,?
Robert R. Luedtke® and Robert H. Mach®*

4Division of Radiological Sciences, Washington University School of Medicine, Mallinckrodt Institute of Radiology,
510 S. Kingshighway, St. Louis, MO 63110, USA
®Department of Pharmacology and Neuroscience, University of North Texas Health Science Center, 3500 Camp Bowie Boulevard,
Fort Worth, TX 76107, USA

Received 12 July 2005; revised 31 August 2005; accepted 1 September 2005
Available online 8 November 2005

Abstract—A series of indole compounds have been prepared and evaluated for affinity at D,-like dopamine receptors using stably
transfected HEK cells expressing human D,, D3, or D4 dopamine receptors. These compounds share structural elements with the
classical D»-like dopamine receptor antagonists, haloperidol, N-methylspiperone, and benperidol. The compounds that share struc-
tural elements with N-methylspiperone and benperidol bind non-selectively to the D, and D; dopamine receptor subtypes. However,
several of the compounds structurally similar to haloperidol were found to (a) bind to the human D, receptor subtype with nano-
molar affinity, (b) be 10- to 100-fold selective for the human D, receptor compared to the human D5 receptor, and (c) bind with low
affinity to the human D4 dopamine receptor subtype. Binding at sigma (o) receptor subtypes, o; and o,, was also examined and it
was found that the position of the methoxy group on the indole was pivotal in both (a) D, versus Dj receptor selectivity and (b)
affinity at o; receptors. Adenylyl cyclase studies indicate that our indole compounds with the greatest D, receptor selectivity are
neutral antagonists at human D, dopamine receptor subtypes. With stably transfected HEK cells expressing human D, (hD»-
HEK), these compounds (a) have no intrinsic activity and (b) attenuated quinpirole inhibition of adenylyl cyclase. The D, receptor
selective compounds that have been identified represent unique pharmacological tools that have potential for use in studies on the
relative contribution of the D, dopamine receptor subtypes in physiological and behavioral situations where D,-like dopaminergic
receptor involvement is indicated.

© 2005 Elsevier Ltd. All rights reserved.

modulation of the dopaminergic pathways is thought to
occur as a consequence of acute and chronic abuse of psy-
chostimulants, including cocaine and amphetamines.”!!

1. Introduction

There are three dopaminergic pathways that are of funda-
mental importance to the function of the normal brain:
the nigrostriatal pathway, the mesocorticolimbic path-
way and the tuberoinfundibular pathway. These neuro-

Molecular genetic studies of G-protein coupled recep-
tors have defined two types of dopamine receptors, the

nal systems are involved in movement coordination,
cognition, emotion, affect, memory, and the regulation
of prolactin secretion by the pituitary. Alterations in
the dopaminergic pathways are thought to be involved
in the pathogenesis of neurological, neuropsychiatric,
and hormonal disorders, including Parkinson’s disease,
schizophrenia, and hyperprolactinemia.! ® In addition,

Keywords: Indoles; D,-like dopamine receptors; Sigma receptors;

Dopamine receptor antagonists.
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D;-like (D; and Ds receptor subtypes) and D--like
(D,, D3, and Dy receptor subtypes) receptors based
upon structural and pharmacological similarities. For
example, D-like receptors are structurally similar and
positively linked to the activation of adenylyl cyclase
via coupling to the Gs/Golf class of G-proteins.!? Stim-
ulation of the D,-like receptors results in coupling with
the Gi/Go class of G-proteins, leading to the inhibition
of adenylyl cyclase activity.!3~13

The D, and D3 dopamine receptors have approximately
46% amino acid homology. However, the transmem-
brane spanning (TMS) regions of the D, and Dj;
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receptors, which are thought to construct the ligand
binding site, share 78% homology.!® Despite the similar-
ities in the structure of the D, and Dj; receptors, the D,
and Dj receptors differ in their (a) neuroanatomical
localization,'” (b) levels of receptor expression, (c) effica-
cy in response to agonist stimulation,® and (d) regula-
tion and desensitization.'® Because of the high degree
of homology between D, and Dj; receptor binding sites,
the pharmacologic properties of these two receptor sub-
types are similar and it has been difficult to obtain com-
pounds that can bind selectively to either the D, or the
D; dopamine receptor subtypes.®!*2! However, D, or
D3 dopamine receptor selective agonists and antagonists
would be useful pharmacologic tools to precisely define
the role of these two D,-like receptor subtypes in a vari-
ety of experimental physiological and behavioral situa-
tions, including the reinforcing and toxic properties of
cocaine,?>?? socialization, memory, and the regulation
of interneuronal activity in the basal ganglia.?*

A previous study reported indole analogs, represented
by compound 1, as having a high affinity for dopamine
D, versus D, and Dj receptors.”> These compounds
were developed as potential atypical antipsychotic
agents based on the observation that clozapine has a
moderate affinity for D4 receptors and a relatively low
affinity for D, and Dj receptors.?® An interesting obser-

vation noted in the paper of Kulagowski et al.,>> but
not explored in greater detail, was the high affinity
and selectivity of compound 2 for dopamine D, versus
D3 and Dy receptors (Fig. 1). In this communication,
we report the synthesis and in vitro binding of congen-
ers of 2 with nanomolar affinity at D, receptors and
range from 10- to 100-fold selective for D, compared
to the D3 receptor subtype. In vitro studies indicate
that these compounds are neutral antagonists at D,-
like dopamine receptors.

2. Chemistry

The synthesis of the target compounds is outlined in
Schemes 1 and 2. Gramine and 5-methoxygramine are
commercially available. Only 4-methoxygramine was
made in this study in quantitative yield by treatment
of 4-methoxyindole, 3, with N,N-dimethylmethyleneam-
monium iodide (Eschenmoser’s salt) as outlined in
Scheme 1. Reaction of 4a—c with the corresponding sec-
ondary amines gave the corresponding indoleamine ana-
logs in moderate yield (Scheme 2). The synthesis of the
4'-methylthio analogs, 20 and 21, required a different
synthetic route (Scheme 3), which involved the synthesis
of the 4-piperidone intermediates, 18a and 18c, followed
by treatment with the Grignard reagent, 19, to give the

oY e

D,=71nM
D = 150 nM
D,=1.60M

D,=2.4nM
D; = 100 nM
D, =220 nM

o OH
/©)va
F cl

Haloperidol

D,=14nM
D;=2.0nM
D,=2.31M

(¢]
CHs
[e) N
N )
N
F

N-methylspiperone

O

Benperidol

Figure 1. Structures of the lead compounds for the current study. The in vitro binding data are K; values reported in Ref. 25.
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target compounds in moderate yield. We were unable to
make the corresponding 4-methoxy analog due to the
chemical instability of the intermediate, 18b.

3. Radioligand binding studies at dopamine receptors

Competitive radioligand binding studies were performed
to determine the equilibrium dissociation constants of
each compound at human D,, D3, and D, dopamine
receptors (Table 1). For these studies tissue homoge-
nates from stably transfected HEK 293 cells were used

in conjunction with the radioligand '*I-IABN. We have
previously reported that the benzamide '>’I-IABN binds
with high affinity and selectively to D,-like dopamine
receptors, but it binds non-selectively to the D, and
D5 dopamine receptor subtypes.?’

First, when a comparison is made of the affinity at D,
and D5 dopamine receptors of the unsubstituted indoles
which have structural elements similar to the butyrophe-
nones N-methylspiperone (13) and haloperidol (2) or
benperidol (16), only 2 exhibits pharmacological selec-
tivity at D, receptors. Compound 2 was reported by
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CH,
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N
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N
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21 (R = 5-OCHa)
Scheme 3.
Table 1. In vitro binding data for the indole analogs
Compound K (nM)
Dzb D3C D4d D3ZD2 ratio® [e3] (e3)) LOng
2 10+2.5 104 + 19 449 + 123¢ 10 19.3£3.6 1811 £ 569 1.54
5 42+104 250+ 6 >2000 59 >5000 1246 £ 234 2.10
6 42+0.8 204 = 60 >3500 49 242 * 68 1900 * 241 2.16
7 48+0.3 110 £39 6527 28 12.1£2.5 2134 356 1.72
8 2.3%0.7 190 + 34 840 £ 197 82 2557 334 943 + 64 2.34
9 2.5%0.7 96.9 £ 6.1 700 £ 80 39 108 £ 17 2702 + 696 2.28
20 23955 638 £ 159 319 £ 588 27 39.6+7.1 884 £ 32 1.33
21 55%0.1 580 £92 567 £ 140 106 236+ 13 >10,000 1.91
13 134 +£27 200 + 125 >5000 1.5 >5000 >10,000 0.46
14 101 £2 150 + 38 >5000 L5 3147 £ 1290 >10,000 1.17
15 205 128 + 18 >5000 6.4 >5000 >10,000 1.08
16 34+£3 38t 11 756 £ 243 1.1 >5000 >10,000 1.83
17 203 £ 18 153 +£36 133+24 0.8 331 £21 1374 £ 159 1.75

#Mean + SEM, K; values were determined by at least three experiments.

® K; values for D, receptors were measured on human Ds(1ong) €xpressed in HEK cells using ['**IJIABN as the radioligand.
¢ K; values for Dj receptors were measured on human Dj expressed in HEK cells using ['**TJTABN as the radioligand.
4 K, values for D, receptors were measured on human D, 4 expressed in HEK cells using [IZSI]IABN as the radioligand.

¢ K; for D3 receptor/K; for D, receptor.
[ Calculated value using the program Clog P.
€Reported to be 220 nM in Kulagowski et al., 1996.

Kulagowski et al.,>> to be 40-fold selective for the hu-
man D, compared to the human Dj receptor subtype.
We found essentially the same affinity for this com-
pound at the D5 receptor subtype, but a fourfold lower
affinity at D, receptors. Therefore, our experiments indi-
cate that compound 2 is 10-fold selective at D, receptors
compared to D; dopamine receptors.

Based upon those results, modifications of the indole
group were prepared to determine if the addition of a
methoxy group to 2 at the 4- or 5-position (5 and 6,
respectively) would alter D,/D; dopamine receptor
selectivity. We found that the addition of the methoxy

group resulted in a 2- to 2.5-fold decrease in affinity at
D3 receptors with a concomitant 2-fold increase in affin-
ity at D, receptors, resulting in compounds that were 50-
to 60-fold selective at D, receptors. A similar modifica-
tion of the 5-position on an unsubstituted indole struc-
turally related to N-methylspiperone (15) was also
found to increase D, receptor selectivity, indicating that
this type of substitution was important in obtaining a
compound that could discriminate pharmacologically
between D, and D3 dopamine receptor subtypes. Sur-
prisingly, substitution of a methoxy group at the 4-posi-
tion (14) did not appear to have an effect on D,-like
receptor affinity or D5:D, selectivity.
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A comparison of unsubstituted indoles structurally
related to haloperidol was made in which a Br (7) or a
SCH; (20) was substituted for the CI moiety (2). The
substitution with these bulkier groups increased selectiv-
ity at D, receptors 2- to 3-fold. Although there was an
increase in D, receptor selectivity, the substitution with
the Br group (7) increased affinity at D, receptors 2-fold
(K; = 5nM), whereas the substitution with SCH; group
(20) resulted in a 2-fold decrease in affinity.

Our analysis of the indole compounds structurally simi-
lar to haloperidol indicated that addition of a methoxy
group to the indole and the substitution of a Cl group
increased the Ds;:D, affinity ratio. Therefore, a panel
of methoxy indole compounds was prepared and evalu-
ated which substituted either a Br (8 and 9) or a SCH;
group (21) for the CI. This combination of modifications
led to the identification of two compounds (8 and 21)
which exhibited >80-fold selectivity at D, receptors
compared to D3 dopamine receptors with nanomolar
affinity at D, receptors (K; values of 2.3 and 5.5 nM,
respectively).

Finally, we evaluated the compounds with the highest
selectivity for D, receptors, 2, 6, 8, and 21, for binding
activity at D, receptors. Concentration-dependent com-
petitive binding studies were performed using (a) the D,
receptor selective radioligand *H-SCH 23390, (b) rat
caudate tissue, which is known to express high levels
of D dopamine receptors, and (c) the four indoles with
the greatest selectivity at D, receptors or non-radioac-
tive SCH 23390, which was included as a positive con-
trol. While SCH 23390 competed for radioligand
binding with high affinity, each of the four indoles
exhibited low affinity (ICsy > 10 pM) binding at rat D,
dopamine receptors (data not shown).

4. Adenylyl cyclase studies with D,-like receptors

The pharmacological properties of a select panel of
substituted indoles with the highest selectivity for D,
dopamine receptors (5, 6, 8, and 21) were further evalu-
ated using a whole cell adenylyl cyclase assay to deter-
mine if they are agonists or antagonists at D,
dopamine receptors (Fig. 2). The data shown in Figure
2 are representative of three independent sets of experi-
ments. For these cells, 80-90% inhibition of forskolin-
dependent stimulation (100 uM) of adenylyl cyclase
activity can be achieved at high concentrations
(100 nM) of the D»-like receptor full agonist quinpirole
(Quin). For these studies 10 nM quinpirole was used.
Although the extent of the inhibition by agonist of for-
skolin (Fsk) stimulation was less than maximal, these
experimental conditions were more optimal for deter-
mining if the test compound was capable of blocking
agonist activity. Although the full agonists, such as
quinpirole or dopamine, are able to attenuate for-
skolin-dependent stimulation of adenylyl cyclase in
HEK cells expressing human D, receptors (hD,-HEK
cells), essentially no intrinsic activity was observed for
any of the four compounds that were evaluated. In addi-
tion, each compound was able to block the forskolin-de-

0 =< wn o =] w -]

& + + 5 + +

% % < £ £

= 4 + 5 B

= (=4 (=4

4 + +

A <

wn v

= =
100
80
60
40
20

0 - ® = = © —

= N = + I

= M + 2 +

] o =

% A £ p

= 7] + = o=

= M <3 5

w O

= + r

< 2

= 4

Figure 2. Evaluation of intrinsic activity of D, receptor selective
indoles at human D, dopamine receptors expressed in HEK 293 cells.
The top panel presents representative data for compounds 5 and 6,
while the bottom panel depicts data for compounds 8 and 21. The data
presented are representative of three independent experiments for each
compound tested. The values for the bar graph are the mean of
triplicates for a single experiment.

pendent inhibition of quinipirole at D, dopamine
receptors. These results indicate that these compounds
are antagonists at D, dopamine receptor.

Finally, we selected compound 5 for further evaluation.
Dose-response curves were performed using increasing
concentrations of 5 with a constant amount of forskolin
(100 uM) and quinpirole (10 nM). In Figure 3, a compos-
ite of three independent inhibition studies is shown in
which 5 competitively inhibits the effect of quinpirole on
forskolin-stimulated hD,-HEK cells. Under the
conditions of these experiments quinpirole inhibited
approximately 70% of the forskolin-dependent activation
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Figure 3. Dose-dependent attenuation of the inhibition of
forskolin-dependent stimulation of adenylyl cyclase by 5. The
concentration-dependent mean attenuation of quinpirole inhibition
of forskolin-dependent stimulation of adenylyl cyclase by compound
5 using hD,-HEK cells is shown. The open bar is the normalized
stimulation of adenylyl cyclase activity in hD,-HEK cells using
100 uM forskolin (Fsk). The solid bar is the mean percent inhibition
(67 £4% of maximum) of forskolin-dependent stimulation using
10 nM quinpirole (Fsk + Quin). The concentration-dependent curve
is the mean percent stimulation of adenylyl cyclase activity relative
to the normalized forskolin stimulation as a function of the
concentration of 5. The mean values and the error bars (SEM)
are for three independent experiments. The ICs, value for these
composite data is 21 nM and was fit to a one-site fit model using a
non-linear regression analysis (2 =0.99) where the values for
maximum percent stimulation and maximum inhibition of percent
stimulation were constrained to experimental values.

of adenylyl cyclase. Analysis of these composite data
indicates that 5 attenuated the quinpirole inhibition with
an ICsq value equal to 21 nM and was able to completely
surmount the effect of quinpirole. Similar results were
found for compound 6 (data not shown). These studies
provide further evidence that these indole analogs are
neutral antagonists at D, dopamine receptors.

5. Radioligand binding studies at sigma receptors

We also investigated the pharmacological properties of
these indole compounds by determining the K; values
of these compounds at sigma-1 (o) and sigma-2 (c,)
receptors. The tissue source for the o, assay was guinea
pig brain and the radioligand used to measure G, recep-
tor affinity was [°H](+)-pentazocine. The tissue source
for the o, receptor assay was rat liver and the binding
studies were conducted using [P’H]DTG as the radioli-
gand in the presence of 100 nM unlabeled (+)-pentazo-
cine to mask o sites.’® Although haloperidol is a
dopaminergic antagonist that is used clinically as a neu-
roleptic, its high affinity at sigma receptors has preclud-
ed its usefulness as a radioligand for in vitro or in vivo
radioligand binding studies. First, all of the compounds
in this study bound with low affinity (>800 nM) at o,
receptors. The affinity at o; receptors varied from
12 nM to >5000 nM. Second, all of the unsubstituted in-
dole analogs that are structurally similar to haloperidol

were found to have affinity at o receptors ranging from
K; values of 12-19 nM, irrespective of whether they had
a Cl, Br, or SCHj; group. However, clearly the addition
and position of the methoxy groups on the indole moi-
ety contributed to both the D,/D; dopamine receptor
subtype selectivity of the compounds and the affinity
at o receptors. For example, the affinity of the unsub-
stituted indole compound 2 at o, receptors was found
to be equal to 19 nM. Addition of the methoxy group
at the 5-position (6) decreased the affinity greater than
10-fold (K; = 242), whereas the addition of a methoxy
at the 4-position decreased o; receptor affinity
>100-fold. Similar effects were found for the indoles
containing a Br moiety. Addition of a methoxy to the
unsubstituted indole (7) at the 5-position resulted in an
8-fold decrease in affinity at o receptors and addition
of a methoxy at the 4-position reduced the affinity at
o receptors to a K; value of >2000 nM. These data indi-
cate that substitution of the indole ring in either the 4- or
S-position with a methoxy group has the beneficial effect
of both (a) increasing affinity at dopamine D, receptors
and (b) decreasing affinity at o; receptors. However, the
most advantageous strategy to reduce the o, receptor
affinity of the substituted indoles would be to incorpo-
rate a methoxy moiety at the 4-position on the indole
ring.

6. Discussion

The D, and D; dopamine receptor subtypes are struc-
turally and pharmacologically similar.'® Both receptor
subtypes regulate adenylyl cyclase, extracellular acidifi-
cation, mitogenesis, and dopamine release.? 32 Howev-
er, the neuroanatomical localization and the levels of
expression of these two receptor subtypes are quite dif-
ferent. In addition, these two subtypes differ in terms
of the magnitude of the second messenger response fol-
lowing agonist stimulation.?® Studies by Kim et al.,??
indicated that D, and Dj receptor expression may be
regulated in a different manner and that the intracellular
trafficking properties of these two receptor subtypes may
also be different. Src, phosphatidylinositol 3-kinase, and
atypical protein kinase C are commonly involved in
D,R-/D3R-mediated ERK activation. However, ERK
activation-mediated by D; receptors, but not D, recep-
tors, can be blocked by ARK-CT, AG1478 epidermal
growth factor receptor (EGFR) inhibitor, and by dom-
inant negative mutants of Ras and Raf, suggesting the
involvement of the different G-proteins.>* Recent studies
also demonstrate that both D, and D5 dopamine recep-
tors couple to inward rectifier potassium channels
(GIRK). However, the shape of the termination current
and the desensitization of the response are different for
these two D»-like dopamine receptor subtypes.'®

In one sense, the D, receptor is the predominate CNS
D,-like dopamine receptor subtype because it (a) is ex-
pressed at the highest levels in the CNS and (b) was
the first of the D,-like dopamine receptor subtypes to
be cloned and characterized pharmacologically. It has
been documented that a pharmacologic property com-
mon to the majority of clinically used antipsychotics is
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that they are antagonists at D, dopamine receptors.
However, more recently it is becoming clear that the
D; receptor subtype may also play a role in the develop-
ment of pharmacotherapeutic strategies for the treat-
ment of neuropsychiatric and neurological disorders,
as well as for the rehabilitation of individuals who abuse
psychostimulants.® The precise physiological role of
each of these two structurally and pharmacologically
related receptor subtypes can be more precisely defined
only when selective agonists and antagonists at each of
the three D,-like dopamine receptors become available
to the neuroscience community.

Over the past five years there have been a number of
structurally diverse compounds reported having a high
affinity and selectivity for dopamine D3 versus D, recep-
tors.34 However, the same cannot be stated for com-
pounds having a high affinity and selectivity for D,
versus D3 receptors. As part of our ongoing effort to
identify compounds that have D,-like receptor subtype
selectivity, we have evaluated the pharmacological prop-
erties of a panel of indoles that are structurally related to
the D»-like dopamine receptor butyrophenone antago-
nists, haloperidol, and spiperone. It has been reported
previously that both spiperone and haloperidol exhibit-
ed 5- to 10-fold higher affinity at rat D, when compared
to rat Ds receptor subtype,!%!¢ and that an indole ana-
log structurally related to haloperidol exhibited selective
binding at the D, dopamine receptor subtype.?® This
information served as the rationale for the design of
the indole analogs described in this report.

The indole analogs that we prepared were initially evalu-
ated for binding selectivity at human D,, Ds, and Dy
dopamine receptor subtypes. We identified two methoxy
substituted indoles, 8 and 21, which (a) are structurally
related to haloperidol, (b) bind at D, receptors with nano-
molar affinity, and (c) have >80-fold selectivity for human
D, receptors compared to the human D3 dopamine recep-
tor subtype. These two analogs were also found to bind
with low affinity at the D4 and Dy dopamine receptor sub-
types, as well as 6; and &, receptors.

Four of the indole analogs with the greatest D, receptor
selectivity were evaluated for intrinsic activity at human
D, receptors using a whole cell adenylyl cyclase assay.
None of the four compounds that were evaluated exhib-
ited agonist activity in that assay. In addition, all com-
pounds that were tested were shown to be able to
attenuate the quinpirole inhibition of forskolin-depen-
dent stimulation of adenylyl cyclase, indicating that this
series of compounds are neutral antagonists at D, dopa-
mine receptors.

The potential utility of these compounds to distinguish
pharmacologically between the D, and D3 receptor sub-
types in in vitro and in vivo assays remains to be estab-
lished. However, our preliminary pharmacological
analysis suggests that these D, receptor selective com-
pounds may be valuable tools to study the expression
and regulation of both D, and D3 dopamine receptors.
The lipophilicity (log P) of 8 and 21 (Table 1) also sug-
gests that they will readily cross the blood-brain barrier.

These pharmacological properties make 8 and 21 good
candidates for the development of D, receptor selective
imaging agents for the functional imaging technique,
positron emission tomography (PET).

In addition, we have identified several structurally related
compounds which bind with essentially the same affinity
at D, receptors but with varying affinity at o receptors.
These compounds may prove to be valuable for pharma-
cologically dissecting the role of o; and D, dopamine
receptors in a variety of behavioral paradigms in which
both D; and o receptors have been implicated, including
cocaine-dependent locomotor activity and toxicity.?>

7. Conclusion

Several unsubstituted and methoxy substituted indole
analogs that bind selectively and with high affinity to D,
dopamine receptor subtypes have been identified. These
compounds appear to be neutral antagonists at human
D, receptors. These compounds bind with low affinity
at Dy, Dy, and o, receptors, but with varying affinity at
oy receptors. In conjunction with other dopaminergic
radiolabeled reagents, this family of compounds may
have utility in studies designed to quantitate the expres-
sion and regulation of the two pharmacologically related
D»-like dopamine receptor subtypes, the D, and D3 dopa-
mine receptors. They may also prove to be useful in more
precisely defining the role of 6| and D, dopamine recep-
torsin a variety of (a) in vitro assays and (b) in vivo behav-
ioral paradigms.

8. Experimental
8.1. Chemical analysis

"H NMR spectra were recorded on a Varian 300 MHz
NMR spectrometer. Chemical shifts are reported in ¢
values (parts per million, ppm) relative to an internal
standard of tetramethylsilane (TMS). The following
abbreviations are used for multiplicity of NMR signals
: br s = broad singlet, d = doublet, dd = doublet of dou-
blets, m = multiplet, s = singlet, and t = triplet. Melting
points were determined with an electrothermal melting
point apparatus and are uncorrected. Elemental analy-
ses were performed by Atlantic Microlab, Inc., Nor-
cross, GA, and were within +0.4% of the calculated
values. All reactions were carried out under an inert
atmosphere of nitrogen. Gramine and 5-methoxygr-
amine were purchased from Sigma—Aldrich Chemicals
(St. Louis, MO); 4-methoxygramine was synthesized
using the method described by Ley and Priour.3® Lipo-
philicity measurements of the compounds were estimat-
ed using the computational program, Clog P (Advanced
Chemistry Development, Inc., Toronto, Canada).

8.2. General procedure for the synthesis of the /N-indolylm-
ethyl analogs

A mixture of gramine derivatives (1.0-7.0 mmol) and
appropriate amines (1.2-8.4 mmol, 1.2 equiv) in toluene
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(5-25 mL) was stirred at reflux overnight. The volatile
components were evaporated and the resulting residue
was purified by silica gel column chromatography
(dichloromethane-methanol-NH4OH, 90:10:0.5) to af-
ford the target compounds. The oxalate salt was pre-
pared using 1 equiv of oxalic acid in ethyl acetate.

8.3. 1-((1 H-Indol-3-yl)methyl)-4-(4-chlorophenyl)piperidin-
4-0l oxalate (2)

Yield 95% from gramine and 4-(4-chlorophenyl)-4-
hydroxypiperidine. Conversion to the oxalate salt gave
2 as a white powder, mp 164-165 °C (dec); "H NMR (free
base, CDCl3) 6 8.20 (br s, 1H), 7.77 (d, J = 7.8 Hz, 1H),
7.11-7.44 (m, 8H), 3.81 (s, 2H), 2.88-2.92 (m, 2H),
2.46-2.55 (m, 2H), 2.07-2.17 (m, 2H), 1.78 (br s, 1H),
1.67-1.73 (rn, 2H) Anal. (Conz]ClNzO'C2H204'O.5-
H,O) C, H, N.

8.4. 4-(4-Chlorophenyl)-1-((4-methoxy-1 H-indol-3-yl)meth-
yD)piperidin-4-ol oxalate (5)

Yield 66% from 4-methoxygramine and 4-(4-chlorophe-
nyl)-4-hydroxypiperidine. Conversion to the oxalate salt
gave 5 as a white powder, mp 127-129 °C (dec); 'H
NMR (free base, CDCls) 6 8.64 (br s, 1H), 6.96-7.42
(m, 7H), 6.51 (d, J = 7.8 Hz, 1H), 4.11 (s, 2H), 3.92 (s,
3H), 2.98-3.02 (m, 2H), 2.61-2.70 (m, 2H), 2.13-2.23
(m, 2H), 1.66-1.71 (m, 2H). Anal. (C;;H2;CIN,O;-
C2H204‘O.5H20) C, H, N.

8.5. 4-(4-Chlorophenyl)-1-((5-methoxy-1 H-indol-3-yl)meth-
yl)piperidin-4-ol oxalate (6)

Yield 95% from 5-methoxygramine and 4-(4-chlorophe-
nyl)-4-hydroxypiperidine. Conversion to the oxalate salt
gave 6 as a white powder, mp 167-168 °C (dec); 'H
NMR (free base, CDCls) 6 8.23 (br s, 1H), 7.40-7.44
(m, 2H), 7.14-7.32 (m, 5H), 6.86 (dd, J=28.5 and
2.4 Hz, 1H), 3.87 (s, 3H), 3.77 (s, 2H), 2.89-2.92 (m,
2H), 2.46-2.54 (m, 2H), 2.07-2.17 (m, 2H), 1.68-1.74
(m, 2H) Anal. (C21H23C1N202'C2H204) C, H, N.

8.6. 1-((1 H-Indol-3-yl)methyl)-4-(4-bromophenyl)piperidin-
4-0l oxalate (7)

Yield 66% from gramine and 4-(4-bromophenyl)-4-
hydroxypiperidine. Conversion to the oxalate salt gave
7 as a tan powder, mp 149-151 °C (dec); '"H NMR (free
base, CDCl;) 6 8.19 (br s, 1H), 7.77 (d, J = 7.8 Hz, 1H),
7.36-7.46 (m, 4H), 7.12-7.26 (m, 4H), 3.81 (s, 2H), 2.89-
2.93 (m, 2H), 2.47-2.55 (m, 2H), 2.08-2.18 (m, 2H), 1.81
(br s, 1H), 1.68-1.72 (m, 2H). Anal. (CyyH;;BrN,O--
C2H204‘O.5H20) C, H, N

8.7. 4-(4-Bromophenyl)-1-((4-methoxy-1H-indol-3-yl)meth-
yl)piperidin-4-ol oxalate (8)

Yield 84% from 4-methoxygramine and 4-(4-bromophe-
nyl)-4-hydroxypiperidine. Conversion to the oxalate salt
gave 8 as a white powder, mp 135-136 °C (dec); 'H
NMR (free base, CDCls) 6 8.19 (br s, 1H), 7.43-7.47
(m, 2H), 7.35-7.39 (m, 2H), 6.96-7.12 (m, 3H), 6.51

(d, J=7.6 Hz, 1H), 4.04 (s, 2H), 3.93 (s, 3H), 2.95-
2.99 (m, 2H), 2.52-2.60 (m, 2H), 2.09-2.19 (m, 2H),
1.68-1.72 (m, 2H) Anal. (C21H23BI'N202'C2H204) C,
H, N.

8.8. 4-(4-Bromophenyl)-1-((5-methoxy-1H-indol-3-yl)meth-
yl)piperidin-4-ol oxalate (9)

Yield 72% from 5-methoxygramine and 4-(4-bromophe-
nyl)-4-hydroxypiperidine. Conversion to the oxalate salt
gave 9 as a white powder, mp 158-159 °C (dec); 'H
NMR (free base, CDCls) ¢ 8.12 (br s, 1H), 7.17-7.47
(m, 7H), 6.87 (d, J = 8.3 Hz, 1H), 3.87 (s, 3H), 3.79 (s,
2H), 2.90-2.94 (m, 2H), 2.49-2.65 (m, 2H), 2.11-2.18
(m, 2H), 1.65-1.68 (m, 2H) Anal. (C21H23BYN202'-
C,H,0,4) C, H, N.

8.9. 8-((1H-Indol-3-yl)methyl)-3-methyl-1-phenyl-1,3,8-tri-
azaspiro[4.5]decan-4-one oxalate (13)

Yield 95% from gramine and 3-methyl-1-phenyl-1,3,8-
triazaspiro[4.5]decan-4-one, 10. Conversion to the oxa-
late salt gave 13 as a white powder, mp 193-194 °C
(dec); 'TH NMR (free base, CDCl;) & 8.33 (br s, 1H),
7.85 (d, J=17.5Hz, 1H), 7.35-7.37 (m, 1H), 7.12-7.24
(m, 5H), 6.80-6.91 (m, 3H), 4.65 (s, 2H), 3.82 (s, 2H),
2.98 (s, 3H), 2.66-2.94 (m, 5H), 1.61-1.73 (m, 3H). Anal.
(C23H26N40'C2H204'0.25H20) C, H, N

8.10. 8-((4-Methoxy-1H-indol-3-yl)methyl)-3-methyl-1-phen-
yl-1,3,8-triazaspiro[4.5]decan-4-one oxalate (14)

Yield 24% from 4-methoxygramine and 3-methyl-1-
phenyl-1,3,8-triazaspiro[4.5]decan-4-one, 10. Conver-
sion to the oxalate salt gave 14 as a tan powder, mp
154-155 °C (dec); '"H NMR (free base, CDCl5) d 9.00
(br s, 1H), 7.42 (s, 1H), 7.26-7.32 (m, 2H), 6.82-7.11
(m, 5H), 6.53 (d, J = 7.5 Hz, 1H), 4.68 (s, 2H), 4.65 (s,
2H), 3.97 (s, 3H), 3.77-3.81 (m, 2H), 3.45-3.48 (m,
2H), 3.06-3.17 (m, 2H), 3.01 (s, 3H), 1.71-1.76
(m, 2H) Anal. (C24H28N402'C2H204'H20) C, H, N.

8.11. 8-((5-Methoxy-1H-indol-3-yl)methyl)-3-methyl-1-phen-
yl-1,3,8-triazaspiro[4.5]decan-4-one oxalate (15)

Yield 57% from S5-methoxygramine and 3-methyl-1-
phenyl-1,3,8-triazaspiro[4.5]decan-4-one, 10. Conver-
sion to the oxalate salt gave 15 as a white powder, mp
190191 °C (dec); '"H NMR (free base, CDCl;) 6 8.12
(br s, 1H), 7.22-7.31 (m, 5SH), 6.80-6.92 (m, 4H), 4.66
(s, 2H), 3.90 (s, 3H), 3.79 (s, 2H), 2.99 (s, 3H), 2.71-
293 (m, 6H), 1.62-1.67 (m, ZH) Anal. (C24H28N402'-
C,H,04) C, H, N.

8.12. 1-(1-((1 H-Indol-3-yl)methyl)piperidin-4-yl)-1 H-benzo|d]-
imidazol-2(3H)-one oxalate (16)

Yield 97% from gramine and 4-(2-keto-1-benzimidazoli-
nyl)piperidine, 11. Conversion to the oxalate salt gave
16 as a white powder, mp 207-209 °C (dec); 'H NMR
(free base, CDCl3) 6 9.74 (s, 1H), 8.28 (s, 1H), 7.79 (d,
J=73Hz, 1H), 7.38 (d, J=8.0Hz, 1H), 7.14-7.24
(m, 4H), 7.00-7.08 (m, 3H), 4.32-4.40 (m, 1H), 3.81 (s,
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2H), 3.17 (d, J = 11.7 Hz, 2H), 2.43-2.54 (m, 2H), 2.19—
2.27 (m, 2H), 1.78-1.81 (m, 2H). Anal. (C3;H»nN,4O--
C2H204025H20) C, H, N.

8.13. 1-(1-(1 H-Indol-3-yl)methyl)-4-phenylpiperidine oxalate
a7

Yield 89% from gramine and 4-phenylpiperidine, 12.
Conversion to the oxalate salt gave 17 as a white pow-
der, mp 147-149 °C (dec); '"H NMR (free base, CDCl5)
0 8.18 (brs, 1H), 7.77 (d, J = 7.9 Hz, 1H), 7.12-7.38 (m,
9H), 3.79 (s, 2H), 3.11-3.14 (m, 2H), 2.42-2.52 (m, 1H),
2.11-2.20 (m, 2H), 1.77-1.83 (m, 4H). Anal. (C0H»,N,
C2H204025H20) C, H, N

8.14. 1-((1 H-Indol-3-yl)methyl)-4-(4-(methylthio)phenyl)pip-
eridin-4-ol oxalate (20)

A solution of 4-piperidone monohydrate hydrochloride
(970 mg, 6.3 mmol) in 10% aqueous sodium carbonate
(1 mL) was added to a solution of gramine (1.0 g,
5.7 mmol) in 1-butanol (20 mL). The reaction mixture
was stirred at 100 °C overnight and then concentrated.
The crude residue was purified by column chromatogra-
phy on silica gel (dichloromethane-methanol-NH4OH,
90:10:0.5) to give 1-((1H—indol-3-y1)methy1)piPeridin-4—
one, 18a (350 mg, 27%) as a white powder. 'H NMR
(CDCl3) 6 8.14 (br s, 1H), 7.78 (d, J=7.8 Hz, 1H),
7.38 (d, J=7.8Hz, 1H), 7.12-7.26 (m, 3H), 3.84 (s,
2H), 2.81 (t, J = 6.3 Hz, 4H), 2.45 (t, J = 6.3 Hz, 4H).

A solution of 4-bromothioanisole (685 mg, 3.4 mmol) in
dry THF (4 mL) was added to a solution of n-butyllithi-
um (3.2 mL, 5.06 mmol, 1.6 M in hexane) in dry THF
(10 mL) at —70 °C. After stirring at —70 °C for 1 h, a
solution of 18a (350 mg, 1.53 mmol) in dry THF
(5 mL) was added. The reaction mixture was stirred at
—70 °C for 4 h and then concentrated. Water (10 mL)
was added and then extracted with dichloromethane.
Purification by column chromatography on silica gel
(dichloromethane-methanol-NH4OH, 90:10:0.5) gave
20 (319 mg, 59%). Conversion to the oxalate salt gave
the compound as a tan powder, mp 118-119 °C (dec);
'"H NMR (free base, CDCls) o 8.23 (br s, 1H), 7.76 (d,
J=17.8Hz, 1H), 7.36-7.43 (m, 3H), 7.12-7.26 (m, 5H),
3.82 (s, 2H), 2.89-2.93 (m, 2H), 2.50-2.58 (m, 2H),
2.46 (s, 3H), 2.10-2.20 (m, 2H), 1.70-1.74 (m, 2H). Anal.
(Cz]H24N208'C2H204'0.5H20) C, H, N

8.15. 1-((5-Methoxy-1H-indol-3-yl)methyl)-4-(4-(methyl-
thio)phenyl)piperidin-4-ol oxalate (21)

The reaction was carried out according to the procedure
for 20 using 5-methoxygramine (1.6 g, 7.8 mmol) to give
18c as a pale brown powder (630 mg, 31%). '"H NMR
(CDCl3) 6 8.05 (br s, 1H), 7.27 (d, J=8.8 Hz, 1H),
7.23 (d, J=2.4 Hz, 1H), 7.13 (d, J=2.4 Hz, 1H), 6.88
(dd, J = 8.8 and 2.4 Hz, 1H), 3.87 (s, 3H), 3.80 (s, 2H),
2.81 (t, J = 6.1 Hz, 4H), 2.45 (t, J = 6.1 Hz, 4H). Treat-
ment with 19 gave 21 in modest yield (530 mg, 57%).
Conversion to the oxalate salt gave the compound as a
tan powder, mp 128-129 °C (dec). "H NMR (free base,
CDCly) 6 8.12 (br s, 1H), 7.41 (d, J = 8.5 Hz, 2H), 7.15-

7.27 (m, SH), 6.87 (dd, J = 8.8 and 2.4 Hz, 1H), 3.87 (s,
3H), 3.77 (s, 2H), 2.87-2.93 (m, 2H), 2.48-2.57 (m, 2H),
2.47 (s, 3H), 2.08-2.19 (m, 2H), 1.71-1.75 (m, 2H). Anal.
(C22H26N2028'C2H204'0.5H20) C, H, N

9. Radioligand binding and functional assays
9.1. Dopamine receptor binding assay

The method for the iodination of '*’I-IABN using per-
acetic acid has been previously described.?’ For radioli-
gand binding studies, membrane homogenates from
stably transfected HEK 293 cells expressing either the
human D,, D3, and D, receptors were prepared using
a polytron tissue homogenizer (Brinkman Instruments,
Westbury, NY). The tissue was suspended in 50 mM
Tris—HCI, 150 mM NaCl, and 1 mM EDTA at pH 7.5
to approximately 5-20 pg of protein per 50 pL prior to
the assay. Assays were performed in a total volume of
150 pL. Binding reactions were carried out for 60 min
at 37 °C and the reaction was terminated by rapid filtra-
tion over glass fiber filters (Schleicher and Schuell, No.
32 filters). After washing filters with buffer, the radioac-
tivity of the '*’I-labeled ligand was quantitated using a
Packard Cobra gamma counter with an efficiency of
75%. Protein concentrations were determined using a
BCA reagent (Pierce) with bovine serum albumin as
the protein standard.

For competition curves using a transfected cell line
expressing D,, D3 or Dy dopamine receptors, experi-
ments were performed in triplicate with two concentra-
tions of inhibitor per decade over at least five orders
of magnitude. The concentration of the radioligand
was approximately equal to the K4 values. Controls con-
taining either no inhibitor or 2 uM (+)-butaclamol were
used to define total binding and non-specific binding,
respectively. For competition curves using dissected rat
brain tissue and the D; receptor selective radioligand
3H-SCH 23390, two independent experiments were per-
formed in triplicate with two concentrations of inhibitor
per decade. Controls containing either no inhibitor or
10 uM (+)-butaclamol were used to define total binding
and non-specific binding, respectively. Since low levels
of D; receptor binding were observed for the indoles,
a competition curve using non-radioactive SCH 23390
was performed simultaneously as a positive control for
the validity of the assay. Competition data for D,-like
dopamine receptors were modeled for a single-site fit
using the TableCurve program (Jandel) and the ICs
values for the competitive inhibitors were converted to
K; values using the Cheng and Prusoff corrections.’” A
similar analysis was performed for SCH 23390 binding
to Dy receptors expressed in rat caudate, but the low le-
vel of binding of the test compounds to rat striatal D,
receptors precluded obtaining accurate ICs, values.

9.2. Sigma receptor binding assays
The o; receptor binding assay was conducted using

guinea pig brain membrane homogenates (100 pug pro-
tein). Membrane homogenates were incubated with
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3nM [*H](+)-pentazocine (31.6 Ci/mmol) in 50 mM
Tris—=HCI (pH 8.0) at 25 °C for either 120 or 240 min.
Test compounds were dissolved in ethanol and then
diluted in buffer for a total incubation volume of
0.5 mL. Test compounds were added in concentrations
ranging from 0.005 to 1000 nM. Assays were terminated
by the addition of ice-cold 10 mM Tris—-HCI (pH 8.0)
followed by rapid filtration through Whatman GF/B
glass fiber filters (presoaked in 0.5% polyethylenimine)
using a Brandel cell harvester (Gaithersburg, MD). Fil-
ters were washed twice with 5 mL ice-cold buffer. Non-
specific binding was determined in the presence of
10 uM (+)-pentazocine. Liquid scintillation counting
was carried out in EcoLite(+) (ICN Radiochemicals;
Costa Mesa, CA) using a Beckman LS 6000IC spec-
trometer with a counting efficiency of 50%.

The o, receptor binding assay was conducted using rat
liver membrane homogenates (35 pg of protein). Mem-
brane homogenates were incubated with 3 nM
PHIDTG (38.3 Ci/mmol) in the presence of 100 nM
(+)-pentazocine to block o sites. Incubations were car-
ried out in 50 mM Tris—HCI (pH 8.0) for 120 min at
25 °C in a total incubation volume of 0.5 mL. Test com-
pounds were added in concentrations ranging from
0.005 to 1000 nM. Assays were terminated by the addi-
tion of ice-cold 10 mM Tris—HCI (pH 8.0) followed by
rapid filtration through Whatman GF/B glass fiber fil-
ters (presoaked in 0.5% polyethylenimine) using a Bran-
del cell harvester (Gaithersburg, MD). Filters were
washed twice with 5SmL ice-cold buffer. Nonspecific
binding was determined in the presence of 5 uM DTG.
Liquid scintillation counting was carried out in Eco-
Lite(+) (ICN Radiochemicals; Costa Mesa, CA) using
a Beckman LS 60001IC spectrometer with a counting effi-
ciency of 50%.

The ICs, values at sigma sites were generally determined
in triplicate from non-linear regression of binding data
as analyzed by JMP (SAS Institute; Cary, NC), using
eight concentrations of each compound. K; values were
calculated using the method of Cheng and Prusoff’’
and represent mean values = SEM. All curves were best
fit to a one-site fit. The Ky value used for [*'H]DTG in rat
liver was 17.9 nM and was 4.8 nM for ["H](+)-pentazo-
cine in guinea pig brain.®

9.3. Whole cell adenylyl cyclase assay

The accumulation of *H-cyclic AMP in HEK cells was
measured by a modification of the method of Shimizu
et al.’® Transfected HEK cells were treated with ser-
um-free medium containing 2,8-*H-adenine (ICN) and
cells were incubated at 37 °C for 75 min. The media were
then replaced with serum-free media containing 0.1 mM
3-isobutyl-1-methylxanthine (Sigma). Cells and drugs
were mixed to give a final volume of 500 pL and cells
were incubated for 20 min at 37 °C. The reaction was
stopped by addition of 500 uL. of 10% trichloroacetic
acid and 1 mM cyclic AMP. After centrifugation, the
supernatants were fractionated using Dowex AGI1-X8
and neutral alumina to separate the *H-ATP and the
*H-cyclic AMP. Individual samples were corrected for

column recovery by monitoring the recovery of the cyc-
lic AMP using spectrophotometric analysis at OD
259 nm.?”** For concentration-dependent experiments,
competition data were modeled for a single-site fit using
the TableCurve program (Jandel) and the ICsy values
for the competitive inhibitors.
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Abstract—The present study describes the synthesis and pharmacological profiles of four novel pyrazolo[3,4-b]pyrrolo[3,4-d]pyri-
dine derivatives 2-5, which were structurally designed by using the sedative and analgesic drug zolpidem 1 as lead compound.
The heterotricyclic system present in the target compounds 2-5 was constructed in good yields, exploiting a regioselective hetero
Diels—Alder reaction of the key azabutadiene derivative 7 and functionalized N-phenylmaleimides 9-12. Additionally, we identified
that 1-methyl-7-(4-nitrophenyl)-3-phenyl-3,6,7,8-tetrahydropyrazolo[3,4-b]pyrrolo[3,4-d]pyridine-6,8-dione derivative (LASSBio-
873, 5) presented not only the most potent ability to promote sedation, which was similar to that induced by the standard benzo-
diazepine drug midazolam, but also potent central antinociceptive effect.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

According to the US National Institute of Mental
Health anxiety disorders affect annually more than 19
million adults ranging in age from 18 to 54 years, which
represents 13.3% of the population at this age,' making
this an important social problem of the contemporary
world.

Zolpidem 1 (Fig. 1), an imidazo[l,2-a]pyridine deriva-
tive? with the ability to act as a benzodiazepine receptor
agonist, is commonly used to treat anxiety disorders
related to the neuronal inhibition induced by y-amino-
butyric acid (GABA),>* the major inhibitory neuro-
transmitter in the mammalian central nervous system
(CNS).* Drugs like 1 act through high potent and selec-

Keywords: Hetero Diels—Alder reaction; Pyrazolo[3.4-b]pyrrolo[3,4-

dlpyridine-6,8-dione; Hypnotic activity; Sedative properties; Central

analgesic activity; Zolpidem analogues.
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25626644; e-mail: cmfraga@pharma.ufrj.br

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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tive allosteric modulation of GABA 4 receptors* respon-
sible for the regulation of the neuronal membrane
conductance to chloride ions, promoting slight mem-
brane hyperpolarization and a reduction in neuronal
excitability.> Similar processes are controlled by the opi-
oid neurotransmission, in which the reduced neuronal
excitability is translated in an analgesic effect.’ Recently,
some reports demonstrated that analgesia and hyperal-
gesia are related to GABA-mediated modulation of
the cerebral cortex.®

In the scope of a research program aimed at the develop-
ment of new alternatives to treat neurological disorders,
we describe in the present study the synthesis and
pharmacological evaluation of new functionalized pyra-
zolo[3,4-b]pyrrolo[3,4-d]pyridine derivatives 2-5 (Fig. 1).
These new heterotricyclic compounds were originally
designed to be selective GABA receptor modulators,
exploring its structural analogy with the lead compound
zolpidem (1), which presents rapid-onset, short duration
of hypnotic effect as a consequence of its binding to ben-
zodiazepine receptors.”’ Additionally, recent reports
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Ring para-Substituent

CH;

Ring Isosterism

| Zolpidem (1)
Imidazopyridine Template
Ki= 27 nM cerebellum

Ki= 109 nM hippocampus

2W=H
3,W=CHjs
4 W=Cl
5 W= NO;

Pyrrolopyridine Template

Figure 1. Design concept of the new heterotricyclic pyrazolo[3,4-b]pyrrolo[3,4-d|pyridine derivatives 2-5.

have described that zolpidem (1) also has important
analgesic properties, which seem to be dependent on a
mechanism still unknown.3

The title compounds 2-5 were structurally planned by
exploring the isosteric relationship between the func-
tionalized pyrrolo[3,4-c]pyridine-1,3-dione ring and the
imidazo[1,2-a]pyridine moiety (A + B, Fig. 1) present
in the lead compound 1. Additionally, besides the main-
tenance of the corresponding substituted 2-phenyl group
attached to the main heterocyclic template (C, Fig. 1),
we promoted a second isosteric replacement of the two
potential H-bond acceptor sites D and D’ of 1, by the
two carbonyl groups of the pyrrolo-1,3-dione ring (B)
present in the newly designed compounds 2-5 (Fig. 1).
Focusing on its better CNS access, we decided to incor-
porate a N-phenylpyrazole framework to the bicyclic
pyrrolo[3,4-c]pyridine-1,3-dione template, in order to
improve the lipophilic behaviour of the new heterocyclic
derivatives 2-5, within the limits anticipated by Lipin-
ski’s rules.!®

Aiming at the structural validation of the planned com-
pounds 2-5, we briefly evaluated the fit in the receptor
site by using a new comparative molecular field analy-
sis (CoMFA)!! model for benzodiazepine (BZDP)
ligands, which was constructed from a database con-
taining a series of 58 (a training set of 46 and a test
set of 12) known GABAA/BZDP bioreceptor ligands
described previously.!?!3 The CoMFA model explored
herein (see Fig. 2 and Table 1) was generated with a
basis in the alignment anticipated in our previous
LIV/3D-QSAR study,'? applying the same set of
BZDP ligands.

The CoMFA model was efficiently able to predict the
activities of the compounds of the test set, suggesting
that it can be used for the evaluation of new GABA A/
BzR ligand candidates, as well as the new pyrazolo[3,4-
blpyrrolo[3,4-d]pyridine derivatives 2-5, which after

Figure 2. Superimposition and final alignment of the benzodiazepine
ligands used in the generation of the corresponding CoMFA model.

Table 1. Statistical results for the new CoMFA model generated from
the alignment of benzodiazepine ligands'?

CoMFA model

g 0.841
NP 6

d 0.365
” 0.941
s° 0.305
F 104,097
#? pred® 0.871

# Cross-validation correlation coefficient.
® Number of components.

¢Standard error of prediction.

d Correlation coefficient.

¢Standard error of estimate.

f F-ratio.

€ Predicted correlation coefficient.
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Figure 3. Contour maps of CoOMFA model as compared with the
topology of derivative 5. The structures of the ligand are represented as
sticks, highlighting the atoms in gray (C), blue (N), red (O), and light
blue (H). Electrostatic contour plots of 5 are displayed in blue contours
(>80% contribution) and red contours (<20% contribution), which
correspond to regions where an increase in positive or negative charge,
respectively, could enhance the bioactivity. Steric contour plots of §
are displayed in green contours (>80% contribution) and yellow
contours (<20% contribution), which indicate, respectively, regions
where an increase in steric bulk could enhance or reduce the
bioactivity.

fitting presented predicted pICsy values of 5.77, 6.08,
5.31, and 7.88 uM, respectively. The observed in silico
profile corroborated the structural design of the new

class of heterotricyclic CNS agent candidates described
herein, encouraging us to synthesize them (Fig. 3).

2. Chemistry

The synthetic route planned to achieve new heterotricy-
clic derivatives 2-5 (Scheme 1) exploited the use of het-
ero Diels—Alder reaction between the 2-azabutadiene
intermediate 8 and substituted N-phenylmaleimides 9-
12, in acetic acid for 48 h.'* The 1-phenyl-3-methyl-5-
aminopyrazole derivative 6 reagent was prepared
according to the methodology previously described by
Ganesan and Heathcock,'> which involves the coupling
of B-aminocrotononitrile and phenylhydrazine. On the
other hand, the (E)-2-azabutadiene derivative 8 was
quantitatively prepared through the condensation reac-
tion between 6 and dimethylformamide dimethylacetal
7. Finally, the ene-moiety represented by substituted
N-phenylmaleimide derivatives 9-12 was prepared in
60-75% vyield, exploring the nucleophilic substitution
of the maleic anhydride by the corresponding substitut-
ed aniline derivatives, according to the procedure de-
scribed by Cava et al.'®

For instance, the optimization of the hetero Diels—Alder
step yields could be reached through the employment of
non-acidic conditions.!” All new heterotricyclic deriva-
tives described herein were completely characterized
by common spectroscopic methods (see Experimental

- - w
H;C
HsC
CH;
N>/_>\ /"
/ \ HsCO CH, Ny N \
N i CH; +
\N NH, N ——»
H;CO CH; o N o
7 ~_7
8 9W=H
6 10 W = CH;
11 W=Cl
i 12 W = NO,

4 | 2w=H(@25%)
3 W = CH; (25%)
4W = Cl (20%)
5 W = NO, (35%)

Scheme 1. Reagents and conditions: (i) 90 °C, 6 h; (ii) AcOH, 50 °C, 48 h.
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Figure 4. Effects of the new heterotricyclic compounds on the
pentobarbital-induced sleep test.!® Derivatives were injected ip
30 min before intravenous injection of 25 mgkg™! of pentobarbital
sodium. Data represent means of time between loss and recovery of the
righting reflex. *P < 0.05 relative to DMSO-treated group.

section) and their analytical results for C, H, and N were
within £0.4% of calculated values.

3. Pharmacology

The hypnotic effect of the title derivatives 2-5, named,
respectively, LASSBio-981, LASSBi0-980, LASSBio-
872, and LASSBio0-873, was initially investigated by
using the pentobarbital-induced-sleep test.!® All four
new heterotricyclic derivatives increased the duration
of hypnosis induced by pentobarbital in a dose-depen-
dent manner (Fig. 4). The compounds 2, 3, 4, and 5
in a dose of 6 mg kg~ ! significantly increased the pento-
barbital-induced sleep from 41.7 £ 3.5 min (DMSO)
to 70.1£4.38, 78.0+14.5, 98.7%x5.1, and 162.7%
25.8 min, respectively. The nitro-substituted derivative
LASSBi0-873 (5) was the most effective in prolonging

Midazolam

Y
Movements/minute

YN 300 -
/ . DMSO

N [ Midazolan 2 mg.kg'1
ES= LASSBi0-981 (2) - 6 mg.kg™ EEEH LASSBi0-873 (5) - 4 mg.kg™

the duration of hypnosis induced by pentobarbital.
These results indicated, as anticipated by the molecular
modelling studies, that the inclusion of the NO, substitu-
ent in the heterotricyclic template favoured the efficacy of
the compound in prolonging the pentobarbital effect.

Additionally, the sedation produced by the target deriv-
atives 2-5 was investigated using the locomotor activity
test.!” By applying this in vivo protocol we could evi-
dence that, excepting the derivative 3, all substituted
pyrazolo[3,4-b]pyrrolo[3,4-d]pyridine derivatives (e.g.,
2, 4, and 5) significantly altered the spontaneous
locomotor activity (Fig. 5). Intraperitoneal injec-
tion of derivatives 2 (6 mgkg™!), 4 (6 mgkg ') and
5 (4mgkg ') decreased motor activity from
209.1 £ 26.2 movements/min (DMSO) to 93.7 £ 15.2,
129.6 £ 22.7 and 86.7 * 16.5 movements/min, respec-
tively. The reduction in locomotor activity was compa-
rable to that of the reference agent midazolam,?
which in a dose of 2 mg kg~! was able to decrease motor
activity to 80.9 + 26.6 moviments/min (Fig. 5). Once
again, compound LASSBio-873 (5) presented the most
potent sedative effect in comparison with the other
heterotricyclic derivatives 2-4.

Considering the described analgesic profile exhibited by
the non-benzodiazepine hypnotic drug zolpidem® (1),
which could be evidenced only in high doses, i.e.,
80 mg kg™ (sc), promotes 80% of analgesia in mice,
we decided to investigate the central antinociceptive pro-
file of the designed heterocyclic derivatives 2-5 in the
same experimental protocol, i.e., hot plate test.?! As
shown in Figure 6, a single intraperitoneal administra-
tion of the target compounds 2, 3, 4, and 5 resulted in
a remarkable analgesic effect. The analgesic activity
was dose dependent for all new pyrazolo[3,4-b]pyrrol-
0[3.,4-dlpyridine derivatives described herein. Maximal
analgesic activity (100%) was observed with the com-
pounds LASSBio-872 (4) (6 mgkg ') and LASSBio-
873 (5) (2 mg kg~ ). Therefore, nitro-substituted deriva-
tive 5 was the most potent to produce analgesia and the
duration of its action was greater than 2 h. After 30 min
of an intraperitoneal injection of 4 mgkg™', analgesic
activity evidenced for derivatives 2-5 was 61.9 + 16.2,

E== LASSBi0-980 (3) - 4 mg.kg™*
EZEF | ASSBi0-872 (4) - 6 mg.kg™

200 -
* *
100 1
0

Figure 5. Effects of midazolam and new heterotricyclic compounds on the locomotor activity in mice.'® Derivatives were injected ip and motor
activity was determined during 40 min after injection. Data are expressed as means of the movements per minute + SEM. *P < 0.05 relative to control

group (DMSO).
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Figure 6. Effects of the new heterotricyclic derivatives 2-5 on the thermal stimuli response using the hot plate test.>! Derivatives were injected ip in
mice. Data are expressed as means of the percentage of analgesic activity considering the cutoff of 35s. *P < 0.05 relative to control group at a given

time.

83.5+6.5, 23.7+£9.2, and 91.3 £5.0%, respectively
(Fig. 6). Dose-antinociceptive response curves induced
by heterotricyclic derivatives 2-5 were evaluated in the
presence of naloxone, an antagonist of opioid recep-
tors.22 Treatment of mice with naloxone (1 mg kg™ ') be-
fore the ip administration of all new derivatives tested
reduced its analgesic activity (Fig. 7), indicating that this
bioprofile seems to be dependent on the activation of
opioid receptors.

These results showed that unlike zolpidem (1), which
presents a weak antinociceptive profile in doses far
beyond those used clinically to induce sleep,’ the ni-
tro-heterotricyclic derivative LASSBio-873 (5) has a
powerful analgesic profile in doses two times lower
than that able to induce a midazolam-like sedative
effect.

In conclusion, we discovered a new potent central acting
analgesic prototype represented by compound LASS-
Bio-873 (5), which was structurally designed from

benzodiazepine receptor ligand zolpidem (1) through
the identification of the bioisosteric relationships be-
tween imidazo[l,2-a]pyridine and pyrrolo[3.,4-c]pyri-
dine-1,3-dione heterocyclic frameworks. In addition, as
previously evidenced for the analgesic activity of zolpi-
dem (1), the antinociceptive profile of LASSBio-873
(5) seems to be directly or indirectly dependent on the
modulation of opioid receptors.

4. Experimental
4.1. Generation of benzodiazepine CoMFA model

4.1.1. Biological data. Based on the previous study,'? we
selected a series of 58 non-benzodiazepine compounds in
which their ability to replace the [*H]diazepam on the
specific binding assay for the GABA s/benzodiazepine
receptor was used as a parameter for the evaluation of
the biological activity.'® The binding affinities measured
as ICsg (nM) were converted to ICsy (M) and then
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Figure 7. Effects of the new heterotricyclic derivatives 2-5 on the thermal stimuli response using the hot plate test in the absence and presence of
naloxone. Derivatives were injected ip in mice 15 min after pre-treatment with naloxone (1 mg kg™ !). Data are expressed as means of the percentage
of analgesic activity considering the cutoff of 35s. *P < 0.05 relative to group treated with derivatives alone at a given time.

converted to pICsg, and those expressed as K; (nM) were
first converted to ICsq (M) according to the Cheng and
Prussoff equation.>> The binding affinities were
widespread and homogeneous, which is an important
requisite to the obtainment of meaningful results from
3D-QSAR studies using the CoMFA method.?*
Approximately 80% of the 58 compounds were selected
to compose the training set (46 compounds) and the
remaining compounds, corresponding to approximately
20%, were used as test set (12 compounds). The com-
pounds were split between training and test sets at
random. Random numbers were generated and assigned
to each compound before they were sorted in increasing
order. Then the training set was used as the basis to con-
struct the CoOMFA model and the compounds of the test
set were used for model validation.

4.1.2. Molecular modelling and alignment. The initial
structures of the 58 non-benzodiazepine compounds
were generated by application of semiempirical AMI
minimization according to previous report by our re-
search group.!” The geometries of these compounds

were subsequently optimized using the Tripos force field
with Gasteiger—Hiickel charges. The Powell method
available in the Maximin2 module of Sybyl 7.0>° was
used for energy minimization with an energy conver-
gence gradient value of 0.001 kcal/(mol A). Additional-
ly, previous alignment'?> was used for superposition of
all 58 GABAA/BZDP bioreceptor ligands. The illustra-
tion of this alignment is presented in Figure 2.2°

4.1.3. 3D QSAR/CoMFA analysis. The CoMFA method
was applied to the training set for the 3D QSAR analy-
sis. The steric (Lennard-Jones) and electrostatic (Cou-
lomb) CoMFA fields were calcylated at all
intersections in a regularly spaced (1.5 A) grid within a
predefined region. The steric and electrostatic interac-
tion energies between a probe atom and the molecules
were calculated using a sp® carbon as the steric probe
atom and a +1.00 charge for the electrostatic probe. A
cutoff of 5kcal/mol was adopted, and the regression
analysis was carried out using the full cross-validated
partial least-squares (PLS)?>7-?® method (leave-one-out)
with CoMFA standard options for scaling of variables.
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To perform the PLS, the minimum column filtering val-
ue was set to 4.0 kcal/mol to improve the signal-to-noise
ratio by omitting those lattice points whose energy var-
iation was below this threshold and the number of com-
ponents was set to 5.

4.2. Chemistry

All melting points were determined with a Thomas—Hoo-
ver apparatus and are uncorrected. Proton magnetic
resonance (IH NMR), unless otherwise stated, was deter-
mined in deuterated chloroform containing ca. 1% tetra-
methylsilane as an internal standard with Bruker
500 MHz. Splitting patterns are as follows: s, singlet; d,
doublet; dd, double doublet; m, multiplet. Carbon mag-
netic resonance ('>*C NMR) was determined with the
same spectrometer described above at 125 MHz. Infra-
red (IR) spectra were obtained with a Nicolet-55a Magna
spectrophotometer by using potassium bromide plates.
The ultraviolet spectra were obtained with a Hitachi U-
2000 Spectrophotometer by using methanol as solvent
and an internal standard. Microanalysis data were ob-
tained with a Perkin-Elmer 240 analyzer, using Perkin-
Elmer AD-4 balance.

The progress of all reactions was monitored by TLC,
which was performed on 2.0 X 6.0 cm aluminium sheets
precoated with silica gel 60 (HF-254, Merck) to a thick-
ness of 0.25 mm. The developed chromatograms were
viewed under ultraviolet light (254-265 nm) and treated
with iodine vapour. For column chromatography Merck
silica gel (70-230 mesh) was used. Reagents and solvents
were purchased from commercial suppliers and distilled
prior the use.

4.2.1. General procedure' for the ‘one-pot’ preparation of
the heterotricyclic derivatives LASSBio-981 (2), LASS-
Bio-980 (3), LASSBio-872 (4), and LASSBio-873 (5). A
mixture  of  1-phenyl-3-methyl-5-aminopyrazole'?
(2.5mmol) and dimethylformamide dimethylacetal
(2.75 mmol) was heated at 90 °C for 6 h. Then, the
resulting aggregate was dissolved in acetic acid
(10 mL), followed by the addition of the corresponding
substituted N-phenylmaleimide!® 9-12 (10.0 mmol). The
suspension was stirred vigorously and heated at 50 °C
for an additional 48 h. After cooling at room tempera-
ture, the reaction mixture was poured in water
(20 mL), filtered, and rinsed with ethanol to afford the
desired heterotricyclic derivative 2-5 as described next.

4.2.2. 7-Phenyl-1-methyl-3-phenyl-3,6,7,8-tetrahydropy-
razolo|[3, 4-b|pyrrolo[3,4-d|pyridine-6,8-dione, LASSBio-
981 (2). Derivative 2 was obtained in 25% yield, as a yel-
low solid, mp 228-230°C, R;=0.84 (CH,Cl,/MecOH
95:5) and R;=0.79 (n-hexane/ethyl acetate 7:3): IR .«
(KBr) em™': 3112-3055 (vC-H), 1779-1717 (vC=0);
"H NMR (500 MHz) CDCIly/TMS (6—ppm): 9.07 (1H,
s, H-9), 8.14 (2H, d, J=8.0 Hz, H-2" and 6"), 7.51-
7.47 (4H, m, 3', 5’, 2" and 6"), 7.41-7.37 (3H, m, 3",
4" and 5"), 7.32 (1H, d, J=7.5 Hz, H-4'), 2.90 (3H, s,
Me); '3C NMR (125 MHz) CDCI/TMS (5—ppm):
166.7 and 165.6 (C-8 and C-7), 153.6 (C-5), 143.9 (C-
1), 143.7 (C-3a), 138.5 (C-1"), 134.7 (C-8a), 131.2 (C-

1), 129.3 (C-3, 5, 2 and 6"), 128.5 (C-4"), 127.1 (C-
4'), 126.6 (C-3" and 5”), 121.8 (C-2’ and 6), 119.5 (C-
5a), 110.7 (C-la); 15.1 (Me); UV AN nm (eyax):
386.2 (1330); 283.6 (36,702).

4.2.3. 7-(4-Methylphenyl)-1-methyl-3-phenyl-3,6,7,8-tetr-
ahydropyrazolo|3,4-b]pyrrolo|3,4-d]pyridine-6,8-dione,
LASSBIi0-980 (3). Derivative 3 was obtained in 25%
yield, as a yellow solid, mp 231-233°C, R;=0.84
(CH,Cl,/MeOH 95:5) and R; = 0.80 (n-hexane/ethyl ace-
tate 7:3): IR max (KBr) cm™': 3111-3041 (vC—H); 2920—
2845 (vC-H); 1778-1720 (vC=0); 'H NMR
(500 MHz) CDCI5/TMS (6—ppm): 9.04 (1H, s, H-5),
8.13 (2H, d, J=8.5Hz, H-2" and 6"), 7.48 (2H, t,
J=8.0Hz, H-3' and 5'), 7.25-7.31 (SH, m, H-2/, 4/,
6’, 3" and 5”), 2.88 (3H, s, H-9), 2.36 (3H, s, H-10);
3C NMR (125 MHz) CDCI/TMS (6—ppm): 166.8
(C-8), 165.7 (C-6), 153.6 (C-1), 143.9 (C-5), 143.7
(C-3a), 138.7 (C-1"), 138.5 (C-17), 134.7 (C-8a), 129.9
(C-3’ and 5’), 129.2 (C-2" and 6"), 128.5 (C-4"), 127.0
(C-4"), 126.4 (C-3" and 5"), 121.8 (C-2’ and 6'), 119.6
(C-5a), 110,7 (C-8a), 21.3 (C-10), 15.1 (Me); UV
A nm (epax): 386.2 (1215); 285.2 (33,094).

4.2.4. 7-(4-Chlorophenyl)-1-methyl-3-phenyl-3,6,7,8-tetr-
ahydropyrazolo[3,4-b]pyrrolo|[3,4-d]pyridine-6,8-dione,
LASSBIi0-872 (4). Derivative 4 was obtained in 20%
yield, as a yellow solid, mp 246-248 °C, R;=0.87
(CH,Cl1,/MeOH 95:5) and R; = 0.64 (n-hexane/ethyl ace-
tate 7:3): IR max (KBr) cm™': 3092-3072 (vC-H), 1774
1726 (vC=0), 1092 (vC-Cl); '"H NMR (500 MHz)
CDCI3/TMS (6—ppm): 9.08 (1H, s, H-5), 8.14 (2H, d,
J=28.0 Hz, H-2' and 6'), 7.50 (2H, t, J=8.0 Hz, H-3’
and 5'), 7.46 (2H, d, J=8.2Hz, H-2" and 6"), 7.38
(2H, d, J=82Hz, H-3" and 5"), 7.32 (1H, t,
H=8.0Hz, H-4), 290 (3H, s, H-9); '*C NMR
(125 MHz) CDCI3/TMS (6—ppm): 166.3 (C-8), 165.3
(C-6), 153.7 (C-1), 143.9 (C-5), 143.6 (C-3a), 138.5 (C-
1), 134.5 (C-8a), 134.3 (C-1"), 129.7 (C-4"), 129.5 (C-
2" and 6”), 129.2 (C-3’' and 5), 127.7 (C-3" and 5"),
127.1 (C-4'), 121.9 (C-2' and 6'), 119.3 (C-5a), 110.7
(C-1a), 15.1 (Me); UV AN nm (epax): 386.2
(1220); 285.6 (34,476).

4.2.5. 1-Methyl-7-(4-nitrophenyl)-3-phenyl-3,6,7,8-tetra-
hydropyrazolo|[3,4-b]pyrrolo[3,4-d]pyridine-6,8-dione,
LASSBIi0-873 (5). Derivative 5 was obtained in 35%
yield, as a yellow solid, mp 238-240°C, R;=0.87
(CH,Cl1,/MeOH 95:5) and Ry = 0.56 (n-hexane/ethyl ace-
tate 7:3): IRpmax (KBr) ecm™': 3124-3004 (vC-H), 1727
(vC=0), 1350-1380 (vC-NO,), 848-884 (vC-NO,); 'H
NMR (500 MHz) CDCI5/TMS (6—ppm): 9.12 (1H, s,
H-5), 8.36 (2H, d, J =9.0 Hz, H-3” and 5"), 8.15 (2H,
d, J=8.0 Hz, H-2' and 6'), 7.74 (2H, d, J=9.0 Hz, H-
2" and 6"), 7.51 (2H, t, J=8.0 Hz, H-3’ and 5'), 7.34
(1H, t, H = 8.0 Hz, H-4'), 2.92 (3H, s, H-9); '*C NMR
(500 MHz) CDCI5/TMS (0—ppm): 166.8 (C-8), 165.8
(C-6), 153.8 (C-1), 146.6 (C-4"), 144.2 (C-5), 143.8 (C-
3a), 138.3 (C-1'), 137.1 (C-17), 134.2 (C-8a), 129.3
(C-3’ and %), 127.3 (C-4'), 126.5 (C-2" and 6"), 124.6
(C-3” and 5”), 121.9 (C-2’ and 6’), 119.0 (C-5a), 110.7
(C-la), 151 (Me); UV AU nm (emax): 386.2
(1377); 293.0 (34,970).
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4.3. Pharmacology

The Animal Care and Use Committee at Universidade
Federal do Rio de Janeiro approved the protocols de-
scribed as follows.

4.3.1. Pentobarbital-induced sleep test in mice.'® Male
Swiss mice (20-25 g) were randomly divided into groups
of 10 and housed in a breeding room with 12 h light—
dark cycle at 24 + 1 °C. Each group was ip injected with
each derivative LASSBio-872 (2), LASSBio-873 (3),
LASSBi0-980 (4), and LASSBi0-981 (5) 30 min before
intravenous administration of pentobarbital sodium
(25mgkg"). Doses of the heterotricyclic derivatives
varied from 1 to 8 mgkg™'. Sleep time was considered
as the difference between the time of loss and recovery
of the righting reflex. The compounds 2-5 were dis-
solved in dimethylsulfoxide (DMSO) as stock solutions
of 50 mg/mL. Control group was ip treated with DMSO
alone to determine the duration of hypnosis.

4.3.2. Locomotor activity test in mice.'® The sedative
properties of midazolam and derivatives were compared
using locomotor activity as an index of sedation. Motor
activity was determined in Swiss mice (20-25 g), which
were placed in an open field of 45x45cm (LE 8811,
Letica) in which 16 photocell beams were positioned
every 2.5 cm. Total locomotor activity was defined as
the number of interruptions of the beams registered in
a computer. Activity was measured during 40 min after
ip injection of either midazolam or new heterotricyclic
derivatives 2-5.

4.3.3. Antinociceptive activity (hot plate test).?! Central
analgesic activity was evaluated using the method of hot
plate. One hundred and twenty male Swiss mice (20—
25 g) were randomly divided into 12 groups and each
group of 10 mice was treated with vehicle (DMSO) alone
or with different doses of heterotricyclic derivatives 2-5,
varying from 0.5 to 8 mg kg~ '. Mice were placed into a
hot plate maintained at 52 °C (Letica LE 7406). The time
necessary for each animal to respond to the termic stimuli
was determined before and after pre-treatment with the
pyrazolo[3,4-b]pyrrolo[3,4-d]pyridine derivatives from 5
to 120 min after injection. Four groups of mice (n = 10
each) were pre-treated with ip injection of 1 mgkg ™' of
naloxone 15 min before the administration of test com-
pounds 2-5. Maximal permanence of the animals was
35 s (cutoff). Data were expressed in means £ SEM of
analgesic activity. The analgesic activity (%) was calculat-
ed by the following equation:

(postdrug latency) — (predrug latency)
(35 s) — (predrug latency)

x 100

Analgesic Activity =

4.3.4. Statistical analysis. Statistical significance was as-
sessed using one- or two-way analysis of variance
(ANOVA) followed by a Student-Neuman—Keuls test.
Difference was considered statistically significant when
P <0.05.
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Abstract—We describe the design, synthesis, and physicochemical and biological properties of a novel series of 7-heterocycle-6-tri-
fluoromethyl-3-oxoquinoxaline-2-carboxylic acids bearing a substituted phenyl group joined through a urethane or urea linkage to
the heterocycle at the 7 position. Introduction of the trifluoromethyl group at the 6 position conferred good biological activity,
including neuroprotective effects, as well as good physicochemical properties. In terms of a-amino-3-hydroxy-5-methylisoxazole
propionate receptor (AMPA-R) affinity, a urea linkage was equivalent to a urethane linkage and a pyrrole ring at the 7 position
reduced affinity in comparison with an imidazole ring. Among this series, compound 14h (KRP-199), which has a 4-carboxyphenyl
group joined through a urethane linkage to a 7-imidazolyl heterocycle, was found to possess high potency and selectivity for the
AMPA-R in vitro and to exhibit good neuroprotective effects in vivo. Furthermore, the compound showed good physicochemical
properties, including stability to light and good solubility in aqueous solutions.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Glutamic acid, an excitatory amino acid (EAA), is a ma-
jor excitatory neurotransmitter in the mammalian cen-
tral nervous system. EAA receptors are mainly
postsynaptic and are divided into two types: the ionotro-
pic glutamate receptor subtypes (iGlu-Rs), including
those for N-methyl-D-aspartate (NMDA), o-amino-3-
hydroxy-5-methylisoxazole propionate (AMPA), and
kainate (KA), and the metabotropic glutamate receptor
subtypes (mGlu-Rs).

The AMPA receptor (AMPA-R) subtype of the iGlu-Rs
is an ionotropic glutamate receptor coupled to ion chan-
nels that modulate cell excitability by gating the flow of
calcium and sodium ions into the cell.! However, over-

Keywords: Excitatory amino acid; Competitive AMPA receptor antag-

onist; 3-Oxoquinoxaline-2-carboxylic acid; Cerebral ischemia.
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stimulation of postsynaptic glutamate receptors by re-
lease of EAAs at supraphysiological levels results in
neuronal death. Among the glutamate receptor antago-
nists, AMPA-R antagonists appear to be free from side
effects such as schizophrenia® and have shown effective-
ness against neuronal death, even if administered post-
ischemia.? In consequence, AMPA-R antagonists have
been reported to be effective in the therapy of neurode-
generative disorders such as ischemic stroke, epilepsy,
head trauma, and Alzheimer’s disease.>

Since the demonstration of the potent and selective
AMPA-R antagonistic activity of NBQX,? several re-
search groups have modified the quinoxalinedione
structure. The numerous resulting compounds can be
categorized as first-generation compounds of substituted
simple quinoxalinedione structure, such as NBQX? and
YM-90K, %! and second-generation compounds with a
hydrophilic substituent at the N-1 position of the quin-
oxalinedione, as exemplified by introduction of acetic
acid and phosphonomethyl moieties as the hydrophilic
groups to yield YM-872 (zonampanel)'>'* and
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ZK-200775'% (Fig. 1), respectively. Among these deriva-
tives, the first-generation compound YM-90K is well
established to be a potent and selective AMPA antago-
nist and has been shown to be neuroprotective in animal
models of global and focal cerebral ischemia. However,
although this compound has excellent neuroprotective
ability, its limited solubility in aqueous solutions has
precluded its development as a clinical agent. Further-
more, simple quinoxalinediones such as NBQX have
been reported to cause kidney toxicity, probably as a re-
sult of their physicochemical properties, particularly
poor solubility.!> The second-generation compounds,
which were designed to improve the physicochemical
properties of the simple quinoxalinediones, are more
soluble and do not appear to cause kidney toxicity.
Although the second-generation compounds also appear
to be good antagonists, they have yet to be marketed as
therapeutic drugs for neuroprotection in acute cerebral
ischemia.

In our previous papers,'®!” we reported the develop-
ment of a novel third-generation AMPA-R antagonist,
the 7-imidazolyl-6-nitro-3-oxoquinoxaline-2-carboxylic
acid derivative 1 (GRA-293), which contains a carboxyl-
ic acid as a hydrophilic group as well as an imidazole
moiety. This compound is characterized by a 4-carboxy-
phenyl group joined through a urethane linkage onto an
imidazole ring at the 7 position on the 3-oxoquinoxa-
line-2-carboxylic acid nucleus. It shows excellent
AMPA-R antagonist activity in vitro and in vivo com-
pared with the known antagonists based on the quinox-
alinedione nucleus and is also water-soluble. From these
studies, we concluded that introduction of a phenyl
group joined through a urethane linkage at the 4 posi-
tion of a 7-imidazolyl group on the 6-nitro-3-oxoqui-
noxaline-2-carboxylic acid nucleus confers high affinity
and good selectivity for the AMPA-R. However, in con-
tinuation studies we found that compound 1 has subop-
timal physicochemical properties, particularly instability
to fluorescent light in neutral solution. This poor photo-
stability precluded the scaled-up synthesis and pre-for-
mulation studies necessary to develop a manufacturing
process. On the other hand, we found that YM-90K
and YM-872, which both contain a quinoxalinedione
nucleus with a nitro group, also show instability under
similar conditions. The fact that these two quinoxalined-
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Figure 1.

ione compounds and our reported 3-oxoquinoxaline-2-
carboxylic acid show light instability in spite of their dif-
ferent structural nucleus led us to conclude that the
problem arises from their common substituents. Name-
ly, we thought that the nitro group at the 6 position and
the imidazole ring at the 7 position on each nucleus
might be the cause of the photoinstability. In a study
of binding to the AMPA-R, Bigge et al. reported that
a nitro group at the 6 position of quinoxalinediones is
needed for interaction with the AMPA-R because of
the increased acidity of the proton of the amide moiety
at the 4 position.'® However, ZK-200775, which has a
trifluoromethyl group instead of a nitro group as an
electron-withdrawing group, also has good AMPA-R
antagonistic activity.'* Consequently, we studied
whether introduction of a trifluoromethyl group instead
of a nitro group into the 6 position on our 3-oxoquinox-
aline-2-carboxylic acid nucleus could improve photosta-
bility. Additionally, during development of 6-nitro-3-
oxoquinoxaline-2-carboxylic acids with urethane link-
aged substituted phenyl groups, we did not study the
consequences for AMPA-R affinity of conversion of
the urethane linkage or replacement of the imidazole
ring at the 7 position. Therefore, we also decided to test
the effect on AMPA-R affinity of changing the urethane
linkage to another linkage, such as a urea linkage, and
of replacement of the imidazole ring by another five-
membered ring, such as a pyrrole ring, at the 7 position
of 6-trifluoromethyl-3-oxoquinoxaline-2-carboxylic acid
(Fig. 2).

Our research efforts have focused on designing and
synthesizing novel 3-oxoquinoxaline-2-carboxylic
acids possessing potent selectivity against the
AMPA-R and good neuroprotective effects in vivo,
as well as good physicochemical properties such as
photostability in neutral solution and solubilities as
an injection. Moreover, we have also focused on
the synthesis of compounds with a urea linkage onto
the imidazole or pyrrole groups at the 7 position in
the 3-oxoquinoxaline-2-carboxylic acid nucleus. In
this paper, we wish to describe the synthesis of
novel 7-imidazolyl- and 7-pyrrolyl-6-trifluoromethyl-
3-oxoquinoxaline-2-carboxylic acid derivatives with
urethane or wurea linkages and their biological
properties.
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Figure 2.
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2. Chemistry

The synthesis of 7-imidazolyl-3-oxoquinoxaline-2-car-
boxylic acid derivatives (8, 14a—j, 17a—g) is outlined in
Schemes 1 and 2. The starting material for non-substi-
tuted 7-imidazolyl quinoxaline-2-carboxylic acid 8 is
4-fluoro-3-trifluoromethylnitrobenzene 2. After hydro-
genation of 2, acetyl protection of the amino group
and selective nitration (fuming HNO3)!” at the ortho po-
sition were carried out in three steps.!® Compound 4 was
treated with commercially available imidazole, followed
by deprotection of the acetyl group and hydrogenation
of the nitro group to give phenylenediamine 5. Com-
pound 5 was cyclized with diethyl ketomalonate, then
separated and washed with EtOH to give ethyl
7-imidazolyl-6-trifluoromethyl-3-oxoquinoxaline-2-car-
boxylate (6) and its isomer (7). The identities of com-
pound 6 and its isomer 7 were confirmed by the
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chemical shifts and coupling constants seen on 'H
NMR spectroscopy. Esters 6 and 7 were used to prepare
7-imidazolyl-6-trifluoromethyl-3-oxoquinoxaline-2-car-
boxylic acid 8 and its isomer 9.

Concerning 7-imidazolyl-3-oxoquinoxaline-2-carboxylic
acid derivatives (14a—j) with substituted phenyl groups
joined through a urethane linkage to the imidazole at
the 7 position, 4-fluoro-2-nitro-5-trifluoromethylacetan-
ilide (4) was protected at the amino group by 4-meth-
oxybenzyl chloride (PMBCI), which is needed to
increase the reactivity of the nucleophilic displacement
in the fluoro group at the 4 position. Compound 10
was treated with commercially available 4-hydroxyme-
thylimidazole, followed by deprotection of the acetyl
group and the PMB group with 4 N HCI and hydroge-
nation of the nitro group to give phenylenediamine 12.
Compound 12 was cyclized with diethyl ketomalonate

N
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Scheme 1. 7-Imidazolyl and 7-urethane linked imidazolyl derivatives. Reagents: (a) H, 10% Pd-C, AcOH; (b) Ac,O, Et;N, CHCls; (c) fumingHNOs;
(d) imidazole, DMF; (e) 4 N HCIL; (f) H, 10% Pd-C, EtOH; (g) diethyl ketomalonate, EtOH; (h) 6 N HCI, AcOH; (i) PMBCI, K,CO?, DMF;
(j) 4-(hydroxymethyl)imidazole-HCI, MeCN; (k) R-Ph-NCO, DMF; (1) LiOH, EtOH-H,O; (m) concd HCI, AcOH.
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and separated by column chromatography to provide
ethyl 7-(4-hydroxymethylimidazolyl)-3-oxoquinoxaline-
2-carboxylate 13 as the key intermediate. Treatment
with various isocyanates followed by hydrolysis provid-
ed the corresponding 4-urethane linked derivatives 14a—j
(Scheme 1).

Concerning 7-imidazolyl-3-oxoquinoxaline-2-carboxylic
acid derivatives (17a—g) with substituted phenyl groups
joined through a urea linkage, the 3-oxoquinoxaline-2-
carboxylate 13 was treated with manganese dioxide
dissolved in 1,4-dioxane to give the 7-(4-formyl)imid-
azolyl compound 15. After compound 15 reacted with
hydroxylamine, it was hydrogenated to provide the 7-
(4-aminomethyl)imidazolyl compound 16. The urea
linked 3-oxoquinoxaline-2-carboxylic acids 17a-g were
prepared by the reaction of 7-(4-aminomethyl)imidazo-
lyl compound 16 with various isocyanates, whereafter
the ethyl ester was hydrolyzed. As the key intermedi-
ate 16 reacted with isocyanates, 1,2,3,4-tetrahydroqui-
noxaline was oxidized to quinoxaline, using the
excess triethylamine (Et3N) as the auxiliary base
(Scheme 2).

The synthesis of 7-pyrrolyl-3-oxoquinoxaline-2-carbox-
ylic acid derivatives (24, 27a-h, 28, and 29) is outlined
in Scheme 3. The starting material for the 7-pyrrolyl
derivatives is 2-nitro-4-trifluoromethylaniline. After
hydrogenation of compound 18, the 1,2-phenylenedi-
amine was cyclized with diethyl ketomalonate and
recrystallized to provide ethyl 3-oxoquinoxaline-2-car-
boxylate 19, which was converted to the nitro com-
pound 20 by selective nitration (KNOj, concd
H,S0,)!” at the 6 position of the 3-oxoquinoxaline-
2-carboxylic acid nucleus. Conversion of the nitro
group at the 7 position of compound 20 to an amino

/@[NHZ ab /@:NICOZEt c
F3C NO, F;C N~ o
H
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group by hydrogenation gave a mixture of several
reductive compounds, and the main compounds were
the desired 7-amino compound and the 7-amino-tetra-
hydro compound 22. This hydrogenation brought
about reduction of the nitro group, as well as satura-
tion of the quinoxaline ring. We then attempted to
isolate the 7-amino-tetrahydro compound 22. The ni-
tro compound 20 was converted to the imino ether
21 by ethylation of the amide moiety. This was fol-
lowed by sequential hydrogenation and hydrolysis of
the imino ether to give the single 7-amino-tetrahydro
compound 22 as the key intermediate. The 7-pyrrolyl
compound 24 was prepared by the reaction of the
key intermediate compound 22 and commercially
available 2,5-dimethoxytetrahydrofuran, followed by
oxidation of the quinoxaline ring with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) and hydrolysis
of the ester.

The 7-(3-formyl)pyrrolyl compound 25 was prepared
by the reaction of the key intermediate compound
22 and commercially available 3-formyl-2,5-dim-
ethoxytetrahydrofuran, and compound 25 was then
treated with hydroxylamine whereafter it was
hydrogenated to provide the 7-(3-aminomethyl)pyrr-
olyl compound 26. The desired urea (27a-h) or
thiourea (28) linkage pyrrolyl derivatives were pre-
pared from compound 26 and appropriate isocya-
nates or isothiocyanate, whereafter the ester was
hydrolyzed by the same procedure used for the urea
linked 7-imidazolyl compounds (17a-g). The amide
linkage pyrrolyl derivative 29 was prepared by con-
densation of compound 26 and 4-fluorophenylacetic
acid by 1-ethyl-3-(3’-dimethylaminoisopropyl)carbo-
diimide hydrochloride (EDCI) whereafter the ester
was hydrolyzed.
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Scheme 3. 7-Pyrrolyl and 7-urea linked pyrrolyl derivatives. Reagents: (a) H,, 10% Pd-C, EtOH; (b) diethyl ketomalonate, EtOH; (c) KNO3;, concd
H,SOy; (d) iodoethane, Ag,0, toluene; (e) concd HCI, EtOH; (f) 2,5-dimethoxytetrahydrofuran, AcOH; (g) DDQ, 1,4-dioxane; (h) KOH, EtOH—
H,0; (i) 2,5-dimethyoxytetrahydrofuran-3-aldehyde, AcOH; (j) NH,OH-HCI, NaOAc, EtOH; (k) H,, 10% Pd-C, concd HCI, EtOH; (1) R-Ph-NCS,
Et;N, DMF; (m) 4-F-PhCH,CO,H, EDCI, Et;N, DMF; (n) NaOH, EtOH-H,O.
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3. Results and discussion

3.1. Study of substituents at the 6 position on
3-oxoquinoxaline-2-carboxylic acid

As a first step, we confirmed the effects of substituents at
the 6 position on AMPA-R affinity and photostability.
The results are shown in Table 1. Comparison of com-
pounds with a trifluoromethyl group or a nitro
group'®!'7 at the 6 position on the quinoxaline nucleus
confirmed that replacement of the nitro group by a tri-
fluoromethyl group imparted photostability (com-
pounds A,'®!7 B!7 vs. 8, 24) and that introduction of a
trifluoromethyl group into a compound with an imidaz-
ole ring at the 7 position increased AMPA-R affinity 6-
fold compared with a nitro group (compound A vs. 8).
Moreover, replacement of the heterocyclic imidazole
ring at the 7 position with a pyrrole group decreased
AMPA-R affinity 7-fold (compound 8 vs. 24). On the
other hand, 6-imidazolyl-7-trifluoromethyl-3-oxoqui-
noxaline-2-carboxylic acid 9, which is the anti-substitut-
ed compound at the 6 and 7 positions of compound 8,
exhibited loss of AMPA-R affinity. On the basis of these
results, we concluded that for 6-nitro-3-oxoquinoxaline-
2-carboxylic acids with a heterocyclic group at the 7 po-
sition the nitro group is responsible for photoinstability
and that a 7-imidazolyl group and a 6-trifluoromethyl
group appear to be essential for increased AMPA-R
affinity. In summary, for our design of novel AMPA-
R antagonists we adopted the 6-trifluoromethyl-3-oxo-
quinoxaline-2-carboxylic acid nucleus as the core
structure instead of the 6-nitro-3-oxoquinoxaline-2-car-
boxylic acid nucleus.

3.2. 7-Urethane linked imidazole derivatives with a
6-trifluoromethyl group

We have already found that introduction of a phenyl
group joined through a urcthane linkage at the 4 posi-
tion of the 7-imidazolyl group on 6-nitro-3-oxoquinoxa-
line-2-carboxylic acid imparts high affinity and good
selectivity for the AMPA-R.!%!7 Therefore, on the basis
of our knowledge of 6-nitro-3-oxoquinoxaline-2-carbox-
ylic acid, we introduced the same side chain into 6-triflu-

oromethyl-3-oxoquinoxaline-2-carboxylic acid in order
to find an active compound with high AMPA-R affinity
and better selectivity for the AMPA-R. The results are
shown in Table 2 (14a-j). Introduction of a phenyl
group joined through a urethane linkage led to better
AMPA-R affinity than that of the non-linked compound
(8 vs. 14a). However, introduction of substituents into
the terminal phenyl group led to AMPA-R affinity sim-
ilar to that of the non-substituted phenyl compound
14a. Among the substituted phenyl compounds, intro-
duction of bromine, methyl, or methoxy substituents
at the 4 position of the phenyl group reduced AMPA-
R selectivity in spite of retaining good AMPA-R affinity
(14a vs. 14c—14e). On the other hand, introduction of tri-
fluoromethyl, carboxy or carboxymethyl groups at the 3
or 4 position on the terminal phenyl group led to better
selectivity (14f—j). In particular, substitution by a car-
boxy group at the 4 position, compound 14h, led to both
high affinity and good selectivity for the AMPA-R.
However, conversion of the 4-carboxy group of 14h to
a 4-carboxymethyl group (14j) on the terminal phenyl
group reduced AMPA-R affinity despite the presence
of the same carboxylic acid. In summary, insertion of
a urethane linked substituted phenyl group at the 4 po-
sition on the 7-imidazolyl group led to better AMPA-R
affinity, and the preferred substituent on the terminal
phenyl group appears to be a 4-carboxy group.

3.3. 7-Urea linked imidazole derivatives with a
6-trifluoromethyl group

As the next step, we investigated the effect of introduc-
tion of a urea linkage instead of a urethane linkage at
the 4 position of the 7-imidazolyl group on 6-trifluorom-
ethyl-3-oxoquinoxaline-2-carboxylic acid for AMPA-R
affinity and selectivity. The results are shown in Table
2 (17a-g). Introduction of a urea linked phenyl group
led to good AMPA-R selectivity, comparable with that
of the corresponding compound with a urethane linkage
(14a vs. 17a). Moreover, introduction of bromine or
methoxy groups at the 4 position of the terminal phenyl
group improved AMPA-R selectivity compared with the
corresponding urethane compounds (17b, ¢ vs. 14c, e).
In general, it seemed to us that introduction of a urea

Table 1. Activity and stability of 3-oxoquinoxaline-2-carboxylic acid with 7-imidazolyl or 7-pyrrolyl group

G
5
&N:G:N\ CO,H {\lj H
NN N_O
w N o FoC C :NI\COZH
A,B,8,24 9
Compound W G AMPA-R affinity?"* Stability to light®
(Ki, nM) (% for control)
A NO, N 560 <10
B NO, CH 920 <35
8 CF; N 86 >95
24 CF; CH 640 >95
9 880 NT®
2HCI salt.

® Residual ratios after 7000 Lx, 3 h.
“Not tested.
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Table 2. 7-Substituted imidazole derivatives

N
-

O /‘&/N N__COzH
R, ¥X ;@: AN 2

Compound R X AMPA-R afﬁnityZI'22 NMDA-R afﬁnity23 Selectivity
(Ki, nM) (Ki, nM) (RMPAR)
14a H (6] 23 3700 160
14b 3-Br o 17 4500 260
14¢ 4-Br (6] 20 610 31
14d 4-Me o 20 1700 85
14e 4-MeO o 30 1800 60
14f 4-CF; (6] 29 >10,000 >340
14g 3-CO,H (6] 35 >10,000 >290
14h 4-CO,H (6] 16 >10,000 >630
14i 3-CH,CO,H (6] 28 >10,000 >430
14j 4-CH,CO,H o 23 >10,000 >360
17a H NH 39 9800 250
17b 4-Br NH 37 >10,000 >270
17¢ 4-MeO NH 43 >10,000 >230
17d 3-CO,H NH 43 >10,000 >230
17¢* 4-CO,H NH 17 >10,000 >590
17f 3-CH,CO,H NH 44 >10,000 >230
17g 4-CH,CO,H NH 43 >10,000 >230
2HCI salt.

linkage conferred good AMPA-R selectivity, although
AMPA-R affinity was slightly reduced. Among the urea
linked compounds, it was notable that introduction of a
carboxy group at the 4 position of the phenyl group
(17e) led to a marked increase in AMPA-R selectivity
together with good AMPA-R affinity. Accordingly, the
compound with a 4-carboxyphenyl group joined
through a urea linkage to the 7-imidazolyl group on 3-
oxoquinoxaline-2-carboxylic acid had AMPA-R affinity
and selectivity equal to those of the urethane linkaged
compound (14h vs. 17e). In summary, from investiga-
tion of the linkage between the substituted terminal
phenyl group and the imidazole ring at the 7 position,
we concluded that a urea linkage imparts excellent
AMPA-R affinity as well as selectivity equivalent to that
of the urethane linkage, and that compounds with a urea
linkage also represent an important class of
development candidates. Furthermore, comparison with
the urethane linkage suggests that the NH moiety close
to the 4-imidazolylmethyl group in the urea linkage
enhances AMPA-R selectivity.

3.4. 7-Urea linked pyrrole derivatives with a 6-trifluo-
romethyl group

Next, we studied the effect of conversion of the imidazole
ring to a pyrrole ring at the 7 position of 6-trifluorometh-
yl-3-oxoquinoxaline-2-carboxylic acid (27a-h, 28, 29).
The non-substituted 7-pyrrolyl compound (24) showed
reduced AMPA-R affinity compared with that of the
corresponding 7-imidazolyl compound (8), as shown in
Table 1. However, since we have found that a side chain
consisting of a substituted phenyl group joined through
a urethane or urea linkage to the 7-imidazolyl group
on the 6-trifluoromethyl-3-oxoquinoxaline-2-carboxylic

acid nucleus enhances AMPA-R affinity, we investigated
whether introduction of a side chain into the 7-pyrrolyl
compound 24 would also enhance AMPA-R affinity.
In general, the urea linkage is more stable than the ure-
thane linkage under chemical synthetic conditions.
Therefore, in an attempt to enhance AMPA-R affinity,
we introduced a similar substituent group, a phenyl
group linked through a urea moiety, into the 7-pyrrolyl
compound 24. The results are shown in Table 3. Inser-
tion of the urea linked phenyl group into the 7-pyrrolyl
group improved AMPA-R affinity compared with the
non-substituted compound 24. In particular, introduc-
tion of bromine, carboxy or trifluoromethyl substituents
at the 4 position of the terminal phenyl group led to bet-
ter affinity and selectivity for the AMPA-R (27c, f, h),
whereas introduction of 4-methoxy or 3-carboxy groups
led to slightly weaker affinity (27e, g). The AMPA-R
affinity of 27h, unfortunately, was inferior to that of
17e, despite the presence of a 6-trifluoromethyl-3-oxo-
quinoxaline-2-carboxylic acid nucleus with a 4-carboxy-
phenyl group joined through a urea linkage. We also
converted the urea linkage of selected pyrrolyl com-
pounds to thiourea and amide linkages. However, the
AMPA-R affinities of the thiourea and amide linkage
compounds were approximately 3- and 10-fold weaker
than those of the urea linkage compounds, respectively
(27a vs. 28, 27d vs. 29). From these results, we believe
that an NH moiety close to the terminal phenyl group
is an important part of the linkage. In summary, from
investigation of the introduction of a urea-linked pyrrole
ring at the 7 position in our 6-trifluoromethyl-3-oxoqui-
noxaline-2-carboxylic acids, we concluded that the
whole of the urea linkage is an important interaction unit
that may function as a proton acceptor during interac-
tion with the AMPA-R.
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Table 3. 7-Substituted pyrrole derivatives
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Y /‘CN N__COH
R M J@i I
)7 FaC N0
H

Compound R Y V4 AMPA-R affinity*!-*? NMDA-R affinity® Selectivity
(Ki, nM) (K, nM) (RMPAR)

17¢* 17 >10,000 >590

27a H e} NH 79 6700 85

27b 3-Br 0) NH 30 >10,000 >330

27¢ 4-Br e} NH 36 >10,000 >280

27d 4-F 0] NH 50 >10,000 >200

27e 4-MeO e} NH 86 >10,000 >120

27f 4-CF; 0] NH 30 >10,000 >330

27g 3-CO,H 0 NH 7 >10,000 >140

27h 4-CO.H 0) NH 37 >10,000 >270

28 H S NH 260 NT® NT®

29 4-F 0] CH, 540 NT® NT®

2HCI1 salt.

® Not tested.

Table 4. Pharmacological data of substituted 7-heterocycle 3-oxoquinoxaline-2-carboxylic acid derivatives

Compound AMPA-R NMDA-R Selectivity AMPA-R Stability for Light* Protective effects in Focal
affinity®!* affinity® (AMDA-R,) antagonism>* (% for control) ischemia Model'®
(K;, nM) (K;, nM) (D.C. potential) (Dose; mg/kg/h for
4h, iv)®
YM-90K 100 43,000 430 (+) <5 2.8 (15) n=17
YM-872 62 15,000 240 +) <5 0.5 (30) n==6
1 22 >10,000 >450 +) <5 3.0 (2.5) n=3
14h 16 >10,000 >630 +) >95 2.9 (2.5) n=3
17e 17 >10,000 >590 (+) >95 2.9 (2.5 n=3
27h 37 >10,000 >270 (+) >95 2.5(2.5) n=2

# Residual ratios after 7000 Lx, 3 h.
® Control; <1.0.

3.5. Neuroprotective effects in permanent focal ischemia in
rats

The neuroprotective effects of the selected compounds 1,
14h, 17e, and 27h, and the reference compounds
YM-90K and YM-872 were examined with the perma-
nent focal ischemia model in rats, as described by
Tamura et al.'"” The results are shown in Table 4 and
Fig. 3. The 6-trifluoromethyl-3-oxoquinoxaline-2-car-
boxylic acid compounds showed better neuroprotective
effects in vivo, as well as high AMPA-R affinity and
good selectivity in vitro, compared with the previously
reported first- and second-generation quinoxalinedione
compounds such as the YM series. Moreover, in the 6-
trifluoromethyl-3-oxoquinoxaline-2-carboxylic acid ser-
ies, compound 14h, with a 4-carboxyphenyl group
joined through a urethane linkage onto the imidazole
ring at the 7 position, exhibited good neuroprotective ef-
fects in vivo, equal to those of compound 17e with a
urea linkage. In particular, the neuroprotective effects
of compounds 14h and 17e in the rat model were supe-
rior to those of the quinoxalinedione compounds, even
with a relatively low iv infusion rate of 2.5 mg/kg/h for

Sl

Figure 3. Four-point damage score in focal ischemia model.

4h, an activity consistent with their high AMPA-R
activity in vitro. On the other hand, in comparison of
the biological activities of the 7-imidazolyl compound
17e and the 7-pyrrolyl compound 27h, both with urea
linkages, compound 17e was more potent in vivo than
compound 27h. However, although compound 17e
had excellent in vitro and in vivo activity, it caused
marked sedative side effects in vivo, whereas compounds
14h and 27h did not. Moreover, among the selected
compounds, the aqueous solubility of 14h was higher
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than those of 17e, 27h, and the 6-nitro compound 1
(compound 14h, 8.29 mg/mL; compound 17e, 6.31 mg/
mL; compound 27h, 1.18 mg/mL; compound 1, 4.9 mg/
mL; YM-90 K: <1 mg/mL at pH 7.4).%° We believe that
the good solubility of compounds 14h and 17e results
from the presence of the nitrogen atom at the 3 position
on the 7-imidazolyl ring on the 6-trifluoromethyl-3-oxo-
quinoxaline-2-carboxylic acid nucleus. In particular, the
high solubility of compound 14h suggests its suitability
as an injectable formulation for the treatment of acute
cerebral ischemia. In summary, we believe that com-
pound 14h, a 7-imidazolyl-6-trifluoromethyl-3-oxoqui-
noxaline-2-carboxylic acid with a side chain consisting
of a 4-carboxyphenyl group joined through a urethane
linkage, is a useful structure for scaled-up chemical syn-
thesis and pre-formulation studies for parenteral deliv-
ery and has potential as an injectable therapeutic agent
for the treatment of acute cerebral ischemia.

4. Conclusion

Design and synthesis of novel AMPA-R antagonists al-
lowed the identification of the 7-heterocycle-6-trifluo-
romethyl-3-oxoquinoxaline-2-carboxylic acid nucleus
as a very important core structure and led to compounds
with good physicochemical properties and good biolog-
ical activity. By studying structure—activity relationships
and evaluating the properties of the various compounds,
we showed that for 3-oxoquinoxaline-2-carboxylic acids
with an imidazolyl group at the 7 position a 6-nitro
group is responsible for photoinstability and that intro-
duction of a 6-trifluoromethyl group imparts stability to
light. Moreover, we found that the urethane or urea
linkage is an important moiety that functions as a pro-
ton acceptor in the interaction with the AMPA-R, and
we identified compounds 14h, 17e, and 27h for further
development. In summary, this research allowed us to
develop superior AMPA-R antagonist candidates by
replacing the 6-nitro group on the 3-oxoquinoxaline-2-
carboxylic acid nucleus by a 6-trifluoromethyl group.
We established that the 7-imidazolyl-6-trifluoromethyl-
3-oxoquinoxaline-2-carboxylic acid is very important
for both photostability and solubility, and that superior
in vitro activity for AMPA-R and in vivo activity for the
treatment of acute cerebral ischemia can be obtained by
using a urethane linkage between the 7-imidazolyl group
and the terminal phenyl group. In particular, compound
14h (KRP-199), bearing a 4-carboxyphenyl group joined
through a urethane linkage onto the imidazole ring, typ-
ifies this new strategy for the development of novel
third-generation AMPA-R antagonists.

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 F,s4 (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 INM-ECA400 with tetramethylsilane
as an internal standards. 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. 4-Fluoro-3-trifluoromethylacetanilide (3). Com-
pound 2 (100 g, 487 mmol) in AcOH (500 mL) was re-
duced by hydrogenation with 10% Pd-C (10.0 g) until
cessation of H, uptake. The catalyst was removed by fil-
tration through Celite®, and the filtrate was concentrat-
ed. The residue was dissolved in CHCl; (500 mL). Ac,O
(48.0 mL, 509 mmol) and Et;N (140 mL, 1.00 mol) were
added to the solution at ice cooling. After standing for 2
days, the reaction was washed with 1 N NaOH, 1 N HCI
and brine, dried over Na,SQ,, and evaporated to give
the title compound as light brown oil (116 g, quant.);
"H NMR (DMSO-dq): & 7.74-7.72 (m, 2H), 7.43 (br s,
1H), 7.15 (t, J=9.8 Hz, 1H), 2.19 (s, 3H).

5.1.3. 4-Fluoro-2-nitro-5-trifluoromethylacetanilide (4).
Compound 3 (116 g, 487 mmol) was added to fuming
HNO; (500 mL) at 0 °C and stirred for 30 min 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 to give the
title compound as a light brown powder (111 g, 87%);
'H NMR (DMSO-dg): § 10.15 (br s, 1H), 9.20 (d,
J=6.8 Hz, 1H), 7.91 (d, /= 9.8 Hz, 1H), 2.32 (s, 3H).

5.1.4. 4-(Imidazol-1-yl)-5-trifluoromethyl-1,2-phenylen-
ediamine (5)

5.1.4.1. Step 1: 4-(Imidazol-1-yl)-2-nitro-5-trifluorom-
ethylaniline. To a solution of compound 4 (3.33 g,
12.5mmol) in DMF (5mL) was added imidazole
(4.22 g, 62.0 mmol) and heated at 140 °C for 8 h in
sealed tube. After cooling, the reaction was concentrat-
ed, and 4 N HCI (10 ml) was added to the residue. The
solution was heated at 140 °C for 4.5 h and poured into
ice water. The solution was made basic with KOH agq,
extracted with CH,Cl,, dried over Na,SO,, and evapo-
rated. AcOEt/i-Pr,O (1:1) was added to the residue,
and the precipitate was collected by filtration, washed
with 'Pr,O, and dried under vacuum to give the title
compound as a yellow powder (2.43 g, 71%); '"H NMR
(DMSO-dg): ¢ 8.04 (s, 1H), 7.97 (s, 1H), 7.75 (s, 1H),
7.60 (s, 1H), 7.31 (s, 1H), 7.05 (s, 1H).

5.1.4.2. Step 2: 4-(Imidazol-1-yl)-5-trifluoromethyl-1,2-
phenylenediamine (5). To a solution of 4-(imidazol-1-yl)-
2-nitro-5-trifluoromethylaniline (948 mg, 3.48 mmol) in
EtOH (50 mL) was added 10% Pd-C (94.8 mg) and stirred
for 3.5h at room temperature under hydrogen atmo-
sphere. The catalyst was removed by filtration through
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Celite®, and the filtrate was concentrated to give the title
compound as a brown powder (882 mg, quant.); 'H NMR
(DMSO-dg): 0 7.62 (s, 1H), 7.19 (s, 1H), 6.97 (s, 1H), 6.88
(s, 1H), 6.48 (s, 1H), 5.43 (s, 2H), 5.14 (s, 2H).

5.1.5. Ethyl 3,4-dihydro-7-(4-imidazol-1-yl)-3-0x0-6-tri-
fluoromethylquinoxaline-2-carboxylate (6) and ethyl 3,4-
dihydro-6-(4-imidazol-1-yl)-3-oxo0-7-trifluoromethylqui-
noxaline-2-carboxylate (7). To a solution of compound 5
(303 mg, 1.25 mmol) in EtOH (50 mL) was added dieth-
yl ketomalonate (0.21 ml, 1.38 mmol) and refluxed for
6 h. After cooling, the reaction was concentrated, and
a small amount of EtOH was added to the residue.
The precipitate was collected by filtration, washed with
EtOH, and dried under vacuum to give the title com-
pound 7 as a pale yellow powder (193.0 mg, 44%); 'H
NMR (DMSO-dy): ¢ 13.24 (br s, 1H), 8.39 (s, 1H),
7.93 (s, 1H), 7.49 (s, 1H), 7.33 (s, 1H), 7.14 (s, 1H),
441 (q, J=7.3 Hz, 2H), 1.34 (t, /= 7.3 Hz, 3H).

The filtrate was concentrated, and a small amount of
AcOEt/'Pr,0 (1:1) was added to the residue. The precip-
itate was collected by filtration, washed with AcOEt/"
Pr,O (1:1), and dried under vacuum to give the title
compound 6 as a yellow powder (148 mg, 34%); 'H
NMR (DMSO-dy): ¢ 13.30 (br s, 1H), 8.09 (s, 1H),
7.83 (s, 1H), 7.78 (s, 1H), 7.39 (s, 1H), 7.09 (s, 1H),
4.40 (q, J=7.3 Hz, 2H), 1.33 (t, /= 7.3 Hz, 3H).

5.1.6.  3,4-Dihydro-7-(4-imidazol-1-yl)-3-0x0-6-trifluo-
romethylquinoxaline-2-carboxylic acid hydrochloride (8).
To a solution of compound 6 (141 mg, 400 pmol) in
AcOH (5mL) was added 6 N HCI (1 mL) and stirred
for 3.5 h at 80 °C. After cooling, the reaction was con-
centrated. A small amount of water was added to the
residue and stirred for 30 min at ice cooling. The precip-
itate was collected by filtration and purified by recrystal-
lization (water) to give the title compound as a brown
powder (48.7 mg, 38%); mp 232-234 °C (decomp.); 'H
NMR (DMSO-dy): ¢ 8.12 (s, 1H), 8.01 (s, 1H), 7.81 (s,
1H), 7.48 (s, 1H), 7.18 (s, 1H); FAB(—)HRMS
323.0396 (+0.4 mmu); Anal. Caled for C;3H;F3N405—
HCIl: C, 43.29%; H, 2.24%; N, 15.53%. Found: C,
43.20%; H, 2.20%; N, 15.45%.

5.1.7.  3,4-Dihydro-6-(4-imidazol-1-yl)-3-oxo-7-trifluo-
romethylquinoxaline-2-carboxylic acid hydrochloride
(9). To a solution of compound 7 (190 mg, 539 umol)
in AcOH (5mL) was added 6 N HCI (2 mL) and stir-
red for 3.5h at 60 °C. After cooling, the reaction was
concentrated. A small amount of water was added to
the residue and stirred for 30 min at ice cooling. The
solution was concentrated and the residue was purified
by synthetic adsorbent Sepabeads® SP850 (water).
After concentrating, 4 N HCl was added to the resi-
due and stirred for 30 min at water bath. The reaction
was concentrated and CH3CN was added to the resi-
due. The precipitate was collected by filtration,
washed with CH;CN, and dried under vacuum to give
the title compound as brown a powder (48.7 mg,
38%); mp 234-237°C (decomp.); 'H NMR (DMSO-
d¢): 6 7.80 (s, 1H), 7.54 (s, 1H), 7.37 (s, 1H), 7.11
(s, 1H), 7.08 (s, 1H); FAB(—)HRMS 323.0418 (+2.6

mmu); Anal. Caled for C;3H,F3N4O3-HCl: C,
43.29%; H, 2.24%; N, 15.53%. Found: C, 43.04%;
H, 2.36%; N, 15.38%.

5.1.8.  4-Fluoro-N-(4-methoxybenzyl)-2-nitro-5-trifluo-
romethylacetanilide (10). To a solution of compound 4
(3.00 g, 11.3 mmol) in DMF (20 mL) were added 4-
methoxybenzyl chloride (3.54g, 22.6 mmol) and
K>CO; (3.12 g, 22.6 mmol), and stirred for 4h at
80 °C. After cooling, the reaction was concentrated,
and the residue was dissolved in AcOEt. The solution
was washed with brine, dried over MgSQ,, and evapo-
rated. The residue was purified by flash chromatography
(Si0,, n-hexane/AcOEt, 1:1) to give the title compound
as a pale yellow powder (2.38g, 78%); 'H NMR
(DMSO-dg)* 6 8.26 (br s, 1H), 7.69 (br s, 1H), 7.03
(br s, 2H), 6.81 (br s, 2H), 4.88 (br s, 1H), 4.46 (br s,
1H), 3.71 (s, 3H), 1.84 (br s, 3H). *Measured at 70 °C.

5.1.9. 4-[4-(Hydroxymethyl)imidazol-1-yl]-/V-(4-meth-
oxybenzyl)-2-nitro-5-trifluoromethylacetanilide (11). To
a solution of compound 10 (540 mg, 1.40 mmol) in
MeCN (5mL) was added 4-(hydroxymethyl)imidazole
hydrochloride (942 mg, 7.00 mmol) and heated at
140 °C for 16 h in sealed tube. After cooling, the reac-
tion was concentrated, and the residue was dissolved
in AcOEt, washed with brine, dried over MgSO,, and
evaporated. The residue was purified by flash chroma-
tography (SiO,, CH,Cl,/MeOH, 50:1 to 20:1) to give
the title compound as a pale yellow powder (590 mg,
91%); "H NMR (DMSO-dg)* & 8.20 (br s, 1H), 7.79 (s,
1H), 7.75 (s, 1H), 7.23 (s, 1H), 7.12 (br s, 2H), 6.86
(br s, 2H), 4.99 (br s, 2H), 4.78 (t, J=5.9 Hz, 1H),
4.43 (d, J=5.9Hgz, 2H), 3.72 (s, 3H), 1.90 (br s, 3H).
*Measured at 70 °C.

5.1.10. 4-[4-(Hydroxymethyl)imidazol-1-yl]-5-trifluoro-
methyl-1,2-phenylenediamine (12)

5.1.10.1. Step 1: 4-[4-(Hydroxymethyl)imidazol-1-yl]-
2-nitro-5-trifluoromethylaniline. A solution of com-
pound 11 (7.26 g, 15.6 mmol) in 4 N HCI (30 mL) was
refluxed overnight. After cooling, the reaction was dilut-
ed with AcOEt, washed with satd NaHCO; and brine,
dried over MgSO,, and evaporated. The residue was
purified by flash chromatography (SiO,, CH,Cl,/
MeOH, 100:1 to 30:1) to give the title compound as a
yellow powder (4.19 g, 89%); '"H NMR (DMSO-d;): ¢
8.01 (s, 1H), 7.96 (s, 2H), 7.68 (s, 1H), 7.60 (s, 1H),
7.13 (s, 1H), 497 (t, J=39Hz 1H), 440 (d,
J=3.9 Hz, 2H).

5.1.10.2. Step 2: 4-[4-(Hydroxymethyl)imidazol-1-ylJ-
5-trifluoromethyl-1,2-phenylenediamine (12). To a
solution of 4-[4-(hydroxymethyl)imidazol-1-yl]-2-nitro-
S-trifluoromethylaniline (220 mg, 728 umol) in EtOH
(5§ mL) was added 10% Pd-C (20.0 mg) and stirred for
3 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 a yellow powder (200 mg, quant.); '"H NMR
(DMSO-dg): 6 7.52 (s, 1H), 6.99 (s, 1H), 6.87 (s, 1H),
6.45 (s, 1H), 542 (s, 2H), 5.13 (s, 2H), 4.89 (4,
J=59Hz, 1H), 4.37 (d, J= 5.9 Hz, 2H).
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5.1.11. Ethyl 3,4-dihydro-7-[4-(hydroxymethyl)imidazol-
1-yl]-3-0x0-6-trifluoromethylquinoxaline-2-carboxylate
(13). To a solution of compound 12 (200 mg, 782 pmol)
in EtOH (10 mL) was added diethyl ketomalonate
(163 mg, 937 umol) and refluxed for 4 h. After cooling,
the reaction was concentrated, and the residue was puri-
fied by flash chromatography (SiO,, CH,Cl,/MeOH,
50:1 to 10:1) to give the title compound as a pale yellow
powder (129 mg, 43%); '"H NMR (DMSO-d;): § 13.26
(br s, 1H), 8.05 (s, 1H), 7.78 (s, 1H), 7.75 (s, 1H),
7.21 (s, 1H), 501 (t, J=54Hz 1H), 443 (d,
J=54Hz, 2H), 440 (q, J=6.8Hz, 2H), 1.33 (t,
J=06.8 Hz, 3H).

5.1.12. 3,4-Dihydro-3-oxo-7-[4-((phenylamino)carbonyl-
oxymethyl)imidazol-1-yl]-6-trifluoromethylquinoxaline-2-
carboxylic acid (14a)

5.1.12.1. Step 1: Ethyl 3,4-dihydro-3-oxo-7-[4-((phe-
nylamino)carbonyloxymethyl)imidazol-1-yl]-6-trifluorom-
ethylquinoxaline-2-carboxylate. To a solution of
compound 13 (200 mg, 523 umol) in DMF (2 mL) was
added phenyl isocyanate (114 uL, 1.05 mmol) and stir-
red for 2 h at 60 °C. After cooling, the reaction was con-
centrated, and EtOH was added to the residue. The
insoluble part was removed by filtration, and the filtrate
was concentrated. The residue was purified by flash
chromatography (SiO,, n-hexane/AcOEt, 1:1 to 1:3) to
give the title compound as ayellow powder (120 mg,
46%); "H NMR (DMSO-dg) 6 13.30 (br s, 1H), 9.77 (s,
1H), 8.12 (s, 1H), 7.88 (s, 1H), 7.78 (s, 1H), 7.53 (s,
1H), 7.48 (d, J= 7.3 Hz, 2H), 7.27 (t, J = 7.3 Hz, 2H),
698 (t, J=73Hz, 1H), 5.08 (s, 2H), 440 (q,
J=6.8 Hz, 2H), 1.32 (t, J = 6.8 Hz, 3H).

5.1.12.2. Step 2: 3,4-Dihydro-3-oxo-7-[4-((phenylami-
no)carbonyloxymethyl)imidazol-1-yl]-6-trifluoromethyl-
quinoxaline-2-carboxylic acid (14a). To a solution of
ethyl 3,4-dihydro-3-oxo-7-[4-((phenylamino)carbonyl-
oxymethyl)imidazol-1-yl]-6-trifluoromethylquinoxaline-
2-carboxylate (100 mg, 199 umol) in EtOH (4 mL) were
added 1 N LiOH (697 pL, 697 pmol) and water (4 mL),
and stirred for 1.5 h at 50 °C. After cooling, ice water
was added to the reaction, and the insoluble part was re-
moved by filtration. The filtrate was made acidic with
3 N HCI. The precipitate was collected by filtration,
washed with water, and dried under vacuum to give
the title compound as a yellow powder (63.0 mg, 64%);
mp 193-195°C (decomp.); 'H NMR (DMSO-dq): ¢
13.23 (br s, 1H), 9.77 (s, 1H), 8.10 (s, 1H), 7.89 (s,
1H), 7.80 (s, 1H), 7.54 (s, 1H), 7.48 (d, J=17.8 Hz,
2H), 7.27 (t, J=7.3 Hz, 2H), 6.98 (t, J=7.3 Hz, 1H),
5.08 (s, 2H); FAB(+)HRMS 472.0885 (+1.6 mmu);
Anal. Caled for C21H14F3N505—2H20: C, 50.95%; H,
3.34%; N, 14.15%. Found: C, 50.95%; H, 3.06%; N,
13.95%.

5.1.13. 7-]4-((3-Bromophenylamino)carbonyloxymeth-
ylimidazol-1-yl]-3,4-dihydro-3-oxo-6-trifluoromethylqui-
noxaline-2-carboxylic acid (14b)

5.1.13.1. Step 1: Ethyl 7-[4-((3-bromophenylami-
no)carbonyloxymethyl)imidazol-1-yl]-3,4-dihydro-3-oxo-
6-trifluoromethylquinoxaline-2-carboxylate.  Following
the procedure described for compound 14a (step 1),

the title compound was prepared from compound 13
and 3-bromophenyl isocyanate, yellow powder (84%);
"H NMR (DMSO-dg) 6 13.29 (br s, 1H), 10.01 (s, 1H),
7.88 (s, 1H), 7.78 (s, 1H), 7.76 (s, 1H), 7.54 (s, 1H),
7.43 (d, J=7.3Hz, 1H), 7.25 (t, J=7.3 Hz, 1H), 7.18
(d, J=7.3Hz, 1H), 5.09 (s, 2H), 4.40 (q, J = 6.8 Hz,
2H), 1.32 (t, J= 6.8 Hz, 3H).

5.1.13.2. Step 2: 7-[4-((3-Bromophenylamino)carbon-
yloxymethyl)imidazol-1-yl]-3,4-dihydro-3-oxo0-6-trifluo-
romethylquinoxaline-2-carboxylic acid (14b). Following
the procedure described for compound 14a (step 2),
the title compound was prepared from ethyl 7-[4-((3-
bromophenylamino)carbonyloxymethyl)imidazol-1-yl]-
3,4-dihydro-3-oxo0-6-trifluoromethylquinoxaline-2-car-
boxylate, colorless powder (77%); mp 219-221 °C; 'H
NMR (DMSO-dg): ¢ 10.01 (s, 1H), 8.10 (s, 1H), 7.89
(s, 1H), 7.80 (s, 1H), 7.76 (s, 1H), 7.55 (s, 1H), 7.43 (d,
J=93Hz, 1H), 7.25 (t, J=83Hz, 1H), 7.18 (d,
J =28.3Hz 1H), 5.09 (s, 2H); FAB(—)HRMS 549.9981
(+0.7 mmu). Anal. Caled for C;H,3BrF;N;Os-1H,0:
C, 44.95%; H, 2.51%; N, 12.47%. Found: C, 44.80%;
H, 2.28%; N, 12.21%.

5.1.14. 7-|4-((4-Bromophenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-3-oxo-6-trifluoromethylqui-
noxaline-2-carboxylic acid (14c)

5.1.14.1. Step 1: Ethyl 7-[4-((4-bromophenylami-
no)carbonyloxymethyl)imidazol-1-yl]-3,4-dihydro-3-oxo-
6-trifluoromethylquinoxaline-2-carboxylate. Following
the procedure described for compound 14a (step 1),
the title compound was prepared from compound
13 and 4-bromophenyl isocyanate, yellow powder
(81%); "H NMR (DMSO-de): 6 13.29 (br s, 1H),
995 (s, 1H), 811 (s, 1H), 7.88 (s, 1H), 7.78 (s,
1H), 7.53 (s, 1H), 7.46 (s, 4H), 5.08 (s, 2H), 4.40
(q, J=6.8 Hz, 2H), 1.32 (t, J = 6.8 Hz, 3H).

5.1.14.2. Step 2: 7-|4-((4-Bromophenylamino)carbon-
yloxymethyl)imidazol-1-yl]-3,4-dihydro-3-0xo0-6-trifluo-
romethylquinoxaline-2-carboxylic acid (14c). Following
the procedure described for compound 14a (step 2),
the title compound was prepared from ethyl 7-[4-((4-
bromophenylamino)carbonyloxymethyl)imidazol-1-yl]-
3,4-dihydro-3-oxo0-6-trifluoromethylquinoxaline-2-car-
boxylate, colorless powder (79%); mp 218-220 °C; 'H
NMR (DMSO-dg): § 9.94 (s, 1H), 8.09 (s, 1H), 7.89
(s, 1H), 7.80 (s, 1H), 7.54 (s, 1H), 7.46 (s, 4H), 5.08
(s, 2H); FAB(—)HRMS 549.9969 (—0.4 mmu). Anal.
Caled for CpH3BrFsNsOs-1H,0: C, 44.94%; H,
2.51%; N, 12.47%. Found: C, 45.00%; H, 2.29%; N,
12.23%.

5.1.15. 3,4-Dihydro-7-[4-((4-methylphenylamino)carbon-
yloxymethyl)imidazol-1-yl]-3-0x0-6-trifluoromethylqui-
noxaline-2-carboxylic acid (14d)

5.1.15.1. Step 1: Ethyl 3,4-dihydro-7-[4-((4-methyl-
phenylamino)carbonyloxymethyl)imidazol-1-yl]-3-0x0-6-
trifluoromethylquinoxaline-2-carboxylate. Following the
procedure described for compound 14a (step 1), the
title compound was prepared from compound 13
and 4-methylphenyl isocyanate, yellow powder
(46%); '"H NMR (DMSO-ds) & 13.28 (br s, 1H),
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9.65 (s, 1H), 8.11 (s, 1H), 7.87 (s, 1H), 7.78 (s, 1H),
7.51 (s, 1H), 7.35 (d, J=83Hz, 2H), 7.07 (d,
J=83Hz, 2H), 506 (s, 2H), 4.40 (q, J=7.3 Hz,
2H), 2.23 (s, 3H), 1.32 (t, J=7.3 Hz, 3H).

5.1.15.2. Step 2: 3,4-Dihydro-7-[4-((4-methylphenyla-
mino)carbonyloxymethyl)imidazol-1-yl]-3-0x0-6-trifluo-
romethylquinoxaline-2-carboxylic acid (14d). Following
the procedure described for compound 14a (step 2),
the title compound was prepared from ethyl 3,4-
dihydro-7-[4-((4-methylphenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3-0x0-6-trifluoromethylquinoxaline-2-
carboxylate, pale yellow powder (52%); mp
179-181 °C; 'H NMR (DMSO-dg): & 9.65 (s, 1H),
8.11 (s, 1H), 7.90 (s, 1H), 7.79 (s, 1H), 7.53 (s,
1H), 7.35 (d, J=7.3Hz, 2H), 7.08 (d, J=7.8 Hz,
2H), 5.07 (s, 2H); FAB(—)HRMS 486.1013 (—1.2
mmu).

5.1.16.  3,4-Dihydro-7-[4-((4-methoxyphenylamino)car-
bonyloxymethyl)imidazol-1-yl]-3-0x0-6-trifluoromethyl-
quinoxaline-2-carboxylic acid (14e)

5.1.16.1. Step 1: Ethyl 3,4-dihydro-7-[4-((4-methoxy-
phenylamino)carbonyloxymethyl)imidazol-1-yl]-3-oxo-
6-trifluoromethylquinoxaline-2-carboxylate. Following
the procedure described for compound 14a (step 1),
the title compound was prepared from compound 13
and 4-methoxyphenyl isocyanate, yellow powder
(56%); 'H NMR (DMSO-dg): & 13.27 (br s, 1H),
9.57 (s, 1H), 8.07 (s, 1H), 7.86 (s, 1H), 7.76 (s, 1H),
7.50 (s, 1H), 7.37 (d, J=8.8Hz, 2H), 6.86 (d,
J=83Hz 2H), 505 (s, 2H), 439 (q, J=7.3Hz
2H), 3.70 (s, 3H), 1.32 (t, J =7.3 Hz, 3H).

5.1.16.2. Step 2: 3,4-Dihydro-7-[4-((4-methoxyphe-
nylamino)carbonyloxymethyl)imidazol-1-yl]-3-0x0-6-tri-
fluoromethylquinoxaline-2-carboxylic acid (14e).
Following the procedure described for compound 14a
(step 2), the title compound was prepared from ethyl
3,4-dihydro-7-[4-((4-methoxyphenylamino)carbonyl-
oxymethyl)imidazol-1-yl]-3-oxo0-6-trifluoromethylqui-
noxaline-2-carboxylate, pale yellow powder (89%); mp
210-212 °C; "H NMR (DMSO-dg) 6 9.57 (s, 1H), 8.10
(s, 1H), 7.89 (s, 1H), 7.79 (s, 1H), 7.52 (s, 1H), 7.37 (d,
J=8.3 Hz, 2H), 6.86 (d, J = 8.8 Hz, 2H), 5.05 (s, 2H),
3.70 (s, 3H); FAB(—)HRMS 502.0992 (+1.7 mmu). Anal.
Calcd for C»H ¢F3NsOg-1H,0: C, 51.57%; H, 3.34%; N,
13.67%. Found: C, 51.71%; H, 3.13%; N, 13.43%.

5.1.17. 3,4-Dihydro-3-ox0-6-trifluoromethyl-7-[4-((4-tri-
fluoromethylphenylamino)carbonyloxymethyl)imidazol-1-
yllquinoxaline-2-carboxylic acid (14f)

5.1.17.1. Step 1: Ethyl 3,4-dihydro-3-0x0-6-trifluoro-
methyl-7-[4-((4-trifluoromethylphenylamino)carbonyloxy-
methyl)imidazol-1-yl]quinoxaline-2-carboxylate. Follow-
ing the procedure described for compound 14a (step 1),
the title compound was prepared from compound 13
and 4-trifluoromethylphenyl isocyanate, yellow powder
(49%); "H NMR (DMSO-dy): 6 13.30 (br s, 1H), 10.23
(s, 1H), 8.10 (s, 1H), 7.88 (s, 1H), 7.78 (s, 1H), 7.69
(d, J=8.8Hz, 2H), 7.65 (d, J=8.8Hz, 2H), 7.54
(s, 1H), 5.12 (s, 2H), 4.40 (q, J=6.8 Hz, 2H), 1.32
(t, J = 6.8 Hz, 3H).

5.1.17.2. Step 2: 3,4-Dihydro-3-ox0-6-trifluoromethyl-
7-[4-((4-trifluoromethylphenylamino)carbonyloxymeth-
yl)imidazol-1-yl]quinoxaline-2-carboxylic acid (14f). Fol-
lowing the procedure described for compound 14a (step
2), the title compound was prepared from ethyl 3,4-dihy-
dro-3-oxo0-6-trifluoromethyl-7-[4-((4-trifluoromethyl-
phenylamino)carbonyloxymethyl)imidazol-1-yl]quinox-
aline-2-carboxylate, colorless powder (75%); mp
194-196 °C; '"H NMR (DMSO-dg): 6 10.23 (s, 1H),
8.11 (s, 1H), 791 (s, 1H), 7.79 (s, 1H), 7.69 (d,
J=9.3Hz, 2H), 7.65 (d, J = 8.8 Hz, 2H), 7.56 (s, 1H),
5.12 (s, 2H); FAB(—)HRMS 540.0743 (+0.0 mmu).

5.1.18. 7-[4-((3-Carboxyphenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-3-0x0-6-trifluoromethylqui-
noxaline-2-carboxylic acid (14g)

5.1.18.1. Step 1: Ethyl 3,4-dihydro-7-[4-((3-ethoxycar-
bonylphenylamino)carbonyloxymethyl)imidazol-1-yl}-3-oxo-
6-trifluoromethylquinoxaline-2-carboxylate. = Following
the procedure described for compound 14a (step 1),
the title compound was prepared from compound 13
and ethyl 3-isocyanatobenzoate, yellow powder (60%);
'"H NMR (DMSO-dy): 6 13.30 (br s, 1H), 10.03 (s,
1H), 8.19 (s, 1H), 8.12 (s, 1H), 7.88 (s, 1H), 7.78 (s,
1H), 7.69 (d, J= 7.8 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H),
7.54 (s, 1H), 7.43 (t, J = 7.8 Hz, 1H), 5.10 (s, 2H), 4.40
(q, /=7.3Hz, 2H), 4.31 (q, /= 6.8 Hz, 2H), 1.32 (t,
J=7.3Hz, 3H), 1.31 (t, J = 6.8 Hz, 3H).

5.1.18.2. Step 2: 7-[4-((3-Carboxyphenylamino)car-
bonyloxymethyl)imidazol-1-yl]-3,4-dihydro-3-0x0-6-tri-
fluoromethylquinoxaline-2-carboxylic acid (14g). To a
solution of ethyl 3,4-dihydro-7-[4-((3-ethoxycarbonyl-
phenylamino)carbonyloxymethyl)imidazol-1-yl]-3-oxo-
6-trifluoromethylquinoxaline-2-carboxylate (180 mg,
314 ymol) in AcOH (5mL) was added concd HCI
(1 mL) and stirred for 2h at room temperature. The
reaction was diluted with water, and the precipitate
was collected by filtration, washed with water, and dis-
solved in 1 N LiOH. The insoluble part was removed
by filtration, and the filtrate was adjusted to pH 4 with
3N HCI. The precipitate was collected by filtration,
washed with water, and dried under vacuum to give the ti-
tle compound as a brown powder (25.0 mg, 15%); mp
215-217 °C (decomp.); 'H NMR (DMSO-dy): § 12.94
(br s, 1H), 10.00 (br s, 1H), 8.14 (s, 1H), 8.10 (s, 1H),
7.89 (s, 1H), 7.80 (s, 1H), 7.69 (d, J = 8.3 Hz, 1H), 7.58-
7.55 (m, 2H), 7.40 (t, J=8.3 Hz, 1H), 5.10 (s, 2H);
FAB(—)HRMS 516.0778 (+1.1 mmu).

5.1.19. 7-[4-((4-Carboxyphenylamino)carbonyloxymeth-
yl)imidazol-1-yl]-3,4-dihydro-3-oxo0-6-trifluoromethylqui-
noxaline-2-carboxylic acid (14h)

5.1.19.1. Step 1: Ethyl 3,4-dihydro-7-[4-((4-ethoxycar-
bonylphenylamino)carbonyloxymethyl)imidazol-1-yl}-3-oxo-
6-trifluoromethylquinoxaline-2-carboxylate. =~ Following
the procedure described for compound 14a (step 1),
the title compound was prepared from compound 13
and ethyl 4-isocyanatobenzoate, pale yellow powder
(67%); "H NMR (DMSO-dg): 6 13.24 (br s, 1H), 10.20
(s, 1H), 8.02 (br s, 1H), 7.89 (d, J = 8.8 Hz, 2H), 7.86
(s, 1H), 7.74 (s, 1H), 7.61 (d, J=8.8 Hz, 2H), 7.53 (s,
1H), 5.11 (s, 2H), 4.38 (q, J=6.8 Hz, 2H), 4.28 (q,
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J=73Hz 2H), 132 (t, J=68Hz 3H), 1.30 (t,
J =17.3 Hz, 3H).

5.1.19.2. Step 2: 7-]4-((4-Carboxyphenylamino)car-
bonyloxymethyl)imidazol-1-yl]-3,4-dihydro-3-0x0-6-tri-
fluoromethylquinoxaline-2-carboxylic acid (14h).
Following the procedure described for compound 8g
(step 2), the title compound was prepared from ethyl
3,4-dihydro-7-[4-((4-ethoxycarbonylphenylamino)car-
bonyloxymethyl)imidazol-1-yl]-3-oxo-6-trifluoromethyl-
quinoxaline-2-carboxylate, colorless powder (57%); mp
278-280 °C (decomp.); '"H NMR (DMSO-dy) & 12.62
(br s, 1H), 10.16 (s, 1H), 8.09 (s, 1H), 7.90 (s, 1H),
787 (d, J=8.3Hz, 2H), 7.81 (s, 1H), 7.59 (d,
J=83Hz, 2H), 7.55 (s, 1H), 5.12 (s, 2H);
FAB(—)HRMS 516.0775 (+0.8 mmu). Anal. Calcd for
C22H|4F3N507-H20: C, 4935(%), H, 2.640/0; N, 13.08%.
Found: C, 49.36%; H, 3.00%; N, 12.93%.

5.1.20. 7-[4-((3-(Carboxymethyl)phenylamino)carbonyl-
oxymethyl)imidazol-1-yl]-3,4-dihydro-3-oxo0-6-trifluoro-
methylquinoxaline-2-carboxylic acid (14i)

5.1.20.1. Step 1: Ethyl 3,4-dihydro-7-[4-((3-(methoxy-
carbonylmethyl)phenylamino)carbonyloxymethyl)imidazol-
1-yl]-3-0x0-6-trifluoromethylquinoxaline-2-carboxylate.
Following the procedure described for compound 14a
(step 1), the title compound was prepared from com-
pound 13 and methyl (3-isocyanatophenyl)acetate, pale
orange powder (75%); '"H NMR (DMSO-dg): § 13.29
(brs, 1H), 9.79 (s, 1H), 8.12 (s, 1H), 7.87 (s, 1H), 7.78 (s,
1H), 7.52 (s, 1H), 7.41 (s, 1H), 7.36 (d, J = 7.3 Hz, 1H),
7.22 (t,J=7.3 Hz, 1H), 6.89 (d, J = 7.3 Hz, 1H), 5.08 (s,
2H), 4.40 (q, J = 6.8 Hz, 2H), 3.62 (s, 2H), 3.61 (s, 3H),
1.32 (t, /= 6.8 Hz, 3H).

5.1.20.2. Step 2: 7-[4-((3-(Carboxymethyl)phenylami-
no)carbonyloxymethyl)imidazol-1-yl|-3,4-dihydro-3-0x0-6-
trifluoromethylquinoxaline-2-carboxylic acid (14i). To a
solution of ethyl 3,4-dihydro-7-[4-((3-(methoxycarbon-
ylmethyl)phenylamino)carbonyloxymethyl)imidazol-1-yl]-
3-ox0-6-trifluoromethylquinoxaline-2-carboxylate (150 mg,
262 umol) in EtOH (3mL) were added 1N LiOH
(950 uL, 950 umol) and water (4 mL), and stirred for
1.5h at 50 °C. The reaction was poured into ice water,
and the insoluble part was removed by filtration. The
filtrate was adjusted to pH 4 with 3 N HCI, and the pre-
cipitate was collected by filtration, washed with water,
and dried under vacuum to give the title compound as
a yellow powder (114 mg, 82%); mp 196-198 °C; 'H
NMR (DMSO-dg): 6 12.33 (br s, 1H), 9.78 (s, 1H),
8.11 (s, 1H), 7.89 (s, 1H), 7.80 (s, 1H), 7.54 (s, 1H),
740 (s, 1H), 7.35 (d, J=88Hz, 1H), 7.21 (t,
J=8.3Hz, 1H), 6.88 (d, J=7.3 Hz, 1H), 5.08 (s, 2H),
3.50 (s, 2H); FAB(—)HRMS 530.0925 (+0.2 mmu).

5.1.21. 7-[4-((4-(Carboxymethyl)phenylamino)carbonyl-
oxymethyl)imidazol-3,4-dihydro-3-ox0-6-trifluoromethyl-
1-yl]quinoxaline-2-carboxylic acid (14j)

5.1.21.1. Step 1: Ethyl 3,4-dihydro-7-[4-((4-(ethoxy-
carbonylmethyl)phenylamino)carbonyloxymethyl)imida-
zol-1-yl]-3-0x0-6-trifluoromethylquinoxaline-2-carboxyl-
ate. Following the procedure described for compound

14a (step 1), the title compound was prepared from com-
pound 13 and ethyl (4-isocyanatophenyl)acetate, pale
orange powder (67%); '"H NMR (DMSO-dg): § 13.30
(br s, 1H), 9.76 (s, 1H), 8.11 (s, 1H), 7.87 (s, 1H), 7.78
(s, 1H), 7.52 (s, 1H), 7.41 (d, J = 8.3 Hz, 2H), 7.16 (d,
J =8.3 Hz, 2H), 5.07 (s, 2H), 4.40 (q, J = 7.3 Hz, 2H),
406 (q, J=7.3Hz, 2H), 3.57 (s, 2H), 1.32 (t,
J=6.8 Hz, 3H), 1.17 (t, J = 6.8 Hz, 3H).

5.1.21.2. Step 2: 7-[4-((4-(Carboxymethyl)phenylami-
no)carbonyloxymethyl)imidazol-3,4-dihydro-3-0x0-6-tri-
fluoromethyl-1-yllquinoxaline-2-carboxylic acid (14j).
Following the procedure described for compound 14i
(step 2), the title compound was prepared from ethyl
3,4-dihydro-7-[4-((4-(ethoxycarbonylmethyl)phenylami-
no)carbonyloxymethyl)imidazol-1-yl]-3-0x0-6-trifluo-
romethylquinoxaline-2-carboxylate, pale orange powder
(88%); mp 210-212 °C; "H NMR (DMSO-dy): ¢ 12.27
(br s, 1H), 9.75 (s, 1H), 8.10 (s, 1H), 7.89 (s, 1H), 7.80
(s, 1H), 7.53 (s, 1H), 7.40 (d, J = 8.8 Hz, 2H), 7.15 (d,
J=83Hz, 2H), 507 (s, 2H), 348 (s, 2H);
FAB(—)HRMS 530.0942 (+1.8 mmu). Anal. Calcd for
C23H16F3N5O7-%H201 C, 49.47%); H, 3.34%); N,
12.54%. Found: C, 49.67%; H, 3.10%; N, 12.37%.

5.1.22. Ethyl 3,4-dihydro-7-[4-(formyl)imidazol-1-yl]-3-
o0x0-6-trifluoromethylquinoxaline-2-carboxylate (15). To
a suspension of compound 13 (1.75 g, 4.58 mmol) in
1,4-dioxane (50 mL) was added manganese dioxide
(1.99 g, 22.9 mmol) and refluxed for 24 h. An additional
manganese dioxide (1.99 g, 22.9 mmol) was added and
refluxed further for 10 h. After cooling, manganese diox-
ide was removed by filtration through Celite®, and the
filtrate was concentrated. 'Pr,O was added to the resi-
due, and the precipitate was collected by filtration,
washed with 'Pr,O, and dried under vacuum to give
the title compound as a yellow powder (895 mg, 51%);
'"H NMR (DMSO-dy): 6 9.84 (s, 1H), 8.35 (s, 1H),
8.18 (s, 1H), 8.11 (s, 1H), 7.76 (s, 1H), 4.38 (q,
J=7.3Hz, 2H), 1.32 (t, J = 7.3 Hz, 3H).

5.1.23. [Ethyl 7-[4-(aminomethyl)imidazol-1-yl]-3-oxo-
1,2,3,4-tetrahydro-6-trifluoromethylquinoxaline-2-car-
boxylate hydrochloride (16). To a suspension of com-
pound 15 (890 mg, 2.34 mmol) in EtOH (20 mL) were
added  hydroxylamine  hydrochloride (325 mg,
4.68 mmol) and NaOAc (384 mg, 4.68 mmol), and re-
fluxed for 4 h. After cooling, the insoluble part was re-
moved by filtration through Celite®, and the filtrate
was concentrated. The residue was purified by flash
chromatography (SiO,, CH,Cl,/EtOH, 10:1) and dis-
solved in EtOH (10 mL). To the solution were added
10% Pd-C (100 mg) and concd HCI (0.5 mL), and stirred
for 2h at room temperature under hydrogen atmo-
sphere (4 atm). The catalyst was removed by filtration
through Celite®, and the filtrate was concentrated.
AcOEt was added to the residue, and the precipitate
was collected by filtration, washed with AcOEt, and
dried under vacuum to give the title compound as a pale
yellow powder (556 mg, 57%); 'H NMR (DMSO-dy): 6
11.13 (s, 1H), 8.40-8.20 (br, 4H), 7.83 (s, 1H), 7.59 (s,
1H), 7.21 (s, 1H), 4.86 (s, 2H), 4.15 (q, J=7.3 Hz,
2H), 1.18 (t, J=7.3 Hz, 3H).
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5.1.24. 3,4-Dihydro-3-ox0-7-[4-(((phenylamino)carbon-
yl)aminomethyl)imidazol-1-yl]-6-trifluoromethylquinoxa-
line-2-carboxylic acid (17a). To a solution of compound
16 (110 mg, 262 umol) in DMF (3 mL) were added
phenyl isocyanate (114 pL, 1.05mmol) and Et;N
(54.8 uL, 393 umol), and stirred for 1 h at 60 °C. An
additional Et3N (365 pL, 2.62 mmol) was added to the
reaction and stirred further for 4 h. After cooling, the
reaction was concentrated. The residue was dissolved
in AcOEt, washed with water, dried over Na,SQ,, and
evaporated. The residue was dissolved in EtOH
(3mL), and 1 N NaOH (786 uL, 786 umol) was added.
The reaction was refluxed for 1h. After cooling, the
reaction was concentrated, and water was added to the
residue. The solution was adjusted to pH 2 with 4 N
HCI. The precipitate was collected by filtration, washed
with water, and dried under vacuum to give the title
compound as a light brown powder (58.2 mg, 47%);
mp 224-226 °C; '"H NMR (DMSO-de): § 8.62 (s, 1H),
8.11 (s, 1H), 7.98 (s, 1H), 7.79 (s, 1H), 7.40-7.35 (m,
3H), 7.22 (t, J=7.3 Hz, 2H), 6.89 (t, J= 7.3 Hz, 1H),
6.47 (t, J=54Hz 1H), 427 (d, J=5.4Hz, 2H);
FAB(—)HRMS 471.1030 (+0.1 mmu).

5.1.25. 7-]4-(((4-Bromophenylamino)carbonyl)amino-
methyl)imidazol-1-yl]-3,4-dihydro-3-ox0-6-trifluorometh-
ylquinoxaline-2-carboxylic acid (17b). Following the
procedure described for compound 17a, the title com-
pound was prepared from compound 16 and 4-brom-
ophenyl isocyanate, light brown powder (49%); mp
220-222 °C; "H NMR (DMSO-dy): 6 8.77 (s, 1H), 8.09
(s, 1H), 7.90 (s, 1H), 7.79 (s, 1H), 7.38 (s, 4H), 7.32 (s,
1H), 6.51 (t, /=59 Hz, 1H), 4.25 (d, J = 5.4 Hz, 2H);
FAB(—)HRMS 549.0111 (—2.3 mmu).

5.1.26. 3,4-Dihydro-7-[4-(((4-methoxyphenylamino)car-
bonyl)aminomethyl)imidazol-1-yl]-3-ox0-6-trifluorometh-
ylquinoxaline-2-carboxylic acid (17c). Following the
procedure described for compound 17a, the title com-
pound was prepared from compound 16 and 4-methoxy-
phenyl isocyanate, light brown powder (35%); mp 210
212°C; '"H NMR (DMSO-d): 6 8.41 (s, 1H), 8.10 (s,
1H), 7.92 (s, 1H), 7.79 (s, 1H), 7.31 (s, 1H), 7.29 (d,
J=83Hz 2H), 681 (d, J=8.3Hz, 2H), 6.34 (t,
J=5.4Hz, 1H), 4.24 (d, J= 5.4 Hz, 2H), 3.69 (s, 3H);
FAB(—)HRMS 501.1155 (+2.1 mmu).

5.1.27.  7-[4-(((3-Carboxyphenylamino)carbonyl)amino-
methyl)imidazol-1-yl]-3,4-dihydro-3-ox0-6-trifluorometh-
ylquinoxaline-2-carboxylic acid (17d). Following the
procedure described for compound 17a, the title com-
pound was prepared from compound 16 and ethyl 3-iso-
cyanatobenzoate, light brown powder (6%); mp 215-
218 °C; 'H NMR (DMSO-ds) 6 8.88 (s, 1H), 8.14 (s,
1H), 8.06 (s, 1H), 8.20-8.00 (br, 1H), 7.79 (s, 1H), 7.61-
7.59 (m, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.39 (s, 1H), 7.34
(t, J=7.8Hz, 1H), 6.55 (t, J=5.4Hz, 1H), 4.29 (d,
J =4.9 Hz, 2H); FAB(—)HRMS 515.0972 (+4.5 mmu).

5.1.28.  7-[4-(((4-Carboxyphenylamino)carbonyl)amino-
methyl)imidazol-1-yl]-3,4-dihydro-3-ox0-6-trifluorometh-
ylquinoxaline-2-carboxylic acid hydrochloride (17e).
Following the procedure described for compound 17a,

the title compound was prepared from compound 16
and ethyl 4-isocyanatobenzoate, light brown powder
(6%); mp 236-238 °C (decomp.); 'H NMR (DMSO-
dg): 0 9.01 (s, 1H), 8.10 (s, 1H), 7.91 (s, 1H), 7.81 (d,
J=28.8Hz, 2H), 7.79 (s, 1H), 7.50 (d, J = 8.8 Hz, 2H),
7.34 (s, 1H), 6.62 (t, J=54Hz, 1H), 4.28 (d,
J=5.4Hz, 2H); FAB(—)HRMS 515.0908 (—1.9 mmu).
Anal. Calcd for C22H15F3N6067HC17H202 C, 4629%),
H, 3.18%; N, 14.72%. Found: C, 46.56%; H, 3.19%;
N, 14.79%.

5.1.29. 7-[4-(((3-Carboxymethylphenylamino)carbon-
yDaminomethyl)imidazol-1-yl]-3,4-dihydro- 3-0xo0-6-tri-
fluoromethylquinoxaline-2-carboxylic acid hydrochloride
(17f). Following the procedure described for compound
17a, the title compound was prepared from compound
16 and methyl (3-isocyanatophenyl)acetate, lif%ht brown
powder (15%); mp 206-208 °C (decomp.); 'H NMR
(DMSO-dg): ¢ 8.66 (s, 1H), 8.14 (s, 1H), 8.08 (br s,
1H), 7.80 (s, 1H), 7.38 (s, 1H), 7.30 (s, 2H), 7.29 (s,
1H), 7.16-7.13 (m, 1H), 6.79 (d, J = 7.8 Hz, 1H), 6.49
(t, J=5.4Hz, 1H), 4.28 (d, J=4.9 Hz, 2H), 3.48 (s,
2H); FAB(—)HRMS 529.1090 (+0.7 mmu). Anal. Calcd
for Cp3H17F3N¢Os—HCI-H,0: C, 47.23%; H, 3.45%; N,
14.37%. Found: C, 47.23%; H, 3.44%; N, 14.19%.

5.1.30. 7-[4-(((4-Carboxymethylphenylamino)carbon-
yl)aminomethyl)imidazol-1-yl]-3,4-dihydro-3-oxo-6-triflu-
oromethylquinoxaline-2-carboxylic acid hydrochloride
(17g). Following the procedure described for com-
pound 17a, the title compound was prepared
from compound 16 and ethyl (4-isocyanatophenyl)ace-
tate, light brown powder (16%); mp 219-221°C
(decomp.); '"H NMR (DMSO-dq): 6 8.58 (s, 1H), 8.10
(s, 1H), 7.92 (s, 1H), 7.79 (s, 1H), 7.323 (d, J=8.3
Hz, 2H), 7.321 (d, J = 2.4 Hz, 1H), 7.10 (d, J = 8.3 Hz,
2H), 6.44 (t, J= 5.4 Hz, 1H), 4.26 (d, J =4.9 Hz, 2H),
3.45(s,2H); FAB(—)HRMS 529.1080 (—0.3 mmu). Anal.
Calcd for C23H17F3N606—HC1—H20: C, 47.23(70; H, 3.450/0;
N, 14.37%. Found: C, 47.07%; H, 3.59%; N, 14.08%.

5.1.31. Ethyl 3,4-dihydro-3-oxo0-6-trifluoromethylquinox-
aline-2-carboxylate (19)

5.1.31.1. Step 1: 4-Trifluoromethyl-1,2-phenylenedi-
amine. To a solution of compound 26 (102 g, 495 mmol)
in EtOH (1000 mL) was added 10% Pd-C (5.00 g) and stir-
red for 4 h at room temperature under hydrogen atmo-
sphere. The catalyst was removed by filtration through
Celite®, and the filtrate was concentrated to give the title
compound as a brown solid (87.2 g, quant.); 'H NMR
(DMSO-dg): 6 6.76 (d, J = 2.0 Hz, 1H), 6.68 (dd, J = 8.3,
1.5 Hz, 1H), 6.57 (d, J = 8.3 Hz, 1H), 5.06 (br s, 2H), 4.84
(brs, 2H).

5.1.31.2. Step 2: Ethyl 3,4-dihydro-3-oxo-6-trifluo-
romethylquinoxaline-2-carboxylate (19). To a solution
of  4-trifluoromethyl-1,2-phenylenediamine  (15.6 g,
88.6 mmol) in EtOH (200 mL) was added diethyl keto-
malonate (16.2 g, 93.0 mmol) and refluxed for 3 h.
After cooling, the reaction was concentrated. 'Pr,O
was added to the residue, and the precipitate was col-
lected by filtration, washed with 'Pr,O, and dried un-
der vacuum to give the title compound as a light





Y. Takano et al. | Bioorg. Med. Chem. 14 (2006) 776-792 789

brown powder (10.4 g, 41%); "H NMR (DMSO-dq): ¢
13.09 (br s, 1H), 8.05 (d, J=8.3Hz, 1H), 7.67 (d,
J=8.8Hz, 1H), 7.63 (s, 1H), 440 (q, J=7.3 Hz,
2H), 1.33 (t, J=7.3 Hz, 3H).

5.1.32. Ethyl 3-ethoxy-7-nitro-6-trifluoromethylquinoxa-
line-2-carboxylate (21). To a solution of compound 19
(500 mg, 1.75 mmol) in concd H,SO4 (5 mL) was added
KNO; (354 mg, 3.50 mmol) at 40 °C and stirred for 3 h
at the same temperature. The reaction was poured into
ice water and the solution was extracted with AcOEt,
dried over Na,SO,4, and evaporated. Silver (I) oxide
(811 mg, 3.50 mmol) and toluene (10 mL) were added to
the residue. Iodoethane (280 puL, 3.50 mmol) was added
to the mixture at 100 °C and refluxed for 2 h. After cool-
ing, the insoluble part was removed by filtration through
Celite®, and the filtrate was concentrated. The residue was
purified by flash chromatography (SiO,, n-hexane/
AcOEt, 8:1) to give the title compound as brown oil
(255 mg, 41%); '"H NMR (CDCls): 6 8.67 (s, 1H), 8.32
(s, 1H), 4.68 (q, J=7.3 Hz, 2H), 4.56 (q, J=7.3 Hz,
2H), 1.53 (t, J = 7.3 Hz, 3H), 1.48 (t, J = 7.3 Hz, 3H).

5.1.33. Ethyl 7-amino-3-o0xo0-1,2,3,4-tetrahydro-6-trifluo-
romethylquinoxaline-2-carboxylate (22)

5.1.33.1. Step 1: Ethyl 7-amino-1,2-dihydro-3-ethoxy-
6-trifluoromethylquinoxaline-2-carboxylate. To a solu-
tion of compound 21 (4.98 g, 13.9 mmol) in EtOH
(100 mL) was added 10% Pd-C (500 mg) and stirred
for 3h at room temperature under hydrogen atmo-
sphere. The catalyst was removed by filtration through
Celite®, and the filtrate was concentrated to give the title
compound as a yellow powder (4.01 g, 87%); '"H NMR
(CDCl3): 6 7.18 (s, 1H), 6.01 (s, 1H), 4.65 (br s, 1H),
449 (d, J=1.5Hz 1H), 4.44-4.31 (m, 2H), 4.18 (q,
J=7.3Hz, 2H), 3.98 (br s, 2H), 1.36 (t, J=7.3 Hz,
3H), 1.25 (t, J = 7.3 Hz, 3H).

5.1.33.2. Step 2: Ethyl 7-amino-3-o0xo-1,2,3,4-tetrahy-
dro-6-trifluoromethylquinoxaline-2- carboxylate (22). To a
solution of ethyl 7-amino-1,2-dihydro-3-ethoxy-6-trifluo-
romethylquinoxaline-2-carboxylate (3.51 g, 10.6 mmol)
in EtOH (35 mL) was added concd HCI (7 mL) and stir-
red for 20 h at room temperature. The reaction was con-
centrated, and water was added to the residue, extracted
with AcOEt, dried over Na,SO,, and evaporated to give
the title compound as a light brown powder (2.69 g,
84%); '"H NMR (DMSO-dy): & 10.36 (s, 1H), 7.04 (d,
J=1.5Hz, 1H), 6.70 (s, 1H), 6.18 (s, 1H), 5.10 (br s,
2H), 4.53 (d, J = 2.0 Hz, 1H), 4.13-4.07 (m, 2H), 1.16 (t,
J =7.3 Hz, 3H).

5.1.34. Ethyl 3-oxo-7-(pyrrol-1-yl)-6-trifluoromethylqui-
noxaline-2-carboxylate (bf 23). To a solution of com-
pound 22 (113 mg, 373 umol) in AcOH (2mL) was
added 2,5-dimethoxytetrahydrofuran (59.2 uL,
448 pmol) at 50 °C and stirred for 1.5h at the same
temperature. The reaction mixture was poured into
water, extracted with AcOEt, dried over Na,SO,,
and evaporated. The residue was purified by flash
chromatography (SiO,, n-hexane/AcOEt, 1:1) and con-
centrated desirable fraction. DDQ (84.7 mg, 373 umol)
and 1,4-dioxane (4 mL) were added to the residue and

stirred for 1 h at the room temperature. The reaction
was concentrated and the residue was purified by flash
chromatography (SiO,, n-hexane/AcOEt, 1:1) to give
the title compound as a yellow powder (68.7 mg,
52%); '"H NMR (DMSO-ds) ¢ 13.21 (br s, 1H), 7.94
(s, 1H), 7.76 (s, 1H), 6.95 (s, 2H), 6.25 (d,
J=24Hz, 1H), 6.24 (d, J=19Hz, 1H), 4.40 (q,
J=73Hz 2H), 1.33 (t, J=7.3 Hz, 3H).

5.1.35. 3,4-Dihydro-3-oxo-7-(pyrrol-1-yl)-6-trifluoro-
methylquinoxaline-2-carboxylic acid (24). To a solution
of compound 23 (67.0 mg, 191 umol) in EtOH (2 mL)
was added 1 N KOH (382 pL, 382 pmol) and refluxed
for 1 h. After cooling, the reaction was concentrated,
and water was added to the residue. The solution was
adjusted to pH 2 with 4 N HCI, extracted with AcOEt,
dried over Na,SQ,, and evaporated. A small amount
of water was added to the residue, and the precipitate
was collected by filtration, washed with water, and dried
under vacuum to give the title compound as a brown
powder (86%); mp 136-138 °C (decomp.); '"H NMR
(DMSO-dg): ¢ 7.93 (s, 1H), 7.76 (s, 1H), 6.96 (s, 2H),
6.25 (t, J=19Hz, 1H); FAB(—)HRMS 322.0424
(—1.6 mmu). Anal. Calcd for Cp,H F3N;504-3H,0: C,
50.16%; H, 2.81%; N, 12.53%. Found: C, 50.18%; H,
3.07%; N, 12.61%.

5.1.36. Ethyl 7-(3-formylpyrrol-1-yl)-3-oxo-1,2,3,4-tetra-
hydro-6-trifluoromethylquinoxaline-2-carboxylate  (25).
To a solution of compound 22 (3.60 g, 11.9 mmol) in
AcOH (60 mL) was added 2,5-dimethoxytetrahydrofu-
ran-3-aldehyde (2.01 mL, 14.2 mmol) at 50 °C, and stirred
for 1.5 hatthesame temperature. The reaction was poured
into water, extracted with AcOEt, dried over Na,SO,, and
evaporated. CH,Cl, was added to the residue, and the pre-
cipitate was collected by filtration, washed with CH,Cl,,
and dried under vacuum to give the title compound as yel-
lowpowder (2.57 g). Thefiltrate was concentrated, and the
residue was purified by flash column chromatography
(SiO,, n-hexane/AcOEt, 1:2) to give further 973 mg. Total
yield 3.54 g (78%); "H NMR (DMSO-dg): 6 11.02 (s, 1H),
9.74 (s, 1H), 7.79 (s, 1H), 7.61 (d, J = 1.5 Hz, 1H), 7.16 (s,
1H), 7.04 (s, 1H), 6.82 (s, 1H), 6.60 (q, J = 1.5 Hz, 1H),
4.84 (d, J=2.0Hz, 1H), 4.17-4.12 (m, 2H), 1.18 (t,
J =7.3 Hz, 3H).

5.1.37. Ethyl 7-[3-(aminomethyl)pyrrol-1-yl]-3-oxo-
1,2,3,4-tetrahydro-6-trifluoromethylquinoxaline-2-car-
boxylate hydrochloride (26). Following the procedure
described for compound 16, the title compound was
prepared from compound 25, colorless powder
(93%); 'H NMR (DMSO-ds): 6 11.00 (s, 1H), 8.06
(br s, 3H), 7.64 (s, 1H), 7.14 (s, 1H), 6.98 (s, 1H),
6.88 (d, J=24Hz, 1H), 6.69 (s, 1H), 6.33 (4,
J=24Hz 1H), 4.83 (d, J=2.0Hz, 1H), 4.17-4.12
(m, 2H), 3.90 (q, J=5.4 Hz, 2H), 1.18 (t, J=7.3 Hz,
3H).

5.1.38.  3,4-Dihydro-3-0xo0-7-[3-(((phenylamino)carbon-
yl)aminomethyl)pyrrol-1-yl]-6-trifluoromethylquinoxa-
line-2-carboxylic acid (27a). Following the procedure
described for compound 17a, the title compound was
prepared from compound 26 and phenyl isocyanate, yel-
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low powder (47%); mp >300 °C; "H NMR (DMSO-dg):
0 845 (s, 1H), 7.89 (s, 1H), 7.76 (s, 1H), 7.39 (dd,
J=28.8, 1.0Hz, 1H), 7.22 (t, J = 7.8 Hz, 2H), 6.920 (s,
1H), 6.916 (s, 1H), 6.88 (t, J=7.3 Hz, 1H), 6.30 (t,
J=54Hz, 1H), 624 (t, J=2.0Hz, 1H), 4.17 (d,
J=5.4Hz, 2H); FAB(—)HRMS 470.1058 (—1.8 mmu).
Anal. Calcd for C22H16F3N5O4-1/2H20: C, 5500(%), H,
3.57%; N, 14.58%. Found: C, 54.95%; H, 3.69%; N,
14.32%.

5.1.39. 7-13-(((3-Bromophenylamino)carbonyl)amino-
methyl)pyrrol-1-yl]-3,4-dihydro-3-0xo0-6-trifluoromethyl-
quinoxaline-2-carboxylic acid (27b). Following the
procedure described for compound 27a, the title com-
pound was prepared from compound 26 and 3-brom-
ophenyl isocyanate, yellow powder (22%); mp
207-209 °C; 'H NMR (DMSO-dg): 6 8.69 (s, 1H),
7.90 (s, 1H), 7.84 (s, 1H), 7.75 (s, 1H), 7.22-7.15
(m, 2H), 7.06 (d, J=7.3 Hz, 1H), 6.92 (s, 1H), 6.91
(s, 1H), 6.43 (t, /=49 Hz, 1H), 6.24 (t, J=2.0 Hz,
1H), 4.17 (d, J= 5.4 Hz, 2H); FAB(—)HRMS 548.0226
(+4.5 mmu).

5.1.40. 7-13-(((4-Bromophenylamino)carbonyl)amino-
methyl)pyrrol-1-yl]-3,4-dihydro-3-oxo-6-trifluoromethyl-
quinoxaline-2-carboxylic acid (27c). Following the
procedure described for compound 27a, the title
compound was prepared from compound 26 and 4-
bromophenyl isocyanate, brown powder (49%); mp
196-198 °C (decomp.); 'H NMR (DMSO-d):  8.62
(s, 1H), 7.89 (s, 1H), 7.75 (s, 1H), 7.38 (s, 4H), 6.92 (s,
1H), 6.91 (s, 1H), 6.37 (t, J=54Hz, 1H), 6.24 (t,
J=20Hz, 1H), 4.17 (d, J=54Hz,  2H);
FAB(—)HRMS 548.0144 (—3.7 mmu). Anal. Calcd for
CyHsBrF3;NsO4-3H,0: C, 46.01%; H, 3.10%; N,
12.19%. Found: C, 45.84%; H, 2.82%; N, 12.02%.

5.1.41. 3,4-Dihydro-7-[3-(((4-fluoroophenylamino)carbon-
yl)aminomethyl)pyrrol-1-yl]-3-0x0-6- trifluoromethylqui-
noxaline-2-carboxylic acid (27d). Following the
procedure described for compound 27a, the title com-
pound was prepared from compound 26 and 4-fluor-
ophenyl isocyanate, brown powder (43%); mp 168-
170 °C; '"H NMR (DMSO-d): 6 8.50 (s, 1H), 7.89 (s,
1H), 7.75 (s, 1H), 7.40 (dd, J = 8.8, 4.9 Hz, 2H), 7.08-
7.03 (m, 2H), 6.91 (s, 2H), 6.30 (t, J=5.4 Hz, 1H),
6.23 (s, 1H), 4.17 (d, J=5.4 Hz, 2H); FAB(—)HRMS
488.0985 (+0.3 mmu).

5.1.42. 3,4-Dihydro-7-[3-(((4-methoxyphenylamino)car-
bonyl)aminomethyl)pyrrol-1-yl]-3-ox0-6- trifluoromethyl-
quinoxaline-2-carboxylic acid (27e). Following the
procedure described for compound 27a, the title
compound was prepared from compound 26 and 4-
methoxyphenyl isocyanate, brown powder (46%);
mp 198-200 °C; '"H NMR (DMSO-dy): d 8.26 (s, 1H),
7.89 (s, 1H), 7.76 (s, 1H), 7.29 (d, J=9.3 Hz, 2H),
691 (s, 2H), 6.81 (d, J=88Hz, 2H), 6.23 (t,
J=2.0Hz, 1H), 6.20 (t, J=54Hz, 1H), 4.16 (d,
J =5.4Hz, 2H), 3.69 (s, 3H); FAB(—)HRMS 500.1165
(—1.6 mmu). Anal. Caled for C3H;sF3N5Os-3 H,O: C,
52.28%; H, 4.01%; N, 13.25%. Found: C, 51.97%; H,
3.66%; N, 13.07%.

5.1.43. 3,4-Dihydro-3-ox0-6-trifluoromethyl-7-[3-(((4-tri-
fluoromethylphenylamino)carbonyl)aminomethyl)pyrrol-
1-yl]quinoxaline-2-carboxylic acid (27f). Following the
procedure described for compound 27a, the title com-
pound was prepared from compound 26 and 4-trifluo-
romethylphenyl isocyanate, brown powder (42%); mp
194-196 °C; '"H NMR (DMSO-d): J 8.91 (s, 1H), 7.89
(s, 1H), 7.77 (s, 1H), 7.60 (d, J = 9.3 Hz, 2H), 7.57 (d,
J=9.3Hz, 2H), 6.93 (s, 2H), 6.49 (t, J = 5.4 Hz, 1H),
6.25 (t, J=2.0Hz, 1H), 4.20 (d, J=4.9Hz, 2H);
FAB(—)HRMS 538.0938 (—1.2 mmu).

5.1.44. 7-[3-(((3-Carboxyphenylamino)carbonyl)amino-
methyl)pyrrol-1-yl]-3,4-dihydro-3-oxo-6-trifluoromethyl-
quinoxaline-2-carboxylic acid (27g). Following the
procedure described for compound 27a, the title com-
pound was prepared from compound 26 and ethyl 3-iso-
cyanatobenzoate, yellow powder (20%); mp >300 °C; 'H
NMR (DMSO-dy): ¢ 8.70 (s, 1H), 8.05 (t, J = 1.5 Hz,
1H), 7.89 (s, 1H), 7.79 (s, 1H), 7.60 (dd, J=8.3,
1.0Hz, 1H), 747 (d, J=7.8Hz 1H), 7.34 (t,
J=7.8Hz, 1H), 6.93 (s, 2H), 6.38 (t, J =5.4 Hz, 1H),
6.25 (t, J=2.0Hz, 1H), 4.19 (d, J=5.4Hz, 2H);
FAB(—)HRMS 514.1017 (+4.3 mmu). Anal. Calcd for
C23H16F3N50(,-2H20: C, 5010%, H, 366%, N,
12.70%. Found: C, 50.21%; H, 3.67%; N, 12.71%.

5.1.45. 7-[3-(((4-Carboxyphenylamino)carbonyl)amino-
methyl)pyrrol-1-yl]-3,4-dihydro-3-0xo0-6-trifluorometh-
ylquinoxaline-2-carboxylic acid (27h). Following the
procedure described for compound 27a, the title com-
pound was prepared from compound 26 and ethyl 4-iso-
cyanatobenzoate, brown powder (20%); mp 234-236 °C
(decomp.); "H NMR (DMSO-d,): 6 8.86 (s, 1H), 7.89 (s,
1H), 7.81 (d, J=8.8 Hz, 2H), 7.77 (s, 1H), 7.50 (d,
J=28.8Hz, 2H), 6.93 (s, 2H), 6.47 (t, J =5.4 Hz, 1H),
6.25 (t, J=2.0Hz, 1H), 4.19 (d, J=4.9Hz, 2H);
FAB(—)HRMS 514.0968 (—0.6 mmu). Anal. Calcd for
Cy3H 6F5Ns5O06-H,O: C, 51.79%; H, 3.40%; N, 13.13%.
Found: C, 51.91%; H, 3.43%; N, 12.82%.

5.1.46. 3,4-Dihydro-3-ox0-7-[3-(((phenylamino)thiocar-
bonyl)aminomethyl)pyrrol-1-yl]-6-trifluoromethylquinox-
aline-2-carboxylic acid (28). Following the procedure
described for compound 27a, the title compound was
prepared from compound 26 and phenyl thioisocyanate,
yellow powder (47%); mp 198-200°C; 'H NMR
(DMSO-dg): 6 9.54 (s, 1H), 7.90 (s, 1H), 7.86 (t,
J=2.0Hz, 1H), 7.77 (s, 1H), 7.47-7.44 (m, 2H), 7.33—
7.29 (m, 2H), 7.09 (t, J=7.3 Hz, 1H), 7.00 (s, 1H),
694 (s, 1H), 632 (t, J=15Hz, 1H), 4.56 (d,
J=4.4Hz, 2H); FAB(—)HRMS 486.0858 (+1.1 mmu).

5.1.47. 3,4-Dihydro-7-[3-((4-fluorophenylacetyl)amino-
methyl)pyrrol-1-yl]-3-oxo0-6-trifluoromethylquinoxaline-
2-carboxylic acid (29). To a solution of compound 26
(200 mg, 478 umol) and 4-fluorophenylacetic acid
(88.3 mg, 573 umol) in DMF (5 mL) were added EDCI
(274 mg, 1.43 mmol) and Et;N (266 pL, 1.91 mmol),
and stirred for 18 h at room temperature. The reaction
was diluted with AcOEt, washed with water, dried over
Na,SOy,, and evaporated. The residue was dissolved in
EtOH (5mL) and 1 N KOH (600 L, 600 umol), and
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refluxed for 1 h. After cooling, the reaction was concen-
trated, and water was added to the residue. The insolu-
ble part was removed by filtration, and the filtrate was
adjusted to pH 2 with 4 N HCI. The precipitate was col-
lected by filtration, washed with water, and dried under
vacuum to give the title compound as a yellow powder
(43.3mg, 18%); 'H NMR (DMSO-ds)  8.36 (t,
J=49Hz, 1H), 7.85 (s, 1H), 7.75 (s, 1H), 7.32-7.28
(m, 2H), 7.13-7.08 (m, 2H), 6.89 (d, J =2.4 Hz, 1H),
6.84 (s, 1H), 6.16 (dd, J =24, 1.5Hz, 1H), 4.15 (d,
J =5.4Hz, 2H), 3.44 (s, 2H); FAB(—)HRMS 487.1067
(+3.8 mmu). Anal. Caled for Cp3H F4N,4O4-3 H,O: C,
54.07%; H, 3.62%; N, 10.97%. Found: C, 54.09%; H,
3.59%; N, 11.14%.

5.2. Light stability measurements

The light stability of test compounds was determined in
0.1 M phosphate buffer (pH 7.4) at ambient tempera-
ture. The test compounds were dissolved to pH 7.4-
phosphate buffer (0.1 M) to achieve a sample concentra-
tion of 0.01 mg/ml. The solution was transferred to a
sealed clear glass vial and the solution was irradiated
3 h with 7000 Lx fluorescent lamp at ambient tempera-
ture. The light stability of the test compounds in the
solution was determined by high-performance liquid
chromatography (HPLC) using a C18 reversed-phase
column (4.6 X 250 mm; J’shpere ODS-120T, TOSO, Ja-
pan), with a mobile phase consisting of 30% or 50%
MeOH in 50 mM phosphate buffer (pH 6) run at a flow
rate of 1.0 ml/min, and detection at a wavelength of
275 nm. The HPLC analyses were performed with a Hit-
achi L-6200 pump, a Hitachi L-4000 ultraviolet wave-
length detector (Hitachi, Japan) and a Tosoh AS-8010
automatic sample injection system (Tosoh, Japan).

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.2® 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 DMSO, 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 chromatogra-
phy (HPLC) using a CI18 reversed-phase column
(4.6 times 75 mm; J’shpere 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
analyses were performed with a Hitachi L-6200 pump,
a Hitachi L-4000 ultraviolet wavelength detector (Hit-
achi, Japan), and a Tosoh AS-8010 automatic sample
injection system (Tosoh, Japan).

5.4. Biology
5.4.1. Radioligand receptor binding assay. Receptor bind-

ing was measured as the percentage displacement of
5nM [PHJAMPA and 10nM [PH]CGS-19755 from

extensively washed rat cortical synaptosomal mem-
branes, as described by Honore et al., Johansen et al.,
and Murphy et al.?!*?3 Using 50 mM Tris—HCI buffer
(£>H 7.4), tubes containing the membranes, 5nM
[THJAMPA, 2.5mM 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 liquid scintillation counter ICs,
values were calculated 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 um
thick) were trimmed to form ‘wedges’ of tissue contain-
ing cerebral cortex and corpus callosum as described by
Harrison et al.?* After 3 h of incubation in oxygenated
Krebs medium, each slice was placed in a two-compart-
ment recording chamber. This was arranged so that the
cortical tissue was contained almost entirely in one com-
partment and the ventral margin of the cortex passed
through a greased slot so that the corpus 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 electrodes and a high input
impedance amplifier. AMPA-induced deviations from
this baseline DC potential were measured at peak ampli-
tude. Each test compound was applied to the cortical
end of the preparation 10 min before exposure to
AMPA, and the ability of the test compound 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 5 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) solu-
tion, followed by 10% (v/v) phosphate-buffered forma-
lin. Tissue damage (the area not stained with TTC)
was scored on a four-point damage score as the infarct
volumes (see Fig. 3). On evaluation of four-point dam-
age score in focal ischemia model, gray areas are infarct
damage area, then grade 1 damage is “0” and grade 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 4h, 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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Abstract—The synthesis and the binding study of new 3-arylesters and 3-heteroarylpyrazolo[5,1-¢][1,2,4]benzotriazine 5-oxide
8-substituted are reported. The nature of these substituents (in terms of lipophilic and electronic features) seems to influence the
binding affinity. High-affinity ligands were studied in mice in vivo for their pharmacological effects, considering six potential
benzodiazepine actions: anxiolytic-like effects, muscle relaxant effects, motor coordination, anticonvulsant action, spontaneous
motor activity, and ethanol-potentiating action. Compounds 4d and 6d showed an inverse-agonist profile. These compounds were
evaluated also for their binding at benzodiazepine site on GABA, receptor complex (GABAA/BzR complex) subtype to evaluate

their subtype selectivity.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The ability of benzodiazepines to strengthen the inhibi-
tory action of GABA in the brain offers a clinical ther-
apy of primary importance in treating neurological
disorders such as anxiety, sleep disturbance, muscle
spasms and epilepsy. However, some side effects limit
the clinical usefulness of BZs, such as memory impair-
ment, cognition and motor disturbances, potentiation
of the effects of alcohol, tolerance, and physical depen-
dence. Classical benzodiazepines (Bz) act as positive
allosteric modulators, binding a specific site on the

Keywords: GABAA/BzR complex ligands; Pyrazolo[5,1-¢][1,2,4]benzo-

triazines; Inverse-agonists; Tricyclic heteroaromatic system.
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4573671; e-mail: gabriella.guerrini@unifi.it
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GABA, receptor complex composed of a-, B-, and v-
subunits, arranged in a pentameric structure.!-? Sensitiv-
ity to Bz is conferred by the y-subunit (y, genetic vari-
ant) and adjacent o-subunit (o, o, o3, and a5 genetic
variants). The heterogeneity of GABAA/BzR complex
subtypes associated with regionally distinct distribution
in the central nervous system has been indicated as the
major factor responsible for the therapeutic actions dis-
played by BZs.>¢

Based on a vivo point mutation strategy recent studies’
have demonstrated that sedation, anterograde amnesia,
and part of seizure protection are mediated through
oli-subtypes, anxiolysis through a,-subtypes and muscle
relaxant effects through o,-, o3-, and as-subtypes.

The search for subtype specific ligands is a promising
approach in order to clarify the pharmacological role
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of subtype receptors and to obtain new drugs with
higher therapeutic selectivity and a reduced side-effect
profile. In light of this, our studies on pyrazolo [5,1-
c][1,2,4]benzotriazines have been directed toward the
search for new selective nonbenzodiazepine ligands at
the GABAA/BzR complex with preferential affinity or
preferential efficacy.

Recently, we reported two new series of 8-chloropyraz-
olo[5,1-¢][1,2,4]benzotriazine 5-oxide 3-arylester (A ser-
ies) and 3-heteroaryl derivatives (B series), respectively,
which showed high affinity for BZR (K;=36.3—
1.00 nM range) (Chart 1).3-!!

For the sake of clarity, reference compounds listed in
Chart 1 follow the same numerical succession of newly
synthesized derivatives.

On the basis of structure-activity relationship (SAR)
data from numerous derivatives, it was proposed that
the 8-chloropyrazolo[5,1-c][1,2,4]benzotriazine system,
the same in the two series (A and B), binds the GA-
BAA/BzR complex through N1 and N4 atoms by means
of a hydrogen bond involving H; and H; donor receptor
sites for this class of ligands.!? The presence at the posi-
tion 3 of a m-electron rich ring, providing a n—= interac-
tion with receptor protein, improves the affinity of these
ligands in both series.”!? The pharmacophoric descrip-
tors are in accordance with those of the model formulat-
ed by other researchers.!3!

The lead compounds of two series, 3-(2-thienylmethoxy-
carbonyl)- and 3-(3-thienyl)-derivative, 6 and 11, respec-
tively, were found to have a selective in vivo activity. In
particular, the ester 6 shows anxiolytic-like activity sim-
ilar to diazepam without any sedative or amnesic prop-
erties, or interference from alcohol. The 3-heteroaryl
derivative 11 displays selective anticonvulsant proper-
ties. Nevertheless, compounds 6 and 11, tested for
binding at o(1-3)B272, d5B372 GABAA/BzR complex sub-
types, do not display pronounced preferential subtype
selectivity.” Based on pharmacological results, it was
proposed that 6 and 11 are functionally selective ligands
with a mixed agonist/antagonist profile for various
receptor subtypes.

A series
Rs =COOCH,-2-MeO-Pheny! 48
N—
c N/%R R; =COOCH,-2-thienyl 6’
\C[ _N B Series
Rs= 3-thienyl 11%°
Rs= 2-thienyl 12%°
Rs=3-furyl 13-

Rs=2-furyl 14 "

Chart 1. .

In the present study, with the aim to investigate if chem-
ical modification of the 8-substituent of the pyrazolo-
[5,1-c][1,2,4]benzotriazine 5-oxide system could yield
new ligands, with the same high affinity but improved
efficacy and receptor subtype selectivity as compared
to lead compounds 6 and 11, we replaced the chlorine
atom of molecules of two series, respectively, with sub-
stituents of different lipophilic (w) and electronic (o) fea-
tures and bulkiness (Es),!> leaving the favorable
substituent at the position 3 unchanged. Therefore, we
synthesized new derivatives of both series, bearing at po-
sition 8 bromine or iodine atoms (fluorine atom has
resulted in being detrimental for binding'®), a methyl-,
an ethoxy- a methoxy-, and a methylthio group. Some
3-arylester and 3-heteroaryl deoxy derivatives were also
synthesized to confirm the different role of a 5-oxide
group in the binding of ligands of two series, as previ-
ously evidenced.”!?

2. Chemistry

The crucial synthetic step to obtain the pyrazolo[5,1-
c][1,2,4]benzotriazine 5-oxide system is the intramolecu-
lar cyclization between the nitro and amino group under
basic conditions of the suitable 1-(2-nitrophenyl)-5-
aminopyrazole, following a procedure reported in our
previous papers.'’ The synthetic pathways which yielded
desired final compounds are illustrated in Schemes 1 and
2; chemical and physical data of new compounds are
shown in Tables 7 and 8 in Section 6.

In this work, the appropriate 3-carboxy-8-substituted
pyrazolo[5,1-c][1,2,4]benzotriazine  5-oxides (1a,b,c,'”
d,'” e, and f'® see Table 7 in Section 6) were the starting
material for the synthesis of 3-ester derivatives. Acids 1a
and b, (Scheme 1) 8-bromo- and 8-iodio-substituted,
were achieved from the corresponding ethyl 1-(2-nitro-
5-bromophenyl)-, and the ethyl 1-(2-nitro-5-iodiophe-
nyl)-5-aminopyrazol-4-carboxylate Ia and b (see Table
8 in Section 6), which were, in turn, obtained from the
suitable  5-bromo-2-nitro-,'° or  5-iodio-2-nitro-
phenylhydrazine?® and ethyl 2-cyano-3-ethoxypropen-
eate in ethanol.!” Acid le, 8-methoxy- was obtained
from 3-carboxy-8-chloropyrazolo[5,1-c][1,2,4]benzotri-
azine 5-oxide exploiting the aromatic nucleophilic sub-
stitution of chlorine atom, as reported to obtain 1d'”
and 1f.'

The desired ester derivatives (see Table 7 in Section 6
and Scheme 2) 2a-b, 3¢, and 10c were prepared by treat-
ing the suitable 3-carboxylic acid (la—¢) with thionyl
chloride, and the intermediate 3-carbonyl chloride was
dissolved in 2-methyl-3-butene stabilized chloroform
and added to the suitable alcohol. All other esters 4a—
f, 5¢, 6a—f, 7c, 8¢, and 9c¢ were obtained from acids
la—f by treatment with tricthyl amine/ethyl chlorocar-
bonate in tetrahydrofurane (THF) to achieve the not
isolated, mixed anhydride, which was reacted with suit-
able alcohol.

To evaluate the influence on biological activity of the
8-substituent (bromine, iodine, methyl-, ethoxy-,
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N—
/?\
Rg N R,
i N

N=— i 2
/ / N
Rs’ N/ Ra |
(0]
NH, R,=COOH lac R, a=Br
NO, ) b=1I
R,=3-tienyl 1la-c
3 feny! c=Me
R,= COOEt la-b R a=Br R;=2-ienyl 12¢
) b=1
R,=3-tienyl lla-c c=Me
R,= 2tienyl lllc
N—
/ /N_,
Cl N /
R3 N
I}
~N @O -
N+/ +?N
‘ N
o (L-

1 R,= COOH
3 R3= COOH 1d-f R d = OEt

11 R, = 3-tienyl . =

3 R,= 3tienyl 11d-g ;9: g&ﬂ:
12 R=2dienyl

5 cHeny Rz 2-tienyl 12ef g=OH

Scheme 1. Reagents: (i) NaOH 10% solution; (ii) NaOH/EtOH (d compounds) or NaOH/MeOH (e compounds) or NaSMe/EtOH (f compounds) or
NaOH 40% (g compound). 1¢,'” 1d'” and 1£."8

/N/ N—
Rg AN Rs3 R N/%\
- 8 R3
N 2N
N

R8 a=Br
(e}
o_ b=1
R,=COOH la-f _
R3: COOR 2a-d, 3c, 4a-f, 5c¢, 6a-f, 7c, 8c, 9c, 10c c=Me
d=OEt
N— N—
/ / e=OMe
Rs AN . R N =
iii, iv 8 7 Rs f=Sve
B —
+?N +?N
N N
(e} o
R,= 3furyl 13c-f
16c¢-f

R,= 2-furyl 14c-d

Scheme 2. Reagents: (i) SOCl,; (ii) ROH for compounds 2a and b, 3¢, and 10c. (i) NEt;; (ii) CICOOEt/THF, ROH for compounds 3¢, 4a—f, 5c, 6a—{,
Te, 8¢, and 9c. For compound 2¢, see Ref. 18 and for 2d, see. Ref. 17 In compounds 2, R; = COOEt; 3, R; = COOCH,Ph; 4, R3; = COOCH,-2-
OMePh; 5, R3; = COOCH,-2-NO,Ph; 6, R3; = COOCH,-2-tienyl; 7, R; = COOCH,-3-tienyl; 8, R; = COOCH,-2-furyl; 9, R; = COOCH,-3-furyl; 10,
R; = COO-2-OMePh. (iii) Toluene, Tetrakis (Pd(PPhs),); (iv) 2-furyl- or 3-furylboronic acid, Na,CO5; 2 M.

methoxy-, and methylthio-group) in the 3-heteroaryl sized. Compounds 1la-c, 3-(thien-3-yl)- and 12¢, 3-
series, compounds 11a-g, 12¢, 12e—f, 13c{f, and 14c-d (thien-2-yl)- were obtained reacting, as the first reaction
(Table 7 in Section 6 and Schemes 1 and 2 ) were synthe- step, the 5-bromo-2-nitro-,!° 5-iodio-2-nitro-,>° and
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5-methyl-2-nitrophenylhydrazine'® with 2-(thien-3-yl)-
and 2-(thien-2-yl)-3-oxapropanenitrile’'-*?> following a
reported method.!® The obtained 4-(thien-3-yl)-5-amin-
opyrazoles Ila—c, and 4-(thien-2-yl)-5-aminopyrazole
IIIc (see Table 8 in Section 6) were then cyclized to pyr-
azolobenzotriazine 5-oxide system in alkaline medium.'”
Compounds 11d-f, 8-ethoxy-, 8-methoxy-, and 8-meth-
ylthio derivative, were obtained in ethanol/sodium
hydroxide, methanol/sodium hydroxide, and ethanol/so-
dium thiomethoxide, exploiting the aromatic nucleophil-
ic substitution of the 3-(3-thienyl)-8-chloropyrazolo[5,1-
c][1,2,4]benzotriazine 5-oxides.'® The 8-hydroxy deriva-
tive 11g, isolated as a by-product in the 11d synthesis,
was also characterized and used for the SAR. Com-
pounds 12e—f were obtained from 3-(2-thienyl)-8-chloro-
pyrazolo[5,1-c][1,2,4]benzotriazine  5-oxides'®  and
methanol/sodium hydroxide or ethanol/sodium thio-
methoxide, respectively, in the same manner as com-
pounds 11e—f (Scheme 1).

The synthetic path to obtain the 8-methyl- and 8-ethoxy
derivatives bearing at the position 3 a furyl ring, 13c—f
and 14c—d (Scheme 2) exploited the palladium(0)cata-
lyzed cross-coupling reaction between 3-iodio-8-meth-
yl—16¢, 3-iodio-8-ethoxy—16d, 3-iodio-8-methoxy—
16e, and 3-iodio-8-methylthio pyrazolo[5,1-¢][1,2,4]ben-
zotriazine S5-oxide 16f (see below), and 3-furyl- and 2-
furylboronic acid.!! For this purpose, 3-iodo derivatives
16¢c—f were achieved from corresponding 8-substituted
pyrazolo[5,1-c][1,2,4]benzotriazine 5-oxide, 8-methyl-'3
8-ethoxy-!” 8-methoxy-, 15e, and 8-methylthiopyrazol-
o[5,1-c][1,2,4]benzotriazine 5-oxide'® by treatment with
iodine monochlorine (ICl) in chloroform following the
classical halogenation reaction. Compound 15e, 8-meth-
oxypyrazolo[5,1-c][1,2,4]benzotriazine 5-oxide, was ob-
tained by decarboxylation from the corresponding 3-
carboxylic derivative le.

The synthesis of the 5-deoxide derivatives 2bR, 3cR,
4aR, and 11cR (see Table 7) useful for structure—activity
relationships (SAR) was performed by treatment of cor-
responding 5-oxide compounds 2b, 3¢, 4a, and 11c with
triethylphosphite (TEP).'8

3. Biological results

The BZR binding affinity of new 3-ester- and 3-heteroa-
rgfl derivatives was evaluated by their ability to displace
["H]flumazenil ((*H]R015-1788) from its specific binding
in bovine brain membrane. Binding data for 3-ester-
(2a-b, 3¢, 4a-f, 5¢, 6a-f, 7c, 8¢, 9¢, and 10c), 3-heteroa-
ryl derivatives (11a-g, 12¢, e-f, 13c—{, and 14c¢-d) and
corresponding 5-deoxide compounds (2bR, 3cR, 4aR,
and 11¢cR), and for reference compounds (see Chart 1),
useful for the SAR discussion, are reported in Tables 1
and 2, respectively.

It appears from the results reported in Table 1 that the
introduction at the position 8 of the 3-ester derivatives
of a bromine (2a, 4a, and 6a) or iodine (2b, 4b, and
6b) yielded, in general, compounds with binding affinity
lower than those of corresponding 8-chloroderivatives.

Only the 8-bromo derivative 6a displayed an affinity val-
ue twofold higher than that of reference compound 6°
(6a: K;=3.6nM vs 6: K; = 6.8 nM). The order of sub-
stituents on binding affinity is Cl > Br > 1. Therefore,
the substitution at the position 8 of the chlorine atom
of reference compounds (Chart 1, compounds 4% and
6,°) with bromine (2a, 4a, and 6a) or iodine (2b, 4b,
and 6b), more lipophilic atoms than chlorine (Br
n=1.19, I n=1.43 vs Cl 7=0.71)," slightly reduced
the BZR recognition of ligands (see Table 1). Taking
into account the similar electronic parameter of three
halogen atoms (Br ¢ =0.23, I ¢ =0.28, Cl ¢ =0.23)!3
it seems reasonable to hypothesize that the lipophilic
and/or steric hindrance features (Br E,= —1.16, 1
E,= —1.40, and Cl E; = —0.97)'° may play an important
role in anchoring ligands to receptor. A more lipophilic
atom could alter the right lipophilic/hydrophilic balance
of the whole ligand-receptor protein system; a bulkier
halogen would not permit the perfect interaction of
the molecule with receptor.

When the position 8 was substituted with a methyl- (3¢,
4c, 6¢, 7c, 8¢, and 9c¢), an ethoxy group (4d, 6d), a meth-
oxy group (4e, 6e) or a methylthio group (4f, 6f), high
affinity ligands were in general obtained (K; range
0.31-9.5 nM). The exception of compounds 5¢ 3-(2-
nitrobenzyloxycarbonyl)- and 10c 3-(2-methoxyphen-
oxycarbonyl)-derivatives confirms that when at the posi-
tion 3 there is an electron-poor ring such as 2-
nitrobenzyloxy-, or too brief a spacer such as 2-meth-
oxyphenoxy, complete loss of receptor recognition is ob-
tained.® In particular, 8-ethoxy derivatives (4d, 6d) and
8-methyl derivatives (6¢, 7c, 8c, and 9c) show the best
affinity values, 3-8-fold higher with respect to corre-
sponding 8-chlorosubstituted reference compounds (see
Table 1). In general, the order with which different
groups influence the binding affinity is EtO > Me >
MeS > MeO. A lipophilic value () slightly lower than
or comparable to that of chlorine (EtO = = 0.38, Me
n=0.60 vs Cl = =0.71)"> supported by electronic fea-
tures (o) opposite of chlorine (EtO o= —0.24, Me
6=-0.17 vs Cl ¢=0.23)"3 increases binding affinity,
as in the case of compounds 4d, 6¢, and d, or maintains
a good BzR affinity (~2-fold lower than that of 8-chloro
derivative) as in the case of 4c. When the lipophilic (7)
and electronic (¢) values are opposite of chlorine
(MeO n=-0.02 vs Cl 7 =0.71; MeO ¢ = —0.27 vs Cl
6 =0.23)!3, the affinity value decreases as in the case
of compounds 4e and 6e. The substitution of chlorine
with a thiomethyl group (MeS 7 = 0.60 vs Cl = =0.71;
MeS ¢=0.00 vs Cl ¢=0.23)!% as in compounds 4f
and 6f seems negligible.

As far as the 3-heteroaryl series (3-/2-tienyl, 3-/2-furyl) is
concerned (Table 2), in general good affinity values are
shown (K; range 10-37 nM). Also in this series the sub-
stitution of chlorine atom of position 8§ with methyl-,
ethoxy-, and methoxy-electron-donating groups Dbe-
comes favorable for binding (see compounds 11c, 11e,
13c-d, and 14c-d).

The lower affinity binding of compound 11b, 8-iodine
derivative, than 8-chloro derivative could be due to the
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Table 1. BZR ligand affinity of pyrazolo[5,1-c][1,2,4]benzotriazine 5-oxide 3-ester derivatives

N=

| Re: a=Br
N b=1
Re R c=Me
N d=0Et
NZ e=OMe
Y f=SMe
X
Compound R; Rg X 1% K® (nM) 8-CI°
2a COOEt Br e} 95 652+53 35
2b COOEt I o) 90 93.0+8
2bR COOEt I — 95 121+ 10
3c COOCH,Ph Me 0 100 15+2 11.6
3cR COOCH,Ph Me — 93 26.5+3
4a COOCH,-2-MeOPh Br o) 100 5+0.3 41.0
4aR COOCH,-2-MeOPh Br — 99 73405
4b COOCH,-2-MeOPh I o) 100 10+1
4c COOCH,-2-MeOPh Me e} 98 23402
4d COOCH,-2-MeOPh OFEt o 99 0.31 +0.03
de COOCH,-2-MeOPh OMe e} 99 4.6+0.4
af COOCH,-2-MeOPh SMe 0 100 38+04
5¢ COOCH,-2-NO,Ph Me e} 61 —
6a COOCH,-2-tienyl Br 0 99 3.6%0.3 66.8
6b COOCH,-2-tienyl I e} 100 11+2
6c COOCH,-2-tienyl Me (0] 99 141+0.2
6d COOCH,-2-tienyl OEt e} 100 0.85 +0.05
6e COOCH,-2-tienyl OMe e} 100 9.5+1.0
of COOCH,-2-tienyl SMe e} 100 4007
7e COOCH,-3-tienyl Me o) 100 3.97+04 13.3
8¢ COOCH,-2-furyl Me e} 99 457+0.5 244
9c COOCH,-3-furyl Me e} 100 439+0.6 11.4
10c COO0-2-MeOPh Me e} 59 —
Daz? 10£1.1
Flu¢ 0.9+0.5

2 Percent of inhibition of specific [’HJR015-1788 binding at 10 uM concentration are means * SEM of five determinations.

® K; values are means + SEM of five determinations.

¢ The first column represents the number of reference compound 8-chloro derivatives; the second column represents K; values (nM) of corresponding

3-aryl- heteroarylester-8-chloro derivatives: see Refs. 8-11,16,18.
9See Ref. 8.

different dimension of iodine with respect to chlorine
(I E;=—1.40, Cl E;=—0.97).1

The significant loss of affinity of 11g (K;= 690 nM),
bearing a hydroxyl group at the 8-position, confirms
the unsuitable substitution with a hydrophilic group at
that position.'8

With regard to the importance of the 5-oxide, that
reinforces the hydrogen bond between N4/H, receptor
donor site,'® it appears that in the 3-arylester series
the auxiliary role of the 5-oxide group to reinforce
binding is negligible because the m—m interaction
works together in a more significant manner at
anchorage.® In fact, the affinity values of 5-oxide
and 5-deoxide derivatives are comparable: 3cR
K;=26.5nM vs 3¢ K;=152nM, 4aR K;=7.3nM
vs 4a K;=5nM.

In the 3-heteroaryl series, instead, the decrease of
affinity of 11cR, N-deoxy derivative, confirms the need
for a 5-oxide group to recognize the receptor
protein.®-1°

3.1. Binding of selected compounds at o 2 5B272GA-
BAA/BzR complex subtype

Compound 4d and 6d, which showed a selective anxio-
genic activity (see Section 4), were tested, in comparison
with diazepam (full agonist) and zolpidem (o -selective
agonist), for their ability to displace [PH]JRo15-1788
from recombinant rat o 25B2y2 GABAA/BzZR com-
plex subtypes, which are stably expressed in human
embryonic kidney cells (HEK293). As can be observed
in Table 3, compound 4d displayed preferential subtype
selectivity a/o (K; = 0.81 nM vs 70 nM) and no recog-
nition to a5 subtype receptor. Compound 6d recognized
all studied GABAA/BzR complex subtypes and dis-
played preferential subtype selectivity og/on, o
(K;=2.3nM vs 10 nM and 57 nM, respectively).

4. Pharmacological results
Some of the newly synthesized molecules, 4d, 6a, c, d,

e, 7c¢ (A series) 11a, ¢, and d (B series), were studied
in mice in vivo for their pharmacological effects. Six
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Table 2. BZR ligand affinity of pyrazolo[5,1-c][1,2,4]benzotriazine 5-oxide 3-heteroaryl derivatives
;\l Rs:  a=Br
Rg N Het E;I\I/I e
d= OEt

N¢N e= OMe

¥ f=SMe

X
Compound Het Rg X 1% K® (nM) 8-CI¢
11a 3-Tienyl Br (0] 99 40%3 11 36.3
11b 3-Tienyl I (6] 93 887
11c 3-Tienyl Me (0] 95 16+£1.7
11cR 3-Tienyl Me — 90 318 £ 20
11d 3-Tienyl OEt (0] 93 359+0.27
11e 3-Tienyl OMe O 98 19.0+2
11f 3-Tienyl SMe (0] 96 3717
11g 3-Tienyl OH (0] 75 690 £ 53
12¢ 2-Tienyl Me (6] 95 22+2 12 10.3
12e 2-Tienyl OMe O 98 17 £
12f 2-Tienyl SMe (6] 94 56 £
13c 3-Furyl Me (0] 100 132+2 13 12
13d 3-Furyl OEt (0] 97 126£2
13e 3-Furyl OMe O 97 27+
13f 3-Furyl SMe (6] 96 39+
14c 2-Furyl Me (0] 100 10.7+2 14 20
14d 2-Furyl OEt (0] 99 10.2
Daz* 10£1.1
Flu¢ 09£0.5

2 Percent of inhibition of specific [’HJR015-1788 binding at 10 uM concentration are means + SEM of five determinations.

® K; values are means + SEM of five determinations.

¢ The first column represents the number of reference compound 8-chloro derivatives; the second column represents K; values (nM) of corresponding

3-heteroaryl-8-chloro derivatives: see Refs. 11,12.
dSee Ref. 9.

potential benzodiazepine actions were considered: even-
tual anxiolytic-like effects were screened using light/
dark choice test, muscle relaxant effects with grip-
strength meter test, and motor coordination with the
rota-rod test. The anticonvulsant action was evaluated
using the new drugs against pentylenetetrazole-induced
convulsions and the hole-board test was adopted to
discover eventual alterations in mouse spontaneous
motor activity caused by drugs which previously had
a bend on anxiogenic-like properties. Finally, the drugs
were tested also for their ethanol-potentiating action.
Diazepam was used as the positive reference molecule
(see Tables 4-6 and Fig. 1).

In all the tests, only molecules 4d, 6d, e, and 11d (8-cth-
oxy- and 8-methoxy derivatives of A and B series) dem-
onstrated to have selective anxiogenic-like effects.
Compounds 6a and 11a (8-bromo derivatives of A and
B series), and compounds 6¢, 7¢, and 11c (8-methyl
derivative ligands whose in vivo data are not reported)
endowed with high affinity binding value (K; range
1.41-40 nM) showed no or negligible pharmacological
action. These in vivo results, which seem to be in con-
trast with binding data, may be attributed to poor oral
bioavailability and/or to rapid metabolization.

4.1. Effects on motor coordination

First of all, we studied the effects of the substances
on mouse performance in the rota-rod test. As

expected, diazepam (0.3, 1, and 3 mg/kg po) 30 min
after the treatment dose-dependently increased the
number of falls from rotating rod, reaching statistical
significance at the dose of 3 mg/kg in comparison
with the vehicle-treated group of mice (Table 4).
None of the newly synthesized substances induced
any effect on mice endurance on the rota rod, as
reported in Table 4. Only compounds 6e and 1la
at the highest dose used (30 mg/kg po) induced some
excitation in the mice, demonstrating to have some
motor disturbance.

4.2. Muscle relaxant effects

We then wanted to study in more detail eventual
myorelaxant effects. In the grip-strength meter test,
diazepam at the dosage of 3 mg/kg po induced a sta-
tistically significant muscle relaxant effect (Table 5).
Significant effect was observed also with compound
11a at both doses (10 and 30 mg/kg po). Compounds
4d, 6a, 6d, 6e, and 11d showed no pharmacological
effect.

4.3. Effects on spontaneous motor activity

A very common effect of all the old benzodiazepine li-
gands is some degree of sedation. The hole-board test
was more sensitive, with respect to the two previous tests
(rota-rod and grip-strength meter test), in checking this
kind of behavior: diazepam already at the lower dosage
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Table 3. Affinity value at recombinant oy 2 5)B2v2 GABAA/BzR complex subtypes

N=
Re |
Rs3
N
N%
y
O
Compound R; Rg K; (nM) or inhibition (I) %" (uM)
oy o5 s
4d COOCH,-2-MeOPh OEt 0.81 70 1% 25%
6d COOCH,-2-tienyl OEt 23 10 57
6° COOCH,-2-tienyl Cl 3.00 26 8.6
Daz® 14.1 2.1 7.80 £ 1.1 9.80 £ 1.1
Zolpidem? 26.7 156 >10000

4 K; values represent means + SEM derived from three independent experiments, conducted in triplicate; 1% Percent of inhibition of specific
[’HJR015-1788 binding at 10 pM concentration are means * SEM of five determinations.

°See Ref. 9.

¢See Ref. 10.

4See Ref. 13.

Table 4. Motor coordination, anticonvulsant, and anxiolytic-like effects of new compounds in comparison with those of diazepam

Treatment®  mg/kg po Motor coordination Anticonvulsant activity Anxiety activity light-dark box
rota-rod test

n No. of falls in 30 s Against PTZ-induced attacks (%) n No. transfer in 5 Time (s) in light in 5’

CMC 1%° 01ml 20 0.30%0.12 5 20 15.6%19 66.1+6.5
Diazepam 0.3 10 0.5+0.27 70"
1 15  0.6+021 100" 9 234+45" 79.7+£9.7
3 6 12+04 100" 17 227+23" 147.5+ 142"
Flumazenil 100 16 17.0+2.7 66.5+ 6.7
4d 10 10 0.1+0.1 0
30 9  04+0.24 0 5 102%22 69.2 +10.9
6a 10 10 0.6+0.22 20 11 108%22 69.2 + 14.1
30 10 03%0.15 20 10 81%26 81.4+14.9
6d 10 11 0.13+0.09 6.6 9  57+22" 39.6 £9.7"
30 10 0.35+0.11 17.6 17 69+16" 42.7+84
6d+Flu 10 19 144+19 66.8 +10.7
100
6d+daz 10 12 0.58+0.19 41.6
0.3
6e 10 10 02+0.13 20 8§  69+25 37.7+9.7"
30 10 0.5+0.22° 0 8 89+19 63.0+11.6
11a 10 12 025+0.13 16 13 7.15+226 45.7+8.8
30 10 0.6%0.16° 0 10 97%22 69.7+11.78
11a+daz 10 10 0.5+0.17 40
0.3
11a+daz 10 10 72%23 128.7 + 36.2
1
11d 3 10 07+02 0
10 10 0.6%+0.26 10
30 10 03%0.15 0 5 66%13 46.2£8.2

? Treatment with new compounds and diazepam (po) was performed 30 min and flumazenil (ip) 40 min before the test.
® Carboxymethylcellulose 1%.

¢ Excitation.

* P <0.05 versus cont rol mice.

** P <0.01 versus control mice.

" P < 0.001 versus control mice.

of 1 mg/kg po diminished mouse movements on the Additional experiments were carried out for compounds
board significantly and at the dose of 3 mg/kg also curi- 4d and 6d to evaluate their effects on mice spontaneous
osity toward the holes. motor activity. Neither compound 4d nor 6d was found
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Table 5. Myorelaxant activity of compounds 4d, 6a, 6d, 6e, 1la,
and11d in the grip-strength meter test

Treatment® mg/kg po Myorelaxant activity
grip-strength meter
n Test 35" (g)
CMC 1% 0.1 ml 16 645+ 1
Diazepam 0.3 5 66.0 +3.1
1 11 619+ 1.74
3 13 442+ 4.4
4d 10 10 64.6+19
30 10 63.2%25
6a 10 11 60.5+2.3
30 10 629123
6d 10 10 642+ 1.5
30 10 639t1.4
6e 10 10 63.1+23
30 10 60.4 1.7
11a 10 13 57.6+3.0"
30 10 56.0 +3.4°
11d 10 8 63.3+1.5
30 8 592+1.4

#The test was performed 30 and 20 min after administration of com-
pounds and diazepam (po), respectively.

* P <0.05 versus control mice.

" P < 0.001 versus control mice.

Table 6. Effect of compounds 4d and 6d on animal spontaneous
motility, in the comparison of diazepam, in the mouse hole-board test

Treatment® mg/kg po Sedative activity
Hole board
n Hole Plane
CMC 1% 0.1 ml 21 49.8 £3.1 1359+£7.6
Diazepam 1 10 39.7+42 96.9 +10.3"
3 11 234+63" 59.7+£8.6™"
4d 10 8 555+29 1558 £ 11.6
30 8 58.8+6.2 159.2 £13.1
4d+daz 10 8 51.8+5.0 106.1 +9.1
1
6d 3 8 583143 154.0+9.2
10 13 583+4.4 1355+ 104
30 9 56.8+4.7 154.0 £ 10.9
6d+daz 10 10 52.8+6.6 125.4£9.3"
0.3

#The test was performed 30 and 20 min after administration of com-
pounds and diazepam (po), respectively.

* P <0.05 versus control mice.

** P <0.01 versus control mice.

** P <0.001 versus control mice.

" P <0.05 versus diazepam 1 mg/kg treated mice (7 test).

to be active (Table 6). For this reason, we decided to
evaluate the antagonistic activity of these two com-
pounds as they have very high affinity values for GA-
BA, receptor o; subtype (0.81 and 2.3nM,
respectively). In fact, 4d (10 mg/kg po) diminished,
although not significantly, the sedative effect of diaze-
pam (1 mg/kg po) in this test, while the effect of com-
pound 6d reached statistic significance (Table 6); the
opinion that sedation is caused by activation of the GA-
BA 4 receptor o, subtype was thus confirmed.%??
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Figure 1. Effect of compounds 4d and 6d (30 mg/kg) on ethanol-
induced sleeping time, in comparison with that of diazepam (po). Each
column represent the mean + SEM of 10 mice. Substances were
administered 30 min before ethanol (4 g/kg ip). P <0.001 (Student’s ¢
test).

4.4. Effects on mouse anxiety

With the reference molecule, diazepam, at the dose of
3 mg/kg po, we observed a strong increase not only in time
spent in the lit compartment of the light/dark apparatus,
but the number of mouse transfers were augmented al-
ready at the dose of 1 mg/kg po, too. This molecule, at
the same doses, as demonstrated before (Tables 5 and
6), caused reduction of motor coordination, myorelax-
ation, and sedation, effects also reported by many other
authors.*?* Subsequently, the increased parameters in
the light/dark choice test should be considered reliable
indicators of anxiolytic-like behavior as suggested by
other authors.?>?® In the opposite manner, all the newly
synthesized compounds did not affect the mouse sponta-
neous motor activity (Table 6), but in the light/dark choice
test the compounds 6d and e decreased the time spent in
the lit compartment and the number of transfers from
one compartment into the other, in a statistically signifi-
cant way (Table 4), while the compounds 4d and 11d
(30 mg/kg po) behaved in the same manner but not statis-
tically significantly, and the compounds 6a and 11a be-
came inactive. So, not only the decreased time, but also
the diminished number of transfers seems to indicate an
anxiogenic-like action of our molecules.?®-?” The anxio-
genic-like effect of 6d was completely antagonized by the
nonselective benzodiazepine antagonist, flumazenil (Ta-
ble 4), confirming the inverse agonist action of 6d on the
GABAA/BzR complex. The activation of o, subtype
receptors has been proposed as being responsible for the
anxiolytic-like effect of benzodiazepine ligands.?3-?° Since
compound 6d in the hole-board test and in PTZ-induced
convulsion test (see below) resulted to antagonize diaze-
pam effects and then block a; subtype receptor (for which
it has a very high affinity), anxiogenic-like behavior seems
to depend on inverse antagonism for o, subtype receptors,
for which the affinity is also high (K; = 10 nM).

4.5. Study against chemically induced convulsions

A further approach to study the newly synthesized
molecules was to investigate their potency against
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pentylenetetrazole (PTZ)-induced convulsions. At the
dose used (90 mg/kg sc), PTZ caused convulsions in
95% of mice. Diazepam already at the dosage of
0.3 mg/kg po significantly protected 70% of mice
from clonic generalized convulsions (Table 4), while
none, among the newly synthesized molecules, dif-
fered statistically from carboxymethylcellulose vehicle
in causing protection from convulsions. Compound
11a (30 mg/kg po) caused some excitation and no
protection from convulsions; it has been used as a
potential antagonist toward diazepam-induced protec-
tion and it actually partially antagonized diazepam-
induced protection, but not in a statistically signifi-
cant way (Table 4). Compound 6d also behaved in
the same manner.

4.6. Effect on ethanol-induced sleeping time

The potency with which diazepam is able to potentiate
ethanol-induced sleeping time is surprising (Fig. 1). Al-
ready at the lowest dose, diazepam (0.3 mg/kg po),
together with ethanol (4 g/lkg ip), caused a statistically
significant additive action: six mice out of eight lost
the righting reflex for the entire 2.5-h observation time,
while the control mice slept only for 66.0 £ 9.5 min.
Conversely, the effect of 6d at the highest anxiogenic-like
dose was comparable to that of the control group and
the other compound, 4d, demonstrated no significant
loss of the righting reflex, as well (Fig. 1). Ethanol-rein-
forcing actions are often connected to the activation of
the o5 subunit of the GABA4 receptor.’®3! As far as
the a5 subunit is concerned, 6d binds to it with an inter-
mediate (K; =57 nM) and 4d with no affinity. Also in
this case, if the additive effects are assumed to be due
to activation of this subunit, 6d might behave on it like
antagonists.

5. Conclusion

The study here reported on new BZR ligands, A and B
series, 3-heteroarylester- and 3-heteroarylpyrazolo[5,1-
c][1,2,4]benzotriazine 5-oxide 8-substituted, has focused
the role of the substituent at the position 8, which ap-
pears to be in synergy with the substituent at position
3 but per se to have a crucial role in binding and in in vi-
vo activity. The lipophilic and steric features of the opti-
mum 8-substituent, to achieve high affinity ligands, have
been determined improving the pharmacophore/recep-
tor model proposed for this class of ligands.'?

The replacement of the §-chlorine of lead compounds 6
and 11 (see Chart 1) is favorable when the substituent is
endowed with a m value (lipophilic feature) in the range
0.38-1.19 (substituents as EtO-, Me-, MeS-, and Br-)
and the steric hindrance lower than iodine
(E, = —1.40). Interestingly, while these lipophilic and
steric hindrance limits seem to be the driving force to
achieve high binding ligands, the electronic parameter
(o) of 8-substituent seems to influence the subtype recep-
tor selectivity and pharmacological efficacy. In fact
replacing the chlorine, -electron-withdrawing atom
(6=0.23)1 with an electron-donor group, as

EtO- which has a ¢ value opposite (¢ = —0.24),15 the
high affinity ligand 6d with preferential o;/0, subtype
selectivity and no recognition at o5 subtype receptor
was obtained.

The same 8-substitution in the A and B series com-
pounds yielded the ethoxy derivatives 4d, 6d, and 11d,
all showing inverse agonist profile in vivo as anxiogenic
effect, opposite the lead compounds (4, 6, and 11 in
Chart 1).”1° Recently, it has been described 3>33 that
new molecules with a semirigid heterocyclic structure
bearing various ethereal groups are endowed with in-
verse-agonist efficacy.

Taken together, the data above reported suggest that an
8-substituent with suitable lipophilic and steric features
supports the hydrophobic interaction of the 3-ligand
substituent with receptor protein in the lipophilic pocket
(Ly/Ly) influencing the affinity binding; on the other
hand, dependent on its electronic parameter, the same
8-substituent is also capable per se of interacting with
‘critical residues*3> on the same pocket of various sub-
type receptors, eliciting different pharmacological
effects.

These preliminary findings require further investigation
either through biological and electrophysiological stud-
ies or through the synthesis of new derivatives to con-
firm this binding hypothesis. In particular in this
paper, a new ester 6d endowed with inverse-agonist effi-
cacy, opposite to reference compound 6 which showed
an anxiolytic profile without side effects, is identified.
This compound 6d causes no effects on mice spontane-
ous motor activity (i.e., no sedative action), no protec-
tion from PTZ-induced convulsions, and no ethanol-
reinforcing actions. On the other hand, 6d antagonizes
the sedative effect of diazepam and diazepam-induced
convulsion, suggesting an antagonist effect on o, sub-
type receptor. The anxiogenic effect could be due to in-
verse agonism to the o, subtype receptor. It could
become a new lead, and suitable chemical modification
could possibly shift its inverse agonist effect onto other
subtype receptors, that is, os subtype receptor, thus
yielding new ligands useful in therapy as cognition
enhancers in Alzheimer’s disease and related
dementias.?¢-7

6. Experimental
6.1. Chemistry

Melting points were determined with a Gallenkamp
apparatus and are uncorrected. Silica gel plates (Merk
F»s4) and silica gel 60 (Merk 70-230 mesh) were used
for analytical and column chromatography, respective-
ly. The structures of all compounds were supported by
their IR spectra (KBr pellets in nu‘jol mulls, Perkin-El-
mer 1420 spectrophotometer) and 'H NMR data (mea-
sured with a Varian Gemini at 200 MHz). Chemical
shifts were expressed in 6 ppm, using DMSO-dgs or
CDCl; as solvent. The coupling constant values (Jge.
u7.47-H6; JH7-Ho.Ho-H7;) Were in agreement with the
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assigned structure. The chemical and physical data of
new compounds are shown in Tables 7 and 8; Microa-
nalyses were performed with a Perkin-Elmer 260 analyz-
er for C, H, N, and the results were within +0.4% of the
theoretical value (Table 9).

6.1.1. General procedure for the synthesis of Ia and b. The
suitable ~ 5-bromo-2-nitro-!  or  5-iodio-2-nitro-
phenylhydrazine?® was reacted with ethyl 2-cyano-3-eth-
oxypropeneate following a reported method.'®

6.1.1.1. [Ethyl 1-(2-nitro-5-bromophenyl)-5-amino-
pyrazol-4-carboxylate Ia. From 5-bromo-2-nitro-
phenylhydrazine.!® Orange crystals. TLC eluent:
chloroform/ethanol 10:1 v/v; IR v~! 3438, 3324, 1683;
'"H NMR (DMSO-dg) ¢ 8.06 (d, 1H, H-3'); 7.98 (m,
2H, H-4' and H-6'); 7.68 (s, 1H, H-3); 6.62 (br s, exch.
2H, NH,); 4.20 (q, 2H, CH,); 1.32 (t, 3H, CH3). Anal.
C, H, N.

6.1.1.2. Ethyl 1-(2-nitro-5-iodiophenyl)-5-amino-
pyrazol-4-carboxylate Ib. From  5-iodio-2-nitro-
phenylhydrazine.?® Orange crystals. TLC eluent:
chloroform/ethanol 10:1 v/v: IR v~! 3387, 3324, 1682;
'"H NMR (DMSO-ds) d 8.20 (m, 2H, H-4' and H-6');
7.85 (d, 1H, H-3’); 7.68 (s, 1H, H-3); 6.62 (br s, exch.
2H, NH,); 4.20 (q, 2H, CH,); 1.32 (t, 3H, CHj3). Anal.
C, H, N.

6.1.2. General procedure for the synthesis of Ila—c, and
Illc. The suitable 5-bromo-2-nitro-'° or 5-iodio-2-ni-
tro-?° 5-methyl-2-nitrophenylhydrazine'® was reacted
with 2-(thien-3-yl)- and 2-(thien-2-yl)-3-oxapropanenit-
rile!® following a reported methods!® Derivatives Ila
and b were obtained after evaporation of solvent and
recrystallized. Compounds Ilc and IIlc, 1-(2-nitro-5-
methylphenyl)-4-(thien-3-yl)-5-aminopyrazole and 1-(2-
nitro-5-methylphenyl)-4-(thien-2-yl)-5-aminopyrazole,
respectively, were not characterized. In this case only the
evaporation of reaction solvent (ethanol) was made: the
red-brown oils obtained were used for synthesis of 11c
and 12c, respectively.

6.1.2.1.  1-(2-Nitro-5-bromophenyl)-4-(thien-3-yl)-5-
aminopyrazole Ila. Brown crystals. TLC eluent: tolu-
ene/ethyl acetate/acetic acid 8:2:1 v/v/v; IR v~! 3461,
3180; '"H NMR (DMSO-dg) ¢ 8.02 (d, 1H, H-3"); 7.96
(d, 1H, H-6'); 7.88 (dd, 1H, H-4'); 7.76 (s, 1H, H-3);
7.56 (dd, 1H, H-4" 4-thienyl); 7.52 (m, 1H, H-2" 4-thie-
nyl); 7.38 (dd, 1H, H-5" 4-thienyl); 5.54 (br s, exch. 2H,
NH,). Anal. C, H, N.

6.1.2.2. 1-(2-Nitro-5-iodiophenyl)-4-(thien-3-yl)-5-
aminopyrazole IIb. Red crystals. TLC eluent: toluene/
ethyl acetate/acetic acid 8:2:1 v/v/v; IR v 3461, 3340;
"H NMR (CDCl;) ¢ 8.08 (d, 1H, H-6'); 7.96 (dd, 1H,
H-4"); 7.76 (d, 1H, H-3"); 7.68 (s, 1H, H-3); 7.43 (dd,
1H, H-4" 4-thienyl); 7.22 (m, 2H, H-2", H-5" 4-thienyl);
3.80 (br s, exch. 2H, NH,). Anal. C, H, N.

6.1.3. General procedure for the synthesis of 1a and b. A
suspension ofla and b (0.5 mmol) in 25 mL of 10% sodi-
um hydroxide was kept at room temperature for 24 h.

After treatment with hydrochloric acid 6 M, the desired
acids, which were filtered and purified by recrystalliza-
tion, were obtained.

6.1.3.1. 3-Carboxy- 8-bromopyrazolo|S,1-c|[1,2,4]ben-
zotriazine 5-oxide 1a. Yellow crystals. TLC eluent: tolu-
ene/ethyl acetate/acetic acid 8:2:1 v/v/v; IR v~ ! 1660,
1593; "TH NMR (DMSO-d) 6 12.5 (br s, exch. 1H,
OH); 8.60 (s, 1H, H-2); 8.54 (d, 1H, H-9); 8.35 (d, 1H,
H-6); 7.95 (dd, 1H, H-7). Anal. C, H, N.

6.1.3.2. 3-Carboxy-8-iodiopyrazolo|5,1-c][1,2,4]benzo-
triazine 5-oxide 1b. Yellow crystals. TLC eluent: toluene/
ethyl acetate/acetic acid 8:2:1 v/v/v; IR v~ ! 3481, 1713,
1588; 'H NMR (DMSO-dy) 12.8 (br s, exch. 1H, OH);
8.65 (d, 1H, H-9); 8.55 (s, 1H, H-2); 8.12 (m, 2H, H-6,
H-7). Anal. C, H, N.

6.1.4. 3-Carboxy-8-methoxypyrazolo|5,1-c|[1,2,4]benzo-
triazine 5-oxide le. A suspension of 3-carboxy-8-
chloropyrazolo[5,1-¢][1,2,4]benzotriazine 5-oxide!”
(0.5 mmol) was reacted with methanol/10% sodium
hydroxide 20 mL for 4 h. After treatment with hydro-
chloric acid 6 M, the desired acids, which were filtered
and purified by recrystallization, were obtained. Yel-
low crystals. TLC eluent: toluene/ethyl acetate/acetic
acid 8:2:1 wv/viv; IR v7' 3400, 1560; 'H NMR
(DMSO-dg) 8.57 (s, 1H, H-2); 8.39 (d, 1H, H-6);
7.72 (d, 1H, H-9); 7.35 (dd, 1H, H-7); 4.1 (s, 3H,
CH;0). Anal. C, H, N.

6.1.5. General procedure for the synthesis of ester
derivatives 2a-b, 3c, 4a—f, 5c, 6a—f, 7c, 8c, 9¢c, and 10c.
The starting acids la—c (3-carboxy-8-methylpyrazolo-
[5.1-c][1,2,4]benzotriazine 5-oxide),'® 1d (3-carboxy-8-
ethoxypyrazolo[5,1-c][1,2,4]benzotriazine 5-oxide),!” le,
and f'® were transformed into ester derivatives by means
of two methods, A and B.

Method A: the ethyl esters 2a and b, the benzyl ester
3c, and the phenoxyester 10c were obtained from acids
la—'® (0.32 mmol) by means of the corresponding 3-
carbonyl chlorides which were suspended in 2-methyl-
3-butene stabilized chloroform (5 mL) and then the
suitable alcohol was added. In the case of ester 10c,
addition of some pellets of sodium hydroxide was
needed.

Method B: all other esters (4a—f, 5¢, 6a—f, 7¢, 8¢, and
9¢c) were obtained treating the corresponding acids
(100 mg) (1a—f) in tetrahydrofurane (THF) with triethyl
amine (1:3.5) in ice bath for 30’. To the suspension was
added ethylchlorocarbonate (1:2) and maintained un-
der stirring for 1h, from 0°C to room temperature,
to permit the anhydride to form. The suitable alcohol
was added (1:2.5) and the mixture was heated at
60 °C for 8-18 h and monitored by TLC. The final sus-
pension was diluted with water and extracted with
chloroform which was in turn washed with sodium
hydrogen carbonate solution and, after the normal
workup, the residue was treated with isopropyl ether
or ethyl ether, filtered, and recrystallized by a suitable
solvent.
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Table 7. Chemical data for pyrazolo[5,1-c][1,2,4]benzotriazine 5-oxides

;\l/
NZ
Y
X
Compound R; Rg X Yield (%) Mp °C (recryst. solvent)
la COOH Br O 80 296° (methoxyethanol)
1b COOH 1 o 75 295-6° (methoxyethanol)
1c* COOH Me
1d° COOH OEt
le COOH Ome O 55 288-90° (methoxyethanol)
1 COOH SMe (0]
2a COOEt Br o 92 197-8° (ethanol 80%)
2b COOEt | (0] 90 232-3° (ethanol 80%)
2bR COOEt I 62 195-6° (ethanol)
2c* COOEt Me
2d° COOEt OEt
3c COOCH,Ph Me O 85 170-2° (2-propanol)
3cR COOCH,Ph Me — 64 185-6° (2-propanol)
4a COOCH,-2-MeOPh Br (6] 40 200-1° (ethanol)
4b COOCH,-2-MeOPh 1 (6] 40 189-90° (ethanol)
4c COOCH,-2-MeOPh Me (6] 45 193-5° (ethanol)
4d COOCH,-2-MeOPh OEt (0] 29 224-5° (ethanol)
4e COOCH;-2-MeOPh Ome o 36 200-2° (2-propanol)
4f COOCH,-2-MeOPh SMe O 45 225-6° (2-propanol)
4aR COOCH,-2-MeOPh Br — 65 179-80° (ethanol)
5¢ COOCH;-2-NO,Ph Me o 70 217-8° (methoxyethanol)
6a COOCH,-2-tienyl Br (6] 95 187-8° (CHX-EtOAc)®
6b COOCH,-2-tienyl 1 o 75 214-5° (ethanol)
6¢ COOCH,-2-tienyl Me o 35 174-5° (2-propanol)
6d COOCH,-2-tienyl OEt (6] 70 184-5° (ethanol)
6e COOCH,-2-tienyl Ome (0 36 198-9° (2-propanol)
of COOCH;-2-tienyl SMe O 37 184-5° (methoxyethanol)
Tc COOCH,-3-tienyl Me o 52 152-3° (ethanol)
8c COOCH;-2-furyl Me O 38 163-4° (ethanol 80%)
9¢ COOCH,-3-furyl Me o 35 165-6° (ethanol 80%)
10c COO-2-MeOPh Me o 56 223-4° (ethanol)
11a 3-Tienyl Br o 80 224-5° (methoxyethanol)
11b 3-Tienyl 1 O 70 233-4° (methoxyethanol)
11c 3-Tienyl Me o 75 224-5° (methoxyethanol)
11cR 3-Tienyl Me - 68 195-6° (methoxyethanol)
11d 3-Tienyl OEt (6] 55 211-2° (methoxyethanol)
11e 3-Tienyl Ome O 61 226-7° (methoxyethanol)
11f 3-Tienyl SMe o 45 227-8° (methoxyethanol)
11g 3-Tienyl OH o 30 >300° (methoxyethanol)
12¢ 2-Tienyl Me o 48 207-8° (methoxyethanol)
12¢ 2-Tienyl Ome o 70 218-9° (methoxyethanol)
12f 2-Tienyl SMe O 45 195-7° (2-propanol)
13c 3-Furyl Me O 74 192-3° (methoxyethanol)
13d 3-Furyl OEt o 30 189-9°(diisopropylether)®
13e 3-Furyl Ome o 60 213-4° (methoxyethanol)
13f 3-Furyl SMe O 59 194-5° (methoxyethanol)
14c 2-Furyl Me o 82 202-3° (methoxyethanol)
14d 2-Furyl OFEt o) 30 207-8°¢ (diisopropylether)
15e H Ome o 60 218-9° (methoxyethanol)
16¢ I Me O 62 228-9° (2-propanol)
16d I OEt (0 85 244-5° (methoxyethanol)
16e 1 Ome O 94 234-5° (ethanol)
16f I SMe (0] 58 229-30° (ethanol)
#See Ref. 18.
" See Ref. 17.

¢ Cyclohexane/ethyl acetate.

dSeparated by chromatography column is reported the eluent solvent.
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Table 8. Chemical data for new 5-aminopyrazoles

'/\l/
Rs: =B
Rs' N Ry 5 g: | '
\@i c=Me
NO,
Compound Ry Ry MF (MW) Yield (%) Mp °C (recryst. solvent)
Ia COOEt Br C,H;0O4NBr (355.06) 78 139-40° (ethanol 80%)
Ib COOEt I C2H 104Nyl (402.15) 60 169-70° (ethanol 80%)
Ic* COOEt Me
° COOEt Cl
Ila 3-Tienyl Br C13HoO,N4SBr (365.11) 50 133-4° (ethanol 80%)
ITb 3-Tienyl | C13HoO,N,ST (412.11) 45 162-3° (ethanol)
Ilc 3-Tienyl Me C14H120,N,4S (300.15) Not separated
I° 3-Tienyl Cl
IIc 2-Tienyl Me C14H1,0,N4S (300.15) Not separated
e 2-Tienyl Cl
#See Ref. 18.
®See Ref. 17.
¢See Ref. 10.

6.1.5.1. 3-Ethoxycarbonyl-8-bromopyrazolo[5,1-c]-
[1,2,4]benzotriazine 5-oxide 2a. From acid 1a, method A.
Yellow crystals. TLC eluent: toluene/ethyl acetate/acetic
acid 8:2:1 v/v/v; IR v=! 1719, 1572; '"H NMR (DMSO-
dg) 0 8.65 (s, 1H, H-2); 8.55 (d, 1H, H-9); 8.35 (d, 1H,
H-6); 7.95 (dd, 1H, H-7); 4.25 (q, 2H, CH,); 1.35 (1,
3H, CH3). Anal. C, H, N.

6.1.5.2. 3-Ethoxycarbonyl-8-iodiopyrazolo[5,1-c]-
[1,2,4]benzotriazine 5-oxide 2b. From acid 1b, method
A. Yellow crystals. TLC eluent: toluene/ethyl acetate/
acetic acid 8:2:1 v/v/iv; IR v~! 1713, 1557; '"H NMR
(CDCl3) ¢ 8.85 (d, 1H, H-9); 8.50 (s, 1H, H-2); 8.25
(d, 1H, H-6); 8.00 (dd, 1H, H-7); 4.40 (q, 2H, CH,);
1.40 (t, 3H, CHs3). Anal. C, H, N.

6.1.5.3.  3-Benzyloxycarbonyl-8-methylpyrazolo|5,1-
c][1,2,4]benzotriazine 5-oxide 3c. From acid 1c,'® meth-
od A. Yellow crystals. TLC eluent: toluene/ethyl ace-
tate/acetic acid 8:2:1 v/viv: IR v=! 1720, 1570; 'H
NMR (CDCl3) 6 8.55 (s, 1H, H-2); 845 (d, 1H,
H-6); 8.25 (d, 1H, H-9); 745 (m, 6H, Ph and H-
7); 5.45 (s, 2H, CH,); 2.65 (s, 3H, CHj3). Anal. C,
H, N.

6.1.5.4. 3-(2-Methoxybenzyloxycarbonyl)-8-bromopy-
razolo[5,1-¢|[1,2, 4]benzotriazine 5-oxide 4a. From acid
1a, method B. Yellow crystals. TLC eluent: isopro;}oyl
ether/cyclohexane 8:3 v/v; IR v 1711, 1566: 'H
NMR (CDCly) ¢ 8.62 (d, 1H, H-9); 8.48 (s, 1H, H-2);
8.40 (d, 1H, H-6); 7.80 (dd, 2H, H-7); 7.55 (d, 1H, H-
3’ Ph); 7.32 (t, 1H, H-5" Ph); 6.98 (t, 1H, H-4' Ph);
6.92 (d, 1H, H-6' Ph); 5.48 (s, 2H, CH,); 3.87 (s, 3H,
OCH;). Anal. C, H, N.

6.1.5.5. 3-(2-Methoxybenzyloxycarbonyl)-8-iodiopy-
razolo[5,1-¢|[1,2, 4]benzotriazine 5-oxide 4b. From acid
1b, method B. Yellow crystals. TLC eluent: isopr0}1)yl
ether/cyclohexane 8:3 v/v; IR v™' 1709, 1564; 'H

NMR (CDCls) & 8.86 (d, 1H, H-9); 8.52 (s, 1H, H-2);
8.24 (d, 1H, H-6); 8.02 (dd, 2H, H-7); 7.56 (d, 1H, H-
3’ Ph); 7.34 (t, 1H, H-5' Ph); 7.00 (t, 1H, H-4' Ph);
6.94 (d, 1H, H-6' Ph); 5.48 (s, 2H, CH,); 3.87 (s, 3H,
OCHs). Anal. C, H, N.

6.1.5.6. 3-(2-Methoxybenzyloxycarbonyl)-8-methylpy-
razolo[5,1-¢][1,2, 4]benzotriazine 5-oxide 4c. From acid
1c'® method B. Yellow crystals. TLC eluent: chloro-
form/methanol 10:0.1 v/v; IR v~' 1711, 1564; 'H
NMR (CDCl3) 6 8.52 (s, 1H, H-2); 8.44 (d, 1H, H-6);
8.24 (d, 1H, H-9); 7.54 (m, 2H, H-7 and H-3' Ph);
7.34 (t, 1H, H-5" Ph); 7.00 (t, 1H, H-4’ Ph); 6.94 (d,
1H, H-6’ Ph); 5.49 (s, 2H, CH,); 3.89 (s, 3H, OCHs);
2.67 (s, 3H, CH3). Anal. C, H, N.

6.1.5.7. 3-(2-Methoxybenzyloxycarbonyl)-8-ethoxypy-
razolo[5,1-c][1,2, 4]benzotriazine 5-oxide 4d. From acid
1d'7 method B. Yellow crystals. TLC eluent: isoproyi)yl
ether/cyclohexane 8:3 v/v; IR v 11711, 1564: 'H
NMR (CDCls) ¢ 8.52 (s, 1H, H-2); 8.45 (d, 1H, H-6);
7.65 (d, 1H, H-9); 7.60 (dd, 1H, H-7); 7.15 (m, 2H H-
3’ and H-5' Ph); 7.00 (t, 1H, H-4' Ph); 6.94 (d, 1H, H-
6’ Ph); 5.47 (s, 2H, CH,); 4.30 (q, 2H, CH,); 3.89 (s,
3H, OCH3); 1.60 (t, 3H, CH3). Anal. C, H, N.

6.1.5.8. 3-(2-Methoxybenzyloxycarbonyl)-8-methoxy-
pyrazolo|5,1-¢|[1,2, 4]benzotriazine 5-oxide 4e. From acid
le method B. Yellow crystals. TLC eluent: isopr0}1)yl
ether/cyclohexane 8:3 v/v; IR v™' 1711, 1564; 'H
NMR (CDCls) ¢ 8.55 (s, 1H, H-2); 8.48 (d, 1H, H-6);
7.74 (d, 1H, H-9); 7.60 (d, 1H, H-3’ Ph); 7.32 (t, 1H,
H-5 Ph); 7.22 (dd, 1H, H-7); 7.01 (t, 1H, H-4' Ph);
6.93 (d, 1H, H-6' Ph); 5.50 (s, 2H, CH,); 4.10 (s, 3H,
OCH3); 3.59 (s, 3H, OCH3). Anal. C, H, N.

6.1.5.9. 3-(2-Methoxybenzyloxycarbonyl)-8-methylthio-
pyrazolo|5,1-c|[1,2, 4]benzotriazine 5-oxide 4f. From acid
1'% method B. Yellow crystals. TLC eluent: isopropyl
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Compound Formula Anal. Calcd Anal. Found
C H N C H N
2a C12HoO3Ny4Br 42.75 2.69 16.62 42.96 2.81 16.88
2b C1,HoO3N, I 37.52 2.36 14.59 37.88 2.72 14.79
2bR C12HoO,NyI 39.15 2.46 15.22 38.90 2.15 14.99
3c CsH 403Ny 64.66 4.22 16.76 64.89 4.58 16.78
3cR CsH40oNy 67.91 4.43 17.60 67.63 4.15 17.25
4a C,sH,30,N,Br 50.37 3.05 13.05 50.64 3.35 13.28
4b CgH304N41 45.40 2.75 11.76 45.72 2.95 12.03
4c C1oH 604Ny 62.63 4.43 15.38 62.31 4.26 15.18
4d CyoH 505Ny 58.11 4.22 14.65 57.84 3.97 14.35
4e Ci9H1605Ny 60.00 4.24 14.73 59.84 3.93 14.57
4f CoH 604N4S 57.57 4.07 14.13 57.78 4.42 14.36
4aR C,sH,30;N,Br 52.32 3.17 13.56 52.69 3.37 13.85
Sc¢ C,gH;305N;5 56.99 3.45 18.46 56.78 3.13 18.20
6a C15sHoO3N,4SBr 44.46 2.24 13.83 44.79 2.57 13.99
6b C5sHoO3N,SI 39.84 2.01 12.39 40.05 2.26 12.59
6¢ C1sH120;N,S 56.46 3.55 16.46 56.82 3.76 16.74
6d C7H404N,S 55.13 3.81 15.13 55.44 4.18 15.36
6e C16H1204N4S 53.93 3.39 15.72 53.64 3.62 15.99
6f Ci6H1203N,4S, 51.60 3.25 15.04 51.84 3.46 15.38
Tc C6H1203N4S 56.46 3.55 16.46 56.78 3.74 16.80
8c Ci16H 204Ny 59.26 3.73 17.28 59.58 4.03 17.54
9c C6H 204Ny 59.26 3.73 17.28 59.35 3.85 17.35
10c CisH1404Ny 61.71 4.03 15.99 61.99 4.35 16.28
11a C13H7,0ON,4SBr 44.97 2.03 16.14 44.62 1.98 16.01
11b C13H;0N,SI 39.61 1.79 14.21 39.78 1.85 14.35
11c C14H(ON4S 59.56 3.57 19.84 59.85 3.90 19.99
11cR Ci4H | oNgS 63.14 3.78 21.04 62.89 3.57 19.85
11d CsH,0,N4S 57.68 3.87 17.94 57.98 4.03 18.02
11e C14H0O,N4S 56.37 3.38 18.78 56.72 3.58 19.15
11f C14H10ON4S, 53.49 3.21 17.82 53.74 3.51 18.00
11g C3HgO,N4S 54.92 2.84 19.71 54.61 2.65 19.54
12¢ C14H(ON4S 56.56 3.57 19.84 56.19 3.20 19.74
12e Ci14H100,N,S 56.37 3.38 18.78 56.48 3.64 18.98
12f C14H | 0ON4S, 53.49 3.21 17.82 53.74 3.51 18.04
13¢ C1aH,00-N, 63.15 3.79 21.04 63.54 3.99 21.38
13d C5H 203Ny 60.81 4.08 18.91 61.04 4.35 19.06
13e Ci14H1003Ny 59.57 3.57 19.85 59.84 3.67 20.10
13f C14H00,N4S 56.37 3.38 18.78 56.68 3.57 18.95
14¢ C1aH,00-N, 63.15 3.79 21.04 63.29 3.98 21.34
14d C5sH,03Ny 60.81 4.08 18.91 61.04 4.27 19.21
15e C,0Hs0,N, 55.55 373 25.91 55.84 3.98 26.15
16¢ CoH;0N,4I 63.83 2.16 17.18 63.54 1.89 16.99
16d C,1Ho0,N, I 37.10 2.55 15.73 37.36 2.86 15.99
16e CoH70,N41 35.11 2.06 16.38 35.36 2.38 16.65
16f C10H7,ON4IS 33.53 1.97 15.64 35.85 2.13 15.84
ether/cyclohexane 8:3 v/v; IR v' 1710, 1560; 'H 6.1.5.11.  3-(2-Thienylmethoxycarbonyl)-8-bromopy-

NMR (CDCl3) & 8.54 (s, 1H, H-2); 8.40 (d, 1H, H-
6): 8.07 (d, 1H, H-9); 7.59 (d, 1H, H-3' Ph); 7.48
(dd, 1H, H-7); 7.32 (t, 1H, H-5' Ph); 7.01 (t, 1H,
H-4' Ph); 6.94 (d, 1H, H-6' Ph); 5.50 (s, 2H, CH.):
3.90 (s, 3H, OCHs); 2.70 (s, 3H, SCHj). Anal. C,
H, N.

6.1.5.10.  3-(2-Nitrobenzyloxycarbonyl)-8-methylpy-
razolo|5,1-¢][1,2,4]benzotriazine 5-oxide 5c¢. From acid
1c'® method B. Yellow crystals. TLC eluent: chloro-
form/methanol 10:0.1 v/v; IR v~! 1715, 1570; '"H NMR
(CDCls) 6 8.59 (s, 1H, H-2); 8.47 (d, 1H, H-6); 8.28 (d,
1H, H-9); 8.19 (d, 1H, H-3’ Ph); 8.07 (d, 1H, H-6’ Ph);
7.75 (t, 1H, H-5' Ph); 7.52 (m, 2H, H-7 and H-4' Ph);
5.87 (s, 2H, CH,); 2.69 (s, 3H, CH3). Anal. C, H, N.

razolo[5,1-¢|[1,2,4]benzotriazine 5-oxide 6a. From acid
la method B. Yellow crystals. TLC eluent: chloro-
form/methanol/acetic acid 10:0.5:0.1 v/v/v; IR v!
1727, 1567; "H NMR (DMSO-dg) 6 8.66 (s, 1H, H-2);
8.54 (d, 1H, H-9); 8.34 (d, 1H, H-6); 7.96 (dd, 1H, H-
7); 7.58 (m, 1H, H-3’ 2-thienyl); 7.28 (m, 1H, H-5" 2-thi-
enyl); 7.04 (m, 1H, H-4' 2-thienyl); 5.52 (s, 2H, CH;).
Anal. C, H, N.

6.1.5.12. 3-(2-Thienylmethoxycarbonyl)-8-iodiopyraz-
olo|5,1-¢][1,2,4]benzotriazine 5-oxide 6b. From acid 1b
method B. Yellow crystals. TLC eluent: isopropyl
ether/cyclohexane 8:3 v/v; IR vl 1723, 1565; 'H
NMR (CDCl3) ¢ 8.85 (d, 1H, H-9); 8.52 (s, 1H, H-2);
8.25 (d, 1H, H-6); 8.05 (dd, 1H, H-7); 7.35 (m, 1H,
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H-3’ 2-thienyl); 7.28 (m, 1H, H-5' 2-thienyl); 7.02 (m,
1H, H-4' 2-thienyl); 5.55 (s, 2H, CH,). Anal. C, H, N.

6.1.5.13.  3-(2-Thienylmethoxycarbonyl)-8-methylpy-
razolo[5,1-c|[1,2,4]benzotriazine 5-oxide 6¢. From acid
1c'® method B. Yellow crystals. TLC eluent: chloro-
form/methanol 10:0.1 v/v; IR v~! 1700, 1565; 'H
NMR (CDCls) o 8.50 (s, 1H, H-2); 8.44 (d, 1H, H-6);
8.23 (d, 1H, H-9); 7.52 (dd, 1H, H-7); 7.35 (m, 1H, H-
3’ 2-thienyl); 7.24 (m, 1H, H-5" 2-thienyl); 7.02 (m,
1H, H-4' 2-thienyl); 5.58 (s, 2H, CH,); 2.67 (s, 3H,
CH3). Anal. C, H, N.

6.1.5.14.  3-(2-Thienylmethoxycarbonyl)-8-ethoxypy-
razolo[5,1-¢][1,2,4]benzotriazine 5-oxide 6d. From acid
1d'7 method B. Yellow crystals. TLC eluent: chloro-
form/methanol 10:0.1 v/v; IR v~' 1700, 1565; 'H
NMR (CDCly) ¢ 8.51 (s, 1H, H-2); 8.46 (d, 1H, H-6);
7.70 (d, 1H, H-9); 7.34 (m, 1H, H-3’ 2-thienyl); 7.22
(m, 2H, H-7 and H-5' 2-thienyl); 7.02 (m, 1H, H-4' 2-
thienyl); 5.58 (s, 2H, CH,); 4.30 (q, 2H, CH,); 1.58 (¢,
3H, CH3). Anal. C, H, N.

6.1.5.15. 3-(2-Thienylmethoxycarbonyl)-8-methoxypy-
razolo[5,1-¢|[1,2,4]benzotriazine 5-oxide 6e. From acid 1e
method B. Yellow crystals. TLC eluent: isopropyl ether/
cyclohexane 8:3 v/v; IR v~' 1718, 1560; 'H NMR
(CDCl3) 0 8.53 (s, 1H, H-2); 8.48 (d, 1H, H-6); 7.74
(d, 1H, H-9); 7.36 (dd, 1H, H-7); 7.25 (dd, 1H, H-5" 2-
thienyl); 7.22 (dd, 1H, H-3’ 2-thienyl); 7.02 (m, 1H, H-
4’ 2-thienyl); 4.10 (s, 3H, OCHs3). Anal. C, H, N.

6.1.5.16. 3-(2-Thienylmethoxycarbonyl)-8-methylthio-
pyrazolo|5,1-¢][1,2,4]benzotriazine 5-oxide 6f. From acid
1f'® method B. Yellow crystals. TLC eluent: isoprog)yl
ether/cyclohexane 8:3 v/v; IR v 1709, 1570: 'H
NMR (CDCl3) ¢ 8.53 (s, 1H, H-2); 8.40 (d, 1H, H-06);
8.05 (d, 1H, H-9); 7.49 (dd, 1H, H-7); 7.36 (dd, 1H,
H-5" 2-thienyl); 7.25 (dd, 1H, H-3’ 2-thienyl); 7.03 (m,
1H, H-4' 2-thienyl); 5.60 (s, 2H, CH,); 2.70 (s, 3H,
SCHs3). Anal. C, H, N.

6.1.5.17.  3-(3-Thienylmethoxycarbonyl)-8-methylpy-
razolo|5,1-¢|[1,2,4]benzotriazine 5-oxide 7c. From acid
1c'® method B. Yellow crystals. TLC eluent: chloro-
form/methanol 10:0.1 v/v; IR v~! 1740, 1570; '"H NMR
(CDCl3) 6 8.52 (s, 1H, H-2); 8.44 (d, 1H, H-6); 8.23 (d,
1H, H-9); 7.50 (m, 2H, H-7 and H-2’ 3-thienyl); 7.34 (m,
1H, H-4’ 3-thienyl); 7.22 (m, 1H, H-5" 3-thienyl); 5.44
(s, 2H, CH,); 2.67 (s, 3H, CH3). Anal. C, H, N.

6.1.5.18. 3-(2-Furylmethoxycarbonyl)-8-methylpyraz-
olo|5,1-c][1,2,4]benzotriazine 5-oxide 8c. From acid 1c'®
method B. Yellow crystals. TLC eluent: chloroform/
methanol 10:0.1 v/v; IR v~' 1710, 1570; '"H NMR
(CDCl3) ¢ 8.51 (s, 1H, H-2); 8.44 (d, 1H, H-6); 8.24
(d, 1H, H-9); 7.52 (dd, 1H, H-7); 7.45 (d, 1H, H-3' 2-fur-
yl); 6.55 (d, 1H, H-5' 2-furyl); 6.40 (m, 1H, H-4’ 2-furyl);
5.38 (s, 2H, CH,); 2.67 (s, 3H, CHj3). Anal. C, H, N.

6.1.5.19. 3-(3-Furylmethoxycarbonyl)-8-methylpyraz-
olo[5,1-¢][1,2,4]benzotriazine 5-oxide 9c. From acid 1c!®
method B. Yellow crystals. TLC eluent: chloroform/

methanol 10:0.1 v/v; IR v~ ' 1730, 1570; 'H NMR
(CDCl3) ¢ 8.50 (s, 1H, H-2); 8.45 (d, 1H, H-6); 8.24
(d, 1H, H-9); 7.62 (d, 1H, H-2' 3-furyl); 7.51 (dd, 1H,
H-7); 7.42 (m, 1H, H-4' 3-furyl); 6.57 (d, 1H, H-5" 3-fur-
yl); 5.30 (s, 2H, CH,); 2.67 (s, 3H, CHj3). Anal. C, H, N.

6.1.5.20. 3-(2-Methoxyphenoxycarbonyl)-8-methylpy-
razolo[5,1-c|[1,2,4]benzotriazine 5-oxide 10c. From acid
1c'® method A. Yellow crystals. TLC eluent: toluene/
ethyl acetate/acetic acid 8:2:1 v/v/v; IR v~ 1730, 1570;
'"H NMR (CDCl5) é 8.68 (s, 1H, H-2); 8.45 (d, 1H, H-
6); 8.28 (d, 1H, H-9); 7.54 (dd, 1H, H-7); 7.24 (m, 2H,
H-4' and H-5' Ph); 7.02 (d, 2H, H-3’ and H-6’ Ph);
3.83 (s, 3H, OCH3); 2.69 (s, 3H, CH3). Anal. C, H, N.

6.1.6. General procedure for the synthesis of 3-heteroaryl
derivatives 11a—g, 12¢, and 12e—f. The cyclization to pyr-
azolo[5,1-c][1,2,4]benzotriazine 5-oxide system was ob-
tained from the suitable 5-aminopyrazoles Ila, IIb, Ilc,
and Illc in alkaline medium, 10% sodium hydroxide
solution, according to a previously reported method.!®
For compounds 11d-g the starting material was the pre-
viously described 1-(2-nitro-5-chlorophenyl)-4-(thien-3-
yl)-5-amino pyrazole!® that was suspended in 10% sodi-
um hydroxide solution. In these conditions, the pyra-
zolobenzotriazine N-oxide system is formed and the
chlorine atom undergoes the nucleophilic substitution
yielding 11d as precipitate and 11g in solution, when
treated with ethanol/sodium hydroxide; yielding 1le
when treated with methanol/sodium hydroxide and 11f
when treated with sodium thiomethoxide/ethanol.

6.1.6.1. 3-(Thien-3-yl)-8-bromopyrazolo|5,1-c][1,2.4]-
benzotriazine 5-oxide 11a. From IIa. Red crystals. TLC
eluent: isopropyl ether/cyclohexane 8:3 v/v; IR v~ 1590;
'"H NMR (CDCly) 6 8.56 (d, 1H, H-9); 8.40 (d, 1H,
H-6); 8.32 (s, 1H, H-2); 7.90 (dd, 1H, H-2' 3-thienyl);
7.72 (dd, 1H, H-7); 7.64 (dd, 1H, H-5" 3-thienyl); 7.44
(dd, 1H, H-4’ 3-thienyl). Anal. C, H, N.

6.1.6.2.  3-(Thien-3-yl)-8-iodiopyrazolo|5,1-c|[1,2,4]-
benzotriazine 5-oxide 11b. From IIb. Red crystals. TLC
eluent: isopropyl ether/cyclohexane 8:3 v/v; IR v~! 1578;
'"H NMR (CDCl5) 6 8.78 (d, 1H, H-9); 8.32 (s, 1H, H-2);
8.23 (d, 1H, H-6); 7.90 (m, 2H, H-7 and H-2’ 3-thienyl);
7.65 (dd, 1H, H-5' 3-thienyl); 7.44 (dd, 1H, H-4' 3-thie-
nyl). Anal. C, H, N.

6.1.6.3. 3-(Thien-3-yl)-8-methylpyrazolo|5,1-c][1,2,4]-
benzotriazine 5-oxide 11c. From Ilc. Red crystals. TLC
eluent: toluene/ethyl acetate/acetic acid 8:2:1 v/v/v; IR
v~11540; '"H NMR (CDCls) 6 8.45 (d, 1H, H-6); 8.30
(s, 1H, H-2); 8.17 (d, 1H, H-9); 7.90 (dd, 1H, H-2' 3-thi-
enyl); 7.66 (dd, 1H, H-5’ 3-tienyl); 7.46 (m, 2H, H-7 and
H-4' 3-thienyl). Anal. C, H, N.

6.1.6.4. 3-(Thien-3-yl)-8-ethoxypyrazolo|5,1-c][1,2,4]-
benzotriazine 5-oxide 11d. From 1-(2-nitro-5-chlorophe-
nyl)-4-(thien-3-yl)-5-aminopyrazole!® in 10% sodium
hydroxide/ethanol at 60 °C. Red crystals. TLC eluent:
toluene/ethyl acetate/acetic acid 8:2:1 v/v/v; IR v!
1540; 'TH NMR (CDCl;) 6 8.46 (d, 1H, H-6); 8.30 (s,
1H, H-2); 7.90 (dd, 1H, H-2' 3-thienyl); 7.68 (m, 2H,
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H-9 and H-5' 3-tienyl); 7.44 (dd, 1H, H-4’ 3-thienyl);
7.14 (dd, 1H, H-7). Anal. C, H, N.

6.1.6.5. 3-(Thien-3-yl)-8-methoxypyrazolo[5,1-c]|[1,2,4]-
benzotriazine 5-oxide 11e. From 1-(2-nitro-5-chlorophe-
nyl)-4-(thien-3-yl)-5-aminopyrazole!® in 10% sodium
hydroxide solution/methanol at 60 °C. Red crystals.
TLC eluent: toluene/ethyl acetate/acetic acid 8:2:1 v/v/
v; IR v~! 1540; '"H NMR (CDCl;) ¢ 8.50 (d, 1H, H-6);
8.34 (s, 1H, H-2); 7.92 (dd, 1H, H-2’ 3-thienyl); 7.71
(dd, 1H, H-9); 7.68 (m, 1H, H-4' 3-tienyl); 7.45 (m,
1H, H-5" 3-thienyl); 7.16 (dd, 1H, H-7); 4.10 (s, 3H,
OCH3). Anal. C, H, N.

6.1.6.6. 3-(Thien-3-yl)-8-methylthiopyrazolo[5,1-c|[1,2,
4]benzotriazine S5-oxide 11f. From 1-(2-nitro-5-chlor-
ophenyl)-4-(thien-3-yl)-5-aminopyrazole!® in sodium
thiomethoxide/ethanol at RT °. Red crystals. TLC elu-
ent: toluene/ethyl acetate/acetic acid 8:2:1 v/v/v; IR v!
1540; '"H NMR (CDCl3) 6 8.41 (d, 1H, H-6); 8.32 (s,
1H, H-2); 8.03 (dd, 1H, H-9); 7.92 (dd, 1H, H-2’ 3-thie-
nyl); 7.68 (m, 1H, H-4' 3-tienyl); 7.45 (m, 1H, H-5" 3-thi-
enyl); 7.42 (dd, 1H, H-7); 2.70 (s, 3H, SCH3). Anal. C,
H, N.

6.1.6.7. 3-(Thien-3-yl)-8-hydroxypyrazolo[5,1-c][1,2,4]-
benzotriazine 5-oxide 11g. From 1-(2-nitro-5-chlorophe-
nyl)-4-(thien-3-yl)-5-aminopyrazole!® in 10% sodium
hydroxide solution/ethanol at 60 °C as by-product. This
compound was obtained after concentration of reaction
solvent and acidification with hydrochloric acid. The
residue was treated with ethanol/water and filtered.
Red crystals. TLC eluent: toluene/ethyl acetate/acetic
acid 8:2:1 v/viv; IR v~! 3400-2900, 1540; '"H NMR
(DMSO-dg) 6 11.7 (br s, exch. 1H, OH); 8.65 (s, 1H,
H-2); 8.30 (d, 1H, H-6); 7.90 (dd, 1H, H-2" 3-thienyl);
7.70 (m, 2H, H-4’ and H-5' 3-tienyl); 7.50 (d, 1H, H-
9); 7.14 (dd, 1H, H-7). Anal. C, H, N.

6.1.6.8. 3-(Thien-2-yl)-8-methylpyrazolo|5,1-c][1,2,4]-
benzotriazine 5-oxide 12c¢. From IIle. Red crystals.
TLC eluent: toluene/ethyl acetate/acetic acid 8:2:1 v/v/
v; IR v~' 1550; '"H NMR (CDCl,) ¢ 8.44 (d, 1H, H-6);
8.28 (s, 1H, H-2); 8.18 (d, 1H, H-9); 7.64 (dd, 1H, H-
5’ 2-tienyl); 7.44 (dd, 1H, H-7); 7.34 (dd, 1H, H-3' 2-tie-
nyl); 7.14 (dd, 1H, H-4' 2-thienyl); 2.63 (s, 3H, CHj).
Anal. C, H, N.

6.1.6.9. 3-(Thien-2-yl)-8-methoxypyrazolo[S,1-c|[1,2,4]-
benzotriazine 5-oxide 12e. From 1-(2-nitro-5-chlorophe-
nyl)-4-(thien-2-yl)-5-aminopyrazole!® in 10% sodium
hydroxide solution/methanol. Red crystals. TLC elu-
ent: toluene/ethyl acetate/acetic acid 8:2:1 v/v/v; IR
v™! 1540; 'H NMR (CDCly)  8.50 (d, 1H, H-6);
8.30 (s, 1H, H-2); 7.71 (dd, 1H, H-9); 7.66 (dd, 1H,
H-3' 2-thienyl); 7.35 (dd, 1H, H-5" 2-tienyl); 7.17 (dd,
1H, H-7); 7.15 (m, 1H, H-4’ 2-thienyl); 4.10 (s, 3H,
OCH3;). Anal. C, H, N.

This compound is also obtained, with excellent yield, by
the Suzuki-coupling reaction using as starting material
8-methoxypyrazolo[5,1-c][1,2,4]benzotriazine  5-oxide,
15e (sce below), and 2-thiophen boronic acid following

the same procedure described for compounds 13c—f
and 14c—d.

6.1.6.10. 3-(Thien-2-yl)-8-methylthiopyrazolo[5,1-¢]
[1,2,4]benzotriazine 5-oxide 12f. From 1-(2-nitro-5-chlor-
ophenyl)-4-(thien-2-yl)-5-aminopyrazole!® in sodium
thiomethoxide/ethanol under N,. Red crystals. TLC
eluent: isopropyl ether/cyclohexane 8:3 v/v; IR v~' 1540;
"H NMR (CDCl;) 6 8.40 (d, 1H, H-6); 8.29 (s, 1H, H-
2); 8.02 (dd, 1H, H-9); 7.66 (dd, 1H, H-5’ 2-thienyl);
7.42 (dd, 1H, H-7); 7.35 (m, 1H, H-3' 2-tienyl); 7.15 (m,
1H, H-4’ 2-thienyl); 2.70 (s, 3H, SCH3). Anal. C, H, N.

This compound is also obtained, with excellent yield, by
the Suzuki-coupling reaction using as starting material
8-methylthioypyrazolo[5,1-¢c][1,2,4]benzotriazine  5-0x-
ide'® and 2-thiophenboronic acid following the same
procedure described for compounds 13¢—f and 14c—d.

6.1.7. General procedure for the synthesis of 3-furyl
derivatives 13c—f and 14c-d. Tetrakis-(triphenylphps-
phine)palladium(0) (30 mg, 0.026 mmol) and the suit-
able 3-iodio derivatives (0.30 mmol), 16c—f (see below),
were combined in anhydrous toluene (4.0 mL). The 3-
and 2-furanboronic acids (70 mg, 0.62 mmol) in abso-
lute ethanol (2.5 mL) and aqueous sodium carbonate
(2 M, 4 mL) were added and the reaction mixture was
heated to reflux for 12 h and monitored by TLC. The
red product was then extracted by methylene chloride
and the organic layer was washed with water and dried
over sodium sulfate. The evaporation of solvent gave the
crude product that was recrystallized by suitable solvent.

6.1.7.1. 3-(Fur-3-yl)-8-methylpyrazolo|[S,1-c|[1,2,4]ben-
zotriazine 5-oxide 13c. From 16¢ and 3-furanboronic
acid. Red crystals. TLC ecluent: acetone/cyclohexane
1:4 v/v; IR v~ 1530; '"H NMR (CDCls) 6 8.44 (d, 1H,
H-6); 8.20 (s, 1H, H-2); 8.17 (d, 1H, H-9); 8.07 (d, 1H,
H-2’ 3-furyl); 7.53 (dd, 1H, H-4’ 3-furyl); 7.43 (dd,
1H, H7); 691 (dd, 1H, H-5" 3-furyl); 2.64 (s, 3H,
CH3). Anal. C, H, N.

6.1.7.2.  3-(Fur-3-yl)-8-ethoxypyrazolo|5,1-c]|[1,2,4]-
benzotriazine 5-oxide 13d. From 16d and 3-furanboronic
acid. Red crystals. TLC eluent: isopropylether; IR v~
1530; 'TH NMR (CDCl;) 6 8.44 (d, 1H, H-6); 8.18 (s,
1H, H-2); 8.08 (d, 1H, H-2’ 3-furyl); 7.64 (d, 1H, H-9);
7.52 (dd, 1H, H-5" 3-furyl); 7.10 (dd, 1H, H7); 6.90
(dd, 1H, H-4' 3-furyl); 4.20 (q, 2H, CH,); 1.40 (t, 3H,
CH3). Anal. C, H, N.

6.1.7.3. 3-(Fur-3-yl)-8-methoxypyrazolo|5,1-c][1,2,4]-
benzotriazine 5-oxide 13e. From 16e and 3-furanboronic
acid. Red crystals. TLC eluent: isopropyl ether/cyclo-
hexane 8:3 v/v; IR v~' 1530; "H NMR (CDCl;) § 8.48
(d, 1H, H-6); 8.22 (s, 1H, H-2); 8.09 (d, 1H, H-2" 3-fur-
yl); 7.70 (d, 1H, H-9); 7.54 (m, 1H, H-5" 3-furyl); 7.15
(dd, 1H, H7); 6.93 (m, 1H, H-4" 3-furyl); 4.10 (s, 3H,
OCH3). Anal. C, H, N.

6.1.7.4. 3-(Fur-3-yl)-8-methylthiopyrazolo[S,1-c|[1,2,4]-
benzotriazine 5-oxide 13f. From 16f and 3-furanboronic
acid. Red crystals. TLC eluent: isopropyl ether/cyclo-
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hexane 8:3 v/v: IR v™!' 1530; '"H NMR (CDCly) ¢
8.40 (d, 1H, H-6); 8.21 (s, 1H, H-2); 8.08 (d, 1H,
H-2' 3-furyl); 8.02 (d, 1H, H-9); 7.54 (m, 1H, H-5'
3-furyl); 7.41 (dd, 1H, H7); 6.93 (m, 1H, H-4’ 3-fur-
yl); 2.70 (s, 3H, SCH3). Anal. C, H, N.

6.1.7.5. 3-(Fur-2-yl)-8-methylpyrazolo|5,1-c|[1,2,4]ben-
zotriazine 5-oxide 14c. From 16¢ and 2-furanboronic
acid. Red crystals. TLC eluent: ethyl acetate/cyclohex-
ane 1:3 v/v; IR v~! 1530; '"H NMR (CDCl;) é 8.43 (d,
1H, H-6); 8.36 (s, 1H, H-2); 8.17 (d, 1H, H-9); 7.51 (d,
1H, H-3’ 2-furyl); 7.43 (dd, 1H, H-7); 6.97 (d, 1H, H-
5" 2-furyl); 6.54 (dd, 1H, H-4’ 2-furyl); 2.64 (s, 3H,
CHs;). Anal. C, H, N.

6.1.7.6.  3-(Fur-2-yl)-8-ethoxypyrazolo|5,1-c][1,2,4]-
benzotriazine 5-oxide 14d. From 16d and 2-furanboronic
acid. Red crystals. TLC eluent: isopropylether; IR v~
1530; '"H NMR (CDCl;) 6 8.44 (d, 1H, H-6); 8.38 (s,
1H, H-2); 7.64 (d, 1H, H-9); 7.48 (d, 1H, H-3' 2-furyl);
7.12 (dd, 1H, H-7); 6.96 (m, 1H, H-5" 2-furyl); 6.54
(m, 1H, H-4' 2-furyl); 4.20 (q, 2H CH,); 1.40 (t, 3H,
CHs;). Anal. C, H, N.

6.1.7.7. 8-methoxypyrazolo|5,1-c][1,2,4]benzotriazine
5-oxide 15e. Compound le, 3-carboxy-8-methoxypyraz-
olo[5,1-c][1,2,4]benzotriazine 5-oxide, was treated with
concd hydrochloric acid until the starting material dis-
appeared by evaluation with TLC. The final solution
was treated with ice and the precipitate was filtered
and crystallized by a suitable solvent.

Yellow crystals. TLC eluent: toluene/ethyl acetate/acetic
acid 8:2:1 v/v/v; IR v7! 1560; '"H NMR (DMSO-dg) ¢
8.50 (d, 1H, H-6); 8.10 (s, 1H, H-2); 7.73 (d, 1H, H-9);
7.17 (dd, 1H, H7); 6.47 (d, 1H, H-3); 4.08 (s, 3H,
OCH3). Anal. C, H, N.

6.1.8. General procedure for the synthesis of compounds
16¢c—f. Compounds 8-methylpyrazolo[5,1-¢][1,2,4]benzo-
triazine 5-oxide,'® 8-ethoxy pyrazolo[5,1-c][1,2,4]benzo-
triazine  5-oxide,!”  8-methoxypyrazolo[5,1-c][1,2,4]
benzotriazine 5-oxide, 15e, and §-methylthiopyrazol-
o[5,1-c][1,2,4]benzotriazine 5-oxide'® were dissolved in
chloroform and treated with an excess of iodine
monochlorine (ICl) in chloroform. The reaction was
monitored by TLC; the final solution was evaporated
and the residue was treated with ethanol 80%, filtered,
and recrystallized by suitable solvent.

6.1.8.1. 3-Iodio-8-methylpyrazolo|5,1-c][1,2,4]benzotri-
azine S-oxide 16c. From 8-methylpyrazolo[5,1-
c][1,2,4]benzotriazine 5-oxide!® and ICl. Dark yellow
crystals. TLC eluent: toluene/ethyl acetate/acetic acid
8:2:1 v/v/v; IR v~ ! 1570; '"H NMR (CDCl;) é 8.43 (d,
1H, H-6); 8.17 (d, 1H, H-9); 8.09 (s, 1H, H-2); 7.44
(dd, 1H, H-7); 2.64 (s, 3H, CH3). Anal. C, H, N.

6.1.8.2. 3-Iodio-8-ethoxypyrazolo|5,1-c|[1,2,4]benzotri-
azine 5-oxide 16d. From 8-ethoxypyrazolo[5,1-
c][1,2,4]benzotriazine 5-oxide'” and ICl. Dark yellow
crystals. TLC eluent: toluene/ethyl acetate/acetic acid
8:2:1 v/viv; IR v! 1560; '"H NMR (CDCl;) 6§ 8.45 (d,

1H, H-6); 8.10 (s, 1H, H-2); 7.65 (d, 1H, H-9); 7.15
(dd, 1H, H-7); 4.30 (q, 2H, CH,); 1.50 (t, 3H, CHj3).
Anal. C, H, N.

6.1.8.3. 3-Iodio-8-methoxypyrazolo|5,1-c][1,2,4]benzo-
triazine 5-oxide 16e. From 15e¢ and ICI. Dark yellow
crystals. TLC eluent: toluene/ethyl acetate/acetic
acid 8:2:1 v/viv; IR v=! 1570; '"H NMR (CDCl;) o
8.48 (d, 1H, H-6); 8.11 (s, 1H, H-2); 7.69 (d, 1H,
H-9); 7.17 (dd, 1H, H-7); 4.10 (s, 3H, OCH3). Anal.
C, H, N.

6.1.8.4. 3-Iodio-8-methylthiopyrazolo|S,1-c|[1,2,4]ben-
zotriazine 5-oxide 16f. From 8-methylthiopyrazolo[5,1-
c][1,2,4]benzotriazine 5-oxide!® and ICl. Dark yellow
crystals. TLC eluent: toluene/ethyl acetate/acetic acid
8:2:1 v/vlv; IR v~ ! 1560; '"H NMR (CDCl5) 6 8.40 (d,
1H, H-6); 8.11 (s, 1H, H-2); 8.01 (d, 1H, H-9); 7.43
(dd, 1H, H-7); 2.65 (s, 3H, SCHs). Anal. C, H, N.

6.1.9. General procedure for synthesis of compounds, 3cR,
4aR and 11cR. These compounds were obtained by fol-
lowing a previously described procedure of reduction
with triethyl phosphite (1.5mL) in toluene'® (5.0 mL)
at refluxing temperature for 6-8 h, starting from com-
pounds 3c, 4a, and 11c.

6.1.9.1.  3-Benzyloxycarbonyl-8-methylpyrazolo|S,1-
cll1,2,4]benzotriazine 3cR. From 3c. Yellow crystals.
TLC eluent: toluene/ethyl acetate 8:3 v/v; IR v
1711; '"H NMR (CDCl;) 6 8.66 (s, 1H, H-2); 8.63 (d,
1H, H-6); 8.32 (d, 1H, H-9); 7.66 (dd, 1H, H-7); 7.58
(dd, 2H, H-2' and H-6' Ph); 7.40 (m, 3H, H-3’, H-4'
and H-5" Ph); 5.51 (s, 2H, CHy); 2.72 (s, 3H, CHs;).
Anal. C, H, N.

6.1.9.2. 3-(2-Methoxybenzyloxycarbonyl)-8-bromopy-
razolo[5,1-¢|[1,2,4]benzotriazine 4aR. From 4a. Yellow
crystals. TLC eluent: isopropyl ether/cyclohexane 8:3
v/v; IR v~ 1720; "TH NMR (CDCl;) ¢ 8.72 (d, 1H, H-
9); 8.68 (s, 1H, H-2); 8.62 (d, 1H, H-6); 7.960 (dd, 2H,
H-7); 7.62 (d, 1H, H-3' Ph); 7.34 (t, 1H, H-5' Ph); 7.02
(t, 1H, H-4" Ph); 6.92 (d, 1H, H-6" Ph); 5.60 (s, 2H,
CH,); 3.87 (s, 3H, OCH3). Anal. C, H, N.

6.1.9.3. 3-(Thien-3-yl)-8-methylpyrazolo|5,1-c][1,2,4]-
benzotriazine 11cR. From 11c. Dark orange crystals.
TLC eluent: acetone/cyclohexane 1:4 v/iv: 'H NMR
(CDCl3) ¢ 8.52 (d, 1H, H-6); 8.42 (s, 1H, H-2); 8.26
(d, 1H, H-9); 8.22 (dd, 1H, H-2’' 3-thienyl); 7.88 (dd,
1H, H-5’ 3-thienyl); 7.58 (dd, 1H, H-7); 7.50 (dd, 1H,
H-4' 3-thienyl). Anal. C, H, N.

6.2. Radioligand binding assay

6.2.1. Binding Studies. ["’H]R015-1788 (specific activity
70.8 Ci/mmol) was obtained from NEN Life Sciences
products. All the other chemicals, which were of reagent
grade, were obtained from commercial suppliers.

Bovine cerebral cortex membranes were prepared as
previously described.’®3° The membrane preparations
were diluted with 50 mM Tris—citrate buffer, pH 7.4,
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and used in the binding assay. Protein concentration
was assayed using the method of Lowry et al.#
[*HJRo015-1788 binding studies were performed as pre-
viously reported.'® Clonal mammalian cell lines,
expressing relatively high levels of GABA, receptor
subtypes (o1B2v2, 1Payva, %3B2y2, and asPsyy), were
maintained as previously described*! in minimum
essential medium Eagle’s with EBSS, supplemented
with 10% fetal calf serum, L-glutamine (2 mM), penicil-
lin (100 U/ml), and streptomycin (100 pg/ml) in a
humidified atmosphere of 5% CO0,/95% air at 37 °C.
After removal, the cells were harvested by centrifuga-
tion at 500g. The crude membranes were prepared after
homogenization in 10 mM potassium phosphate, pH
7.4, and differential centrifugation at 48,000g for
30 min at 4 °C. The pellets were washed twice in this
manner before final resuspension in 10 mM potassium
phosphate, EH 7.4, that contained 100 mM potassium
chloride.*! ["HJR015-1788 binding assays to transfected
cell membranes were carried out as previously de-
scribed.*! In brief, the cell line membranes were incu-
bated in a volume of 500 ul, which contained
[*H]R015-1788 at a concentration of 1-2nM and test
compound in the 107°-107>M range. Nonspecific
binding was defined by 107> M diazepam. Assays were
incubated to equilibrium for 1h at 4°C. The com-
pounds were dissolved in DMSO, the level of which
did not exceed 1% and which was maintained constant
in all tubes. At least six different concentrations of each
compound were used. The data of n =15 experiments
carried out in triplicate were analyzed by means of
an iterative curve-fitting procedure (program Prism,
GraphPad, San Diego, CA), which provided ICs, K;
and SEM values for tested compounds, the K; values
being calculated from the Cheng and Prusoff
equation.*?

6.3. Pharmacological methods

The experiments were carried out in accordance with the
Animal Protection Law of the Republic of Italy, DL
No. 116/1992, based on the European Communities
Council Directive of 24 November 1986 (86/609/EEC).
All efforts were made to minimize animal suffering and
to reduce the number of animals involved. Male CD-1
Albino mice (22-24 g) and male Wistar rats (180—
200 g) (Harlan, Italy) were used. Twelve mice and three
rats were housed per cage and fed a standard laboratory
diet, with tap water ad libitum for 12/12 h light/dark cy-
cles (lights on at 7:00). The cages were brought into the
experimental room the day before the experiment, for
acclimatization purposes. All experiments were per-
formed between 10:00 and 15:00.

6.3.1. Rota-rod test. The integrity of the animals’ motor
coordination was assessed using a rota-rod apparatus
(Ugo Basile, Varese, Italy) at a rotating speed of
24 rpm. The numbers of falls from the rod in 30s,
25 min after drug administration, were counted.

6.3.2. Grip-strength meter test. The grip-strength meter
measures forelimb grip-strength in rodents. The appa-
ratus is formed by a Perspex basis on which is located

a grasping trapeze. Mouse instinctively grabs the tra-
peze, when raised by trail, trying to stop this involun-
tary backward movement until the pulling force
overcomes animal’s grip strength. After the animal los-
es its grip, the peak preamplifier automatically stores
the peak pull force and shows it on a liquid crystal
display.

6.3.3. Hole-board test. The hole-board test was used to
evaluate the effects of drugs on a mouse’s explorative
capacity and curiosity. Mice were placed individually
on the board and left free to explore both panel and
holes for 5 min, 30 min after drug administration.

6.3.4. Mouse light/dark box test. The apparatus (50 cm
long, 20 cm wide, and 20 cm high) consisted of two
equal acrylic compartments, one dark and one light,
illuminated by a 60 W bulb lamp and separated by a
divider with a 10 x 3-cm opening at floor level. Each
mouse was tested by placing it in the center of the
lighted area, facing away from the dark one, and
allowing it to explore the novel environment for
5 min. The number of transfers from one compartment
to the other and the time spent in the illuminated side
were measured. This test exploited the conflict between
the animal’s tendency to explore a new environment
and its fear of bright light.

6.3.5. Pentylenetetrazole-induced seizure. PTZ (90 mg/kg
sc) was injected 30 min after the administration of drugs.
The frequency of the occurrence of clonic generalized
convulsions was noted over a period of 30 min.

6.3.6. Ethanol-induced sleeping time test. Ethanol (4 g/kg
ip) was injected 30 min after drug administration. The
duration of a loss of the righting reflex was measured
as the sleep time. If the mice slept more than 210 min,
the end-point was recorded as 210 min.

Drugs: Diazepam (Valium 10—Roche), Flumazenil
(Roche), Pentylenetetrazole (Sigma), and Zolpidem
(Tocris) were the drugs used. All drugs, except for
PTZ, were suspended in 1% carboxymethylcellulose
sodium salt and sonicated immediately before use.
PTZ was dissolved in isotonic (NaCl 0.9%) saline solu-
tion and injected sc. All benzodiazepine receptor
ligands were administered by the po route, except for
flumazenil, which was administered ip. Drug concen-
trations were prepared in such a way that the necessary
dose could be administered in a 10 ml/kg volume of
carboxymethylcellulose (CMC) 1% by the po, ip or sc
routes.

Statistical analysis: Results are given means £ SEM.
Statistical analysis was performed by means of ANO-
VA, followed by Scheffe’s post hoc test. Student’s two-
tailed ¢ test was used to verify significance between
two means. Data were analyzed using a computer pro-
gram (Number Cruncher Statistical System, Version
5.03 9/92). For percentage values, chi-square analysis
was used in accordance with Tallarida and Murray.
P values of less than 0.05 were considered
significant.*?
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Abstract—In an effort to improve diazabicycloalkane-based opioid receptor ligands, N-3(6)-arylpropenyl-N-6(3)-propionyl-3,6-diaz-
abicyclo[3.1.1]Theptanes (3A,Ba-i) were synthesized and their affinity and selectivity towards p-, 8- and k-receptors were evaluated.
The results of the current study revealed a number of compounds (3Bb, 3Bg and 3Bh) having a high affinity for p (K at p-receptors
ranging from 2.7 to 7.9 nM) versus & (K; at d-receptors >2000 nM) and versus k (K at k-receptors >5000 nM) receptors.

Molecular modelling carried out on the pair 3Aa/3Ba and on the 3Bh was consistent with the hypothesis that the two series of
compounds 3A and 3B interact with the p-receptor in very different ways.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The nucleus of 3,8-diazabicyclo[3.2.1]octane (DBO) (1)
(Chart 1) when substituted at N3 and Ng by a propionyl
and by an appropriate arylalkenyl group (1A,B) gave
compounds provided with a central analgesic activity
comparable to or higher than that of morphine.! Their
activity was found to be related to their interaction with
opioid p-receptors with the affinity in the nanomolar
range, similar to morphine but with a higher p/3, x selec-
tivity.> Molecular modelling studies suggest that the
endoethanic bridge of 1A,B plays an essential role in
modulating p-affinity by fitting lipophilic pockets of
the receptor.?

This hypothesis was supported by the following evi-
dences: (a) the corresponding piperazine and equatorial
cis-2,6-dimethyl piperazine derivatives exhibited a mark-
edly lower p-affinity and (b) the higher homologues

Keywords: Synthesis of 3,6-diazabicyclo[3.1.1]heptanes; Opioid recep-

tors affinities and selectivities; Molecular modelling.

*Corresponding author. Tel.: +39 079228721; fax: +39 079228720;
e-mail: pinger@uniss.it

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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of 1 namely 3,9-diazabicyclo[3.3.1]Jnonanes (DBN) (2)
similarly substituted on the N3 and Ny (2A,B) also
displayed selective p-affinity in the nanomolar range.
Contrary to compounds 1, the majority of the tested
N3-propionyl-Ng-arylalkenyl derivatives (2B) exhibited
a selective p-affinity significantly higher with respect
to the isomeric series (2A). Representative DBN terms,
when tested in vivo (mouse), displayed a potent analge-
sic effect which favourably compared with that of
morphine.*

Quite interestingly, taking into account that the major
limitation in the medical utilization of morphine and
related opioids arises from two peculiar side effects
closely linked to their chronic use, tolerance and depen-
dence, we have recently observed that in the DBO class
the 3-p-nitrocinnamyl-8-propionyl derivative (1Ab), pro-
vided with high affinity and selectivity towards p opioid
receptor (K; = 25 nM) and central analgesic activity (hot
plate test in mice, EDsy 0.44 mg/kg ip), did not induce
abstinence signs connected to dependence. In addition,
the isomer of 1Ab having the N3 and Ng substituents
reverted (1Bb) induced, in chronically treated mice,
tolerance after 13 days as compared to 5 days for
morphine.’ The development of tolerance in a time
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f

Ring=[3.2.1]

1(DBO)

Chart 1.

significantly longer than morphine (9 days) was also
observed in the representative DBN derivative
N-9-(3,3-diphenylprop-2-enyl)-N-3-propionyl-diazabi-
cyclo[3.3.1]Jnonane which also provided with high
p-affinity (K;=5nM) and analgesic potency (EDsq
3.88 mg/kg ip).*

2 (DBN)

Our continuing interest in the bicylic systems bearing a
piperazine moiety has now induced us to extend
researches to the class of 3,6-diazabicyclo[3.1.1]heptanes
(3A.B) (DBH) having on the piperazine moiety an
endomethane bridge which determines an increased
rigidity with respect to the higher homologues 1A,B

Table 1. Binding affinities of 3Aa-i and 3Ba-i for opioid receptors K; (nM)*

AVV@

A\/)V

3Aai 3Ba-i
Compound® R R, u ) K K; ratio
K/p o/p

3Aa H H 600 + 75 600 >10,000 1 >16.7
3Ab 4-NO, H 850 £ 70 >10,000 >10,000 >11.8 >11.8
3Ac 2-Cl H 207 £ 32 >10,000 >10,000 >48.3 >48.3
3Ad 3-Cl H 220 =42 2,000 >10,000 9.1 >45.4
3Ae 4-Cl H 452+ 42 >10,000 >10,000 >22.1 >22.1
3Af H CHj; 5% inhibition at 1 pM >10,000 >10,000 — —

3Ag 4-Cl CH3; 363+ 53 >10,000 >10,000 >27.5 >27.5
3Ah 3,4-Cl, CH; 223+ 15 >10,000 >10,000 >44.8 >44.8
3Ai H CH,CH; 237125 >10,000 >10,000 >42.2 >42.2
3Ba H H 208 £ 8 >5,000 >5,000 >24.0 >24.0
3Bb 4-NO, H 52%0.8 >10,000 >10,000 >1923.1 >1923.1
3Bc 2-Cl H 92+4 >5,000 >5,000 >54.3 >54.3
3Bd 3-Cl H 21+0.7 2060 *+ 70 >5,000 98.1 >238.1
3Be 4-Cl H 162 4100 = 50 >5,000 256.2 >312.5
3Bf H CH3; 178 + 11 >5,000 >5,000 >28.1 >28.1
3Bg 4-Cl CH; 79%0.7 2050 + 50 >5,000 259.5 >632.9
3Bh 3,4-Cl, CHj; 2.7%0.5 2200 * 200 >5,000 814.8 >1851.8
3Bi H CH,CH; 384+ 12 >5,000 >5,000 >13.0 >13.0
Morphine 2.8+0.04 100.2 +5.14 280.8 +9.2 934 262.4

#The K; values for the test ligands were determined with assays described in Section 4. Results are means + SEM for three independent experiments

assayed in triplicate.

®The receptor binding affinities of all compounds were carried on their hydrochlorides or fumarates.
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(DBO) and 2A,B (DBN) (see Table 1). The DBH nucle-
us is so far undescribed in the literature. In this paper,
we describe the synthesis of 3-arylpropenyl-6-propio-
nyl-3,6-diazabicyclo[3.1.1]Theptane (3Aa—i) and of the 6-
arylpropenyl-3-propionyl-3,6-diazabicyclo[3.1.1]heptane
(3Ba-i) isomers and their affinity towards p-, 6-, k-
receptors.

2. Chemistry

The approach we envisaged for the synthesis of the 3,6-
diazabicyclo[3.1.1]heptanes 3A,B was initially based on
the procedure we employed for the synthesis of the high-
er homologues DBO, DBN.2*6

In particular, dimethyl 2,4-dibromoglutarate (5) (see
Scheme 1), easily obtained by reacting the commercially
available acid dichloride 4 with bromine and dry meth-
anol, was condensed with 3 molar equivalent of benzyl-
amine at 80 °C to give a 3:1 ratio of the known cis—trans-
2,4-dicarbomethoxy-1-benzylazetidines 6 and 6’.” Reac-
tion of 6 with benzylamine in toluene under reflux for
12 h failed to give the desired imide bicyclic product 7
contrary to the trend reported in our previous papers
for the synthesis of DBO and DBN.2*° This unexpected
result did induce us to investigate alternative reactions
starting from cis-1-benzylazetidine-2,4-dicarboxylic acid
(8) or from the corresponding amide 10, easily obtained
from 6. However, attempts to convert 8 in refluxing ace-
tic anhydride into 9 or 10 into the imide 7 were unsuc-
cessful (see Scheme 2).

The procedure that enabled us to obtain the desidered
DBH intermediate 3,6-dibenzyl-3,6-diazabicyclo[3.1.1]-
heptan-2-one (14) is reported in Scheme 3. Accordingly,
the cis-diester 6 was converted with benzylamine in reflux-
ing toluene into 55% of the monobenzylamide 11. The
structure of compound 11 was determined by analysis of
its '"H NMR. The spectrum showed a characteristic AB
system centred at dy 3.75 for diastereotopic hydrogens

(o} O
J o
—_—
Cl Cl

3cooc-—<>—- COOCH,

ol

of the methylene group attached to the amine nitrogen
and two multiplets at dy 2.74 and oy 2.22 for the protons
located on the C; carbon of the azetidine ring.
The reduction of 11 with NaBH, in methanol led in
almost quantitative yields to cis-1-benzyl-2-benzylcarb-
amyl-4-hydroxymethyl-azetidine (12) which with mesyl
chloride and triethylamine at room temperature gave
the mesylate 13.

We had the chance to directly convert 13 into 84% of 14
by cyclization in refluxing toluene in the presence of
sodium hydroxide, potassium carbonate and tetrabuty-
lammonium hydrogensulfate. The structure of 14 was
supported by IR, 'TH NMR and *C NMR (see Section
4). The ava1lab111ty of 14 allowed the synthesis of 6-pro-
pionyl-3,6-diazabicyclo[3.1.1]heptane (18) as the key
intermediate of the final compounds 3A. In particular,
removal of its Ng-benzyl group by hydrogenolysis (Pd/
C) led to 3-benzyl-3,6-diazabicyclo[3.1.1]heptan-2-one
15, which, by LiAlH,4 reduction, was converted to 3-ben-
zyl-3,6-diazabicyclo[3.1.1]heptane 16 (see Scheme 4).

The Ng propionylation of 16 with propionic anhydride
followed by hydrogenolysis (Pd/C) of the thus obtained
3-benzyl-6-propionyl-3,6-diazabicyclo[3.1.1]heptane 17
afforded 18 in quantitative yield. Compound 16 was also
employed for obtaining N;-propionyl-3,6-diazabicy-
clo[3.1.1]heptane 22, a key intermediate for the synthesis
of 3B, inverted isomers of 3A. As indicated in Scheme 5,
the treatment of 16 with di-fert-butyldicarbonate in
THF afforded in 86% yield 3-benzyl-Ng-t-butyloxycar-
bonyl-3,6-diazabicyclo[3.1.1]Theptane 19 which, by
removal of the N-benzyl group by hydrogenolysis, led
to Ne-Boc derivative 20. The N3 propionylation of 20
with propionic anhydride to give 21 followed by remov-
al of N¢-Boc protecting group with trifluoroacetic acid
in the presence of triethylsilane gave the desired 3-propi-
onyl-3,6-diazabicyclo[3.1.1]heptane (22).

Being available the intermediates 18 and 22 we
expected to obtain the two series of compounds 3A

(0] O
H;CO OCH,
Br Br
7 5
H;COOCin:-- COOCH3

C

Scheme 1. Reagents and conditions: (i) (a) Br,, /v, 95 °C, 4 h, (b) CH3;0H, room temperature, 14 h; (ii)) BaNH,, DMF, 80 °C, 4 h.
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H3COOC—<><COOCH3
N
6

7:R=CH,Ph
7:R=H

o]

Scheme 2. Reagents and conditions: (i) BnNH,, toluene, 110 °C, 12 h; (ii)) NH4OH/EtOH, room temperature, 24 h; (iii) H,O/DMF, A, 2 h; (iv)

NaOH,q 1 N, THF/MeOH, room temperature, 12 h; (v) Ac,O, A, 2 h.

and 3B by their condensation with the requisite aryl-
alkenyl chloride 23 or by reductive amination with
the aldehydes 24 and NaCNBH;, similarly to the
synthesis of the homologue series DBO and DBN.
Unexpectedly, both 18 and the isomer 22 allowed
to react with the appropriate arylalkenyl halide 23c—
e in acetonitrile at room temperature led to the for-
mation of compounds 3B, any detectable amount of
3A being isolated starting from 18. A similar behav-
iour was also observed by carrying out the arylalke-
nylation with the appropriate aldehyde 24a.b.f-i and
NaCNBH; (see Scheme 6).

On the basis of these results it was evident that the iso-
lation of 3B still starting from 18 involved a Ng — N3
propionyl migration during the reaction in acetonitrile.
Interestingly, a similar rearrangement took place in the
higher homologues Ng-propionyl DBO?® and No-propio-
nyl DBN* but under more drastic condition of heating
at 120-150 °C.

Coming to the DBH derivatives two conditions are
necessary for this to occur: (i) 22 should be much more
stable than 18 and (ii) the kinetic barrier for the conver-
sion should be relatively low.

Thus, theoretical calculations were performed on the
two isomeric compounds 18 and 22. Their geometry
was optimized using DFT methods at the B3LYP level
with the 6-31G* basis set.” The DBH system could
assume two different conformations corresponding to a
chair or a boat geometries of the piperazine ring. Actu-
ally, in the case of 18 chair and boat geometries resulted
in becoming almost equally accessible as the four con-
formers located (depicted in Fig. 1) were distributed in
a range of less than 1 kcal/mol above the global
minimum.

More interestingly, the most stable boat conformation
18c resulted in becoming less stable than the global min-
imum 18a by only 0.27 kcal/mol; an inspection of its
geometry shows that its N3 nitrogen atom points to-
wards the acyl carbonyl group (the distance N3/Ccarbonyi
being only 2.97 A) and all the geometry appears already
distorted towards the transition state leading to migra-
tion. This justifies a very low barrier to migration.

In Figure 1 are also depicted the two allowed conform-
ers of 22. Their piperazine ring assumes a half-boat
geometry and the carbonyl group is far away from Ng
(4.18 A) indicating no tendency to the back migration.
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~COOCH,3
\ o
~COOCH,4 i
N COOCH,§ 11 NH
6a %
OH
v
N o)
12 NH

Scheme 3. Reagents and conditions: (i) BnNH,, toluene, 110 °C, 60 h; (ii) NaBH4, MeOH, room temperature, 14 h; (iii) CH3SO,Cl, Et;N, room
temperature, 2.5 h; (iv) NaOH, K,CO;, TBAHS, toluene, 110 °C, 4 h.

14 )”/ 15

AG“
HN
16

A1 e A
- v -

O O
17 18

Scheme 4. Reagents and conditions: (i) H,, Pd/C 10%, EtOH, 60 °C, 7 h; (ii) LiAlH,, THF, room temperature, 14 h; (iii) (CH;CH,CO),0, CH,Cl,,
A, 1 h; (iv) Hp, Pd/C 10%, EtOH, 60 °C, 7 h.

Moreover, 22a is 5.34 kcal/mol more stable than 18a the sp nitrogen atom of the amide function is better
ensuring the complete thermodynamic preference for accommodated in a six-membered ring as in 22 than in
22; this preference probably derives from the fact that a four-membered ring.
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Scheme 5. Reagents and conditions: (i) (Boc),O, THF, 12 h; (ii) Hy, Pd/C 10%, EtOH, room temperature, 22 h; (iii) (CH;CH,CO),0, CH,Cl,, A, 1 h;

(iv) CF3COOH, Et;SiH, CH,Cl,, 0 °C to room temperature, 5.5 h.

The procedure which enabled us to obtain the desired
3A started from Ng-t-butyloxycarbonyl-3,6-diazabicy-
clo[3.1.1]heptane (20) easily prepared from 16 and di-z-
butyldicarbonate to give the N3-benzyl-Ng-Boc deriva-
tive 19, which was eventually debenzylated by hydrogen-
olysis. The condensation of 20 with the appropriate
aldehyde 24a—i and sodium cyanoborohydride gave the
Ns-arylpropenyl-Ng-Boc DBH derivatives 25a—i which,
by cleavage of the z-butyloxycarbonyl substituent with
trifluoroacetic acid and triethylsilane, provided the N;-
arylalkenyl DBH derivatives 26a—i, eventually converted
with propionic anhydride to the desired 3Aa-i (see
Scheme 7).

The conformational properties of compounds 3A and
3B were determined through the theoretical
approaches described above for 18 and 22; in these
cases, optimizations were performed on the protonat-
ed form of each compound and the energy was recal-
culated with a continuum solvent model, C-PCM,!°
to take into account the strong influence of water
on the behaviour of these compounds which bear a
positive charge under physiological conditions. First,
attention was focused on the bicyclic moiety by con-
sidering the simplified models 27 and 28 in which a
methyl group replaces the arylpropenyl chain. Their
preferred conformations are reported in Figure 2
which shows that the chair and boat conformations
are accessible for the piperazine ring of 27 and the
half-boat conformation is accessible for the pipera-
zine ring of 28.

Molecular modelling was then extended to compounds
3Aa and 3Ba, exploring the conformations derived from
rotation of the single bonds of the phenylpropenyl
group. A systematic search around the rotatable bonds
showed that this group is very flexible as several confor-
mations could be located in a range of 1 kcal/mol above
the global minima. However, the geometries of the bicy-
clic system strictly correspond to those shown in Figure
2 for 27 and 28 as can be seen in Figure 3 where, as
examples, are depicted the minimum energy conforma-
tions of 3Aa and 3Ba located at the B3LYP/6-31G*
level.

3. Results and discussion

The new compounds 3Aa—i and 3Ba-i were submitted to
binding studies on opioid receptors on mouse brain
homogenates in the presence of PHIDAMGO for p,
[PHIDADLE for & and [*H]bremazocine for k, using
morphine as the reference compound (see Table 1).

Among the compounds 3A tested, the p-affinity was
lower by two orders of magnitude than that of mor-
phine; on the contrary, the p-affinity of the isomeric
series 3B was, in general, in the nanomolar range; in
particular, the p-affinity of the compounds 3Bb (K;
5.2nM), 3Bg (K; 7.9 nM) and 3Bh (K; 2.7 nM) com-
pared favourably with that of morphine (K; 2.8 nM),
while the p/d, « selectivities were definitively higher than
that of the reference compound (see Table 1).
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Figure 1. Three-dimensional plots of the significant conformers of compounds 18 and 22. In parentheses are the relative energies (kcal/mol); the
relative energy of 18a with respect to 22a is 5.34 kcal/mol.

It is interesting to note that comparison of the represen- ple, in Figure 3. Its main difference from 3Ba is the
tative terms with the higher homologues DBO 1B and deviation from planarity of the aromatic ring with re-
DBN 2B generally evidenced quite similar p-affinity spect to the plane of the double bond due to the addi-
and a higher p/8, k selectivity.>* tional methyl group at position 3 of the propenyl

chain which destabilizes the planar orientations. The
The conformational preferences of 3Bh, the compound conformational behaviour of compounds 3A and 3B
with the best binding affinity, were determined; also in here described containing the DBH moiety well com-
this case, the N3 substituent is very flexible and its min- pares with that of the corresponding DBO 1A and 1B

imum energy conformation is also reported, as an exam- described in previous papers.!! In fact, the allowed
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Figure 2. Three-dimensional plots of the significant conformers of
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mol); the relative energy of 27 with respect to 28 is 7.17 kcal/mol.

conformations of the bicyclic system of 3A and 3B are
quite similar to those of 1A and 1B, respectively, the
main difference being the smaller size of the endomet-
hano bridge of 3 with respect to the endoethano bridge
of 1. The affinity of the DBH compounds unsubstituted
on the phenyl ring (3Aa and 3Ba) is poorer than that of

3Aa

3Ba

the corresponding 1A and 1B homologues, indicating
that the endomethano bridge of compounds 3 induces
a weaker interaction with the hydrophobic pocket. Sub-
stitution on the phenyl ring with NO, or Cl, in particu-
lar in the para position, improves the binding properties
of the compounds of the 3B series. The effect is particu-
larly evident when a methyl group is present at position
3’ of the propenyl moiety thus forcing the aryl group to
deviate from planarity. This observation confirms what
already noticed that the phenyl ring and the double
bond should not be coplanar to allow a good interaction
with the p-receptor.!”> The compounds of the 3A series
do not take advantage, neither from the substitution
on the phenyl ring, nor from the methyl group on the

propenyl.

All these results seem to indicate that the two series of
compounds 3A and 3B bind the receptor in very differ-
ent ways; in the case of DBOs, it has been even suggest-
ed® that 1A and 1B might activate different receptor
subtypes; the results here presented for 3A and 3B seem
to support this hypothesis suggesting that a unique mod-
el which is able to explain the affinity properties both in

3Bh

Figure 3. Three-dimensional plots of the preferred conformers of compounds 3Aa, 3Ba and 3Bh.
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the ‘normal’ (1A and 3A) and in the ‘reverted’ (1B and
3B) series cannot be used to rationalize the affinity data.

In conclusion, design and synthesis of new p-receptor
ligands were achieved by structural optimization of
ancestral lead DBO. From the compound tested, terms
3Bb and 3Bh demonstrated best results with regard to
p-affinity and selectivity, so these compounds may be
useful as probes for better studying the pharmacology
of the opioid p-receptors.

4. Experimental
4.1. General informations

Melting points were obtained on an Electrothermal 1A
9100 digital melting point apparatus or on a Kofler
melting point apparatus and are uncorrected. IR spectra
were recorded as thin films (for oils) or nujol mulls (for
solids) on NaCl plates with a Perkin-Elmer 781 IR spec-
trophotometer and are expressed in v (cm ™). All NMR
spectra were taken on a Varian XL-200 NMR spectrom-
eter, with 'H and '>C being observed at 200 and
50 MHz, respectively. Chemical shifts for '"H and '*C
spectra were reported in 6 or ppm downfield from
TMS [(CH3),4Si]. Multiplicities are recorded as s (sin-
glet), br s (broad singlet), d (doublet), dt (double triplet),
t (triplet), q (quartet) and m (multiplet). Elemental anal-
yses were performed by Laboratorio di Microanalisi,
Dipartimento di Chimica, Universita di Sassari, Italy,
and are within +0.4% of the calculated values. All reac-
tions involving air or moisture-sensitive compounds
were performed under argon atmosphere.

The general procedure for conversion to an HCI salt was
the addition of excess ethereal HCI solution to a solu-
tion of the compound in dry ethanol or diethyl ether.
The solvent was evaporated and the resulting salt was
triturated with anhydrous ether and dried on vacuum.

The general procedure for conversion to a fumarate salt
was the addition of a stoichiometric amount of a solu-
tion of fumaric acid in dry methanol to a solution of
the compound in dry methanol. The solvent was evapo-
rated and the resulting salt was triturated with anhy-
drous ether and dried on vacuum.

Unless otherwise specified, all materials, solvents, re-
agents and precursors 4 and 24a were obtained from
commercial suppliers.

The requisite arylalkenylchloride 23c—e and aldehydes
24a-i were prepared as reported in the literature.!-!3

Flash chromatography (FC) was performed using
Merck silica gel 60 (230400 mesh ASTM). Thin-layer
chromatography (TLC) was performed with Polygram®
SIL N-HR/HV,s4 precoated plastic sheets (0.2 mm).

4.1.1. cis-1-Benzyl-azetidine-2,4-dicarboxylic acid
dimethyl ester (cis-6) and trans-1-benzyl-azetidine-2,4-
dicarboxylic acid dimethyl ester (trans-6'). Prepared

according to the literature method with some modifica-
tions.” A solution of 2,4-dibromoglutaric acid dimethyl
ester (5) (35.50 g, 111.64 mmol) and 3 molar equiv of
benzylamine (36.60 mL, 334.92 mmol) in DMF
(170 mL) was stirred at 80 °C for 4 h. The solvent was
then evaporated, the residue was taken up in CH,Cl,,
and the solution was washed with saturated aqueous
NaHCO; solution. After the solution was dried over
Na,SO4 and evaporated, the residue was purified by
FC, eluting with: petroleum ether/EtOAc 8:2.

Fraction 1 contained trans-6’, yield 18%; R 0.43 (petro-
leum ether/EtOAc 8:2); bp 148 °C/0.1 mmHg; IR: 1590,
1730; '"H NMR (CDCl5) 6 2.51 (t, 2H, J = 6.6 Hz), 3.65
(s, 6H), 3.80-3.93 (m, 2H), 4.22 (t, 2H, J = 6.8 Hz),
7.20-7.35 (m, SH).

Fraction 2 contained cis-6, yield 48%; Ry 0.26 (petro-
leum ether/EtOAc 8:2); bp 140°C/0.1 mmHg; IR:
1600, 1720; '"H NMR (CDCls) d 2.27-2.60 (m, 2H),
3.63 (t, 2H, J=8.0 Hz), 3.64 (s, 6H), 3.88 (s, 2H),
7.23-7.40 (m, SH).

4.1.2. cis-1-Benzyl-azetidine-2,4-dicarboxylic acid (8).
Prepared according to the literature method,” yield
84%; Ry 0.17 (CHCI3/MeOH 7:3); mp 224-226 °C (lit.”
mp 225-228); IR: 1590, 1710; 'H NMR (CDCls) 6
1.99-2.18 (m, 1H), 2.20-2.40 (m, 1H), 3.51 (t, 2H,
J=8.4Hz), 3.72 (s, 2H), 7.11-7.36 (m, 5SH).

4.1.3. cis-1-Benzyl-azetidine-2,4-dicarboxylic acid dia-
mide (10). Prepared according to the literature method
with some modifications.” To a solution of 6 (0.50 g,
1.90 mmol) in 3mL EtOH was added a solution of
25% NH4OH (3 mL). The mixture was stirred at room
temperature for 24 h and then concentrated to afford
0.33 g (75%) of 10 as a white solid: Ry 0.15 (CHCls/
MeOH 8:2); mp 211-213°C (lit.” mp 209-213); IR:
1600, 1700; '"H NMR (CDCly) 6 1.72-1.93 (m, 1H),
2.51-2.73 (m, 1H), 3.42 (t, 2H, J=11.6 Hz), 3.65 (s,
2H), 6.80-7.70 (m, 5H).

4.1.4. cis-1-Benzyl-4-benzylcarbamoyl-azetidine-2-car-
boxylic acid methyl ester (11). A solution of cis-6
(11.01 g, 41.81 mmol) and benzylamine (4.56 mL,
41.81 mmol) in toluene (56 mL) was refluxed for 60 h.
The solvent was then evaporated and the residue was
purified by FC eluting with petroleum ether/EtOAc
5:5, to afford 7.77 g (55%) of 11 as a white solid: R
0.20 (petroleum ether/EtOAc 7:3); mp 94-96 °C (isopro-
pyl ether); IR: 1600, 1670, 1730, 3340; 'H NMR
(CDCl3) 6 2.13-2.30 (m, 1H), 2.65-2.82 (m, 1H), 3.60—
3.92 (m, 4H), 3.68 (s, 3H), 4.15-4.38 (m, 2H), 7.03-
7.44 (m, 10H). Anal. Calcd for C,0H»,N,O5: C, 70.90;
H, 6.55; N, 8.28. Found: C, 70.80; H, 6.53; N, 8.25.

4.1.5. cis-1-Benzyl-4-hydroxymethyl-azetidine-2-carbox-
ylic acid benzylamide (12). To a solution of 11 (4.00 g,
11.82 mmol) in methanol (40 mL) at 0 °C was slowly
added NaBH,; (1.35g, 35.46 mmol). The reaction
mixture was allowed to warm to room temperature
and then stirred overnight. Water was added, the meth-
anol was evaporated and the mixture was extracted with
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CH,Cl,. The organic layer was washed with water and
brine. After the solution was dried over Na,SO, and
evaporated, the pure product 12 was obtained (3.76 g,
99%) as a white solid: R 0.12 (petroleum ether/EtOAc
5:5); mp 92-94 °C (hexane/petroleum ether); IR: 1600,
1640, 3340, 3400; "H NMR (CDCl5) § 1.69 (br s, 1H),
1.95-2.15 (m, 1H), 2.41-2.58 (m, 1H), 3.30-3.48 (m,
3H), 3.60-3.76 (m, 3H), 4.15-4.39 (m, 2H), 7.08-7.32
(m, 11H). Anal. Calcd for Ci9H,,N>O,: C, 73.52; H,
7.14; N, 9.03. Found: C, 73.50; H, 7.12; N, 9.00.

4.1.6. cis-1-Benzyl-4-methansulfonyloxymethyl-azetidine-
2-carboxylic acid benzylamide (13). To a solution of 12
(8.77 g, 28.28 mmol) and Et;N (11.82 mL, 84.84 mmol)
in dry CH,Cl, (97 mL) at 0 °C under a nitrogen atmo-
sphere was added MsCl (2.84 mL, 36.76 mmol). The
reaction mixture was stirred at the same temperature
for 2.5h, and then excess reagent was quenched with
water. The organic layer was dried over Na,SOy,, evap-
orated, and the residue was purified by FC eluting with
petroleum ether/EtOAc 2:8, to afford 9.52 g (86%) of 13
as a light yellow oil: Ry 0.38 (petroleum ether/EtOAc
1.5:8.5); bp 155°C/0.1 mmHg; IR: 1170, 1360, 1600,
1680, 3340; '"H NMR (CDCl;) § 1.95-2.07 (m, 1H),
2.53-2.68 (m, 1H), 2.80 (s, 3H), 3.48-4.40 (m, 8H),
7.08-7.44 (m, 11H); *C NMR (CDCls) 6 24.49, 37.12,
42.35, 59.23, 60.81, 62.25, 70.16, 126.91, 127.20,
127.56, 128.30, 128.37, 129.07, 136.18, 137.99, 171.89.
Anal. Caled for Co0HouN>O4S: C, 61.83; H, 6.23; N,
7.21; S, 8.25. Found: C, 61.68; H, 6.21; N, 7.18; S, 8.21.

4.1.7. 3,6-Dibenzyl-3,6-diazabicyclo[3.1.1]heptan-2-one
(14). A mixture of 13 (4.30 g, 11.06 mmol), potassium
carbonate (3.05g, 22.12 mmol), tetrabutylammonium
hydrogensulfate (0.37 g, 1.10 mmol) and finely pow-
dered sodium hydroxide (1.54 g, 38.74 mmol) in toluene
(52 mL) was refluxed for 4 h. The reaction mixture was
allowed to warm to room temperature, diluted with
Et,O and washed with water. The organic layer was
dried over Na,SQ,, evaporated, and the residue was
purified by FC eluting with petroleum ether/EtOAc
2.5:7.5, to afford 2.72 g (84%) of 14 as light yellow oil:
R¢ 0.45 (petroleum ether/EtOAc 2.5:7.5); bp 163 °C/
0.1 mmHg; IR: 1600, 1670; '"H NMR (CDCls) § 1.72
(d, 1H, J=8.4Hz), 2.63-2.74 (m, 1H), 3.13 (d, 1H,
J=124Hz), 3.29-345 (m, 2H), 3.55 (d, 1H,
J=132Hz), 3.67-3.78 (m, 2H), 4.58 (d, 1H,
J=142Hz), 478 (d, 1H, J=14.4 Hz), 7.12-7.43 (m,
10H); '3C NMR (CDCl5) 6 29.20, 44.21, 47.88, 51.71,
57.98, 64.41, 126.94, 127.64, 128.20, 128.24, 128.53,
128.69, 136.89, 137.06, 171.30. Anal. Calcd for
CioH,oN,O: C, 78.05; H, 6.89; N, 9.58. Found: C,
77.90; H, 6.87; N, 9.55.

4.1.8. 3-Benzyl-3,6-diazabicyclo[3.1.1]heptan-2-one (15).
A solution of 14 (3.50 g, 11.97 mmol) in 52 mL ethanol
was hydrogenated in a Parr apparatus over 1.27g
(1.20 mmol) of 10% Pd/C under a hydrogen pressure
of 3atm at 60°C for 7h. The mixture was filtered
through Celite and the catalyst was washed with several
portions of ethanol. The solution was evaporated and
the residue was purified by FC eluting with CHCIl;/
MeOH 9:1, to afford 2.23 g (92%) of 15 as a white solid:

R; 0.44 (CHCI3/MeOH 9:1); mp 61-62 °C; IR: 1600,
1670, 3250; 'H NMR (CDCly) 6 1.74 (d, 1H,
J=9.0Hz), 1.94 (br s, 1H), 2.80-2.95 (m, 1H), 3.27-
348 (m, 2H), 3.80-3.85 (m, 1H), 3.90-4.00 (m, 1H),
4.52 (d, 1H, J=14.6 Hz), 4.72 (d, 1H, J=14.6 Hz),
7.23-7.42 (m, 5H). Anal. Calcd for C;oH4N-,O: C,
71.26; H, 6.98; N, 13.85. Found: C, 71.13; H, 6.96; N,
13.83.

4.1.9. 3-Benzyl-3,6-diazabicyclo[3.1.1]heptane (16). To a
suspension of lithium aluminium hydride (1.70 g,
42.72 mmol) in dry THF (50 mL) at 0 °C under a nitro-
gen atmosphere was added a solution of 15 (2.16 g,
10.68 mmol) in dry THF (35 mL). The mixture was al-
lowed to slowly reach room temperature and was then
stirred overnight. The reaction was cooled to 0 °C,
diethyl ether (50 mL) was added and the reaction was
quenched with water (1.52 mL), 2 M aqueous NaOH
(1.52 mL) and water (4.58 mL). The mixture was filtered
and evaporated to give pure 16 (1.90 g, 94%) as a col-
ourless oil: Ry 0.18 (CHCl3/MeOH 9:1); bp 155 °C/
0.1 mmHg; IR: 1600, 3250; '"H NMR (CDCls) ¢ 1.80
(br s, 1H), 1.94 (d, 1H, J = 8.0 Hz), 2.40-2.53 (m, 1H),
2.65 (d, 2H, J=11.0 Hz), 3.07 (d, 2H, J=11.0 Hz),
3.50-3.65 (m, 2H), 3.72 (s, 2H), 7.25-7.40 (m, SH). Anal.
Calcd for C,H4N5: C, 76.55; H, 8.57; N, 14.88. Found:
C, 76.43; H, 8.55; N, 14.84.

4.1.10. 3-Benzyl-6-propionyl-3,6-diazabicyclo[3.1.1]hep-
tane (17). To a solution of 16 (2.00 g, 10.62 mmol) in
CH,Cl, (50 mL) at 0 °C was added a solution of propi-
onic anhydride (4.94 mL, 38.55mmol) in CH,Cl,
(10 mL). When addition was complete, the mixture
was refluxed for 1 h. After cooling at room temperature,
the mixture was made alkaline with 40% NaOH and stir-
red overnight. The reaction mixture was extracted with
CH,Cl,, the organic layers were dried over Na,SOy,
evaporated and the residue was purified by FC eluting
with petroleum ether/EtOAc 2:8, to afford 2.10 g (81%)
of 17 as a colourless oil: R;0.22 (petroleum ether/EtOAc
2:8); bp 161 °C/0.1 mmHg; IR: 1590, 1630; 'H NMR
(CDCl3) 6 1.13 (t, 3H, J=7.4 Hz), 2.00-2.23 (m, 2H),
2.03 (d, 1H, J=9.5Hz), 2.37-2.50 (m, 1H), 2.73-3.18
(m, 4H), 3.69 (s, 2H), 4.20-4.29 (m, 1H), 4.30-4.39 (m,
1H), 7.25-7.35 (m, 5H); '3C NMR (CDCl;) 6 9.11,
25.54, 28.28, 52.20, 54.29, 58.50, 60.03, 61.19, 126.91,
128.10, 128.49, 138.15, 173.48. Anal. Calcd for
CsH50N,O: C, 73.74; H, 8.25; N, 11.47. Found: C,
73.45; H, 8.22; N, 11.43.

4.1.11. 6-Propionyl-3,6-diazabicyclo[3.1.1]heptane (18).
A solution of 17 (1.83 g, 7.49 mmol) in 18 mL of ethanol
was hydrogenated in a Parr apparatus over 0.80 g
(0.75 mmol) of 10% Pd/C under a hydrogen pressure
of 3atm at 60°C for 7h. The mixture was filtered
through Celite and the catalyst was washed with several
portions of ethanol. The solution was evaporated and
the residue was purified by FC eluting with CHCIl5/
MeOH 9:1, to afford 1.09 g (95%) of 18 as a white solid:
R;0.13 (CHCI3/MeOH 8:2); mp 58-60 °C; IR: 1640; 'H
NMR (CDCl;) 6 1.17 (t, 3H, J=7.4 Hz), 1.74 (d, 1H,
J=10.2 Hz), 2.27 (br s, 1H), 2.40 (q, 2H, J=7.0 Hz),
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3.12-3.25 (m, 1H), 3.80-4.15 (m, 3H), 4.36 (d, 1H,
J =122 Hz), 445-4.60 (m, 2H); *C NMR (CDCl;) ¢
8.85, 26.55, 30.49, 49.10, 50.51, 55.21, 55.41, 175.27.
Anal. Caled for CgH;4N-,O: C, 62.31; H, 9.15; N,
18.17. Found: C, 62.09; H, 9.11; N, 18.10.

4.1.12. 3-Benzyl-6-t-butyloxycarbonyl-3,6-diazabicyclo[3.1.1]-
heptane (19). To a solution of di-tert-butyldicarbonate
(1.69 g, 7.73 mmol) in 12 mL THF at 0 °C was added a
solution of 16 (0.97 g, 5.15 mmol) in 8 mL THF. The
reaction mixture was allowed to reach room temperature
and was then stirred overnight. The mixture was diluted
with Et,O, washed with 10% NaHCO; and brine. The
organic layer was dried over Na,SOy, evaporated, and
the residue was purified by FC eluting with petroleum
ether/EtOAc 8:2, to afford 1.28 g (86%) of 19 as a colour-
less oil: Ry 0.52 (petroleum ether/EtOAc 8:2); bp 170 °C/
0.1 mmHg; IR: 1600, 1670; '"H NMR (CDCls) d 1.46 (s,
9H), 1.73 (d, 1H, J = 7.8 Hz), 2.32-2.43 (m, 1H), 2.76 (d,
2H, J =10.2 Hz), 2.90-3.25 (m, 2H), 3.69 (s, 2H), 4.00—
410 (m, 2H), 7.25-7.35 (m, 5H). Anal. Calcd for
C7H4N,0,: C, 70.80; H, 8.39; N, 9.71. Found: C,
70.55; H, 8.36; N, 9.67.

4.1.13. 6-t-Butyloxycarbonyl-3,6-diazabicyclo[3.1.1]hep-
tane (20). A solution of 19 (1.49g, 5.16 mmol) in
15 mL ethanol was hydrogenated in a Parr apparatus
over 0.80 g (0.75 mmol) of 10% Pd/C under a hydrogen
pressure of 3 atm at 60 °C for 7 h. The mixture was fil-
tered through Celite and the catalyst was washed with
several portions of ethanol. The solution was evaporat-
ed and the residue was purified by FC eluting with
CHCI3/MeOH 9:1, to afford 0.92 g (90%) of 20 as a col-
ourless oil: Ry 0.43 (CHCIl3/MeOH 9:1); bp 164 °C/
0.1 mmHg; IR: 1710; 'H NMR (CDCl5) 6 1.47 (s,
9H), 1.57 (d, 1H, J=8.6 Hz), 2.20 (br s, 1H), 2.51-
2.64 (m, 1H), 2.92 (d, 2H, J =12.6 Hz), 3.37-3.58 (m,
2H), 4.00-4.08 (m, 2H). Anal. Calcd for C;oH;gN,O>:
C, 60.58; H, 9.15; N, 14.13. Found: C, 60.38; H, 9.12;
N, 14.07.

4.1.14. 3-Propionyl-6-t-butyloxycarbonyl-3,6-diazabicy-
clo[3.1.1Jheptane (21). To a solution of 20 (0.20 g,
1.00 mmol) in CH,CI, (6 mL) at 0 °C was added a solu-
tion of propionic anhydride (0.49 mL, 3.65 mmol) in
CH,Cl, (1 mL). When addition was complete, the mix-
ture was refluxed for 1 h. After cooling at room temper-
ature, the mixture was made alkaline with 40% NaOH
and stirred overnight. The reaction mixture was extract-
ed with CH,Cl,, the organic layers were dried over
Na,SOy4, evaporated and the residue was purified by
FC eluting with petroleum ether/EtOAc 3:7, to afford
0.22 g (86%) of 21 as a colourless oil: R;0.28 (petroleum
ether/EtOAc 3:7); bp 167 °C/0.1 mmHg; IR: 1650, 1700;
'"H NMR (CDCly) 6 1.16 (t, 3H, J = 7.4 Hz), 1.36 (d,
1H, J=8.8 Hz), 1.42 (s, 9H), 2.32 (q, 2H, J=7.4 Hz),
2.53-2.69 (m, 1H), 3.38-3.56 (m, 2H), 3.94-4.10 (m,
2H), 4.11-4.24 (Il’l, 2H) Anal. Calced for C13H22N203Z
C, 61.39; H, 8.72; N, 11.01. Found: C, 61.15; H, 8.69;
N, 10.97.

4.1.15. 3-Propionyl-3,6-diazabicyclo[3.1.1]heptane (22).
A solution of 21 (0.43 g, 1.69 mmol) in CH,Cl, (6 mL)

at 0°C was treated with triethylsilane (0.67 mL,
4.22 mmol), followed by trifluoroacetic acid (1.69 mL,
21.97 mmol). The solution was stirred at the same tem-
perature for 2.5 h, and then further trifluoroacetic acid
(0.91 mL, 11.83 mmol) was added. The reaction mixture
was allowed to reach room temperature and stirred for
3 h, and then the solvent was evaporated. The residue
was dissolved in 25 mL of saturated aqueous NaHCO;
solution and extracted with CH,Cl,. The organic layer
was dried over Na,SO, and evaporated to afford
0.20 g (77%) of 22 as a colourless oil: Ry 0.22 (CHCI5/
MeOH 8:2); mp 98-100 °C (as hydrochloride); IR:
1600, 1660; 'H NMR (CDCl;) & 1.19 (t, 3H,
J=74Hz), 1.47 (d, 1H, J=9.0 Hz), 1.76 (br s, 1H),
2.36 (q, 2H, J=7.4 Hz), 2.64-2.80 (m, 1H), 3.60-3.87
(m, 6H); °C NMR (CDCly) 6 8.83, 26.51, 30.52,
49.18, 50.57, 55.16, 55.36, 175.24. Anal. Calcd for
CgH4N,O: C, 62.31; H, 9.15; N, 18.17. Found: C,
62.06; H, 9.12; N, 18.09.

4.1.16. General procedures for the preparation of 3Ba-i.
Method A. A solution of 18 or 22 (0.15 g, 0.97 mmol)
and the required aldehydes 24a,b,f-i (1.07 mmol) in
MeOH (8 mL) was treated with few drops of acetic acid,
followed by NaCNBH; (85 mg, 1.36 mmol). The solu-
tion was stirred at room temperature for 7 h, and then
the solvent was evaporated. The residue was dissolved
in 7mL of 1 N NH4OH solution and extracted with
diethyl ether. The organic layer was dried over Na,SOy,
evaporated, and the residue was purified by FC to afford
the compounds 3Ba,b,f-i as oils. All final compounds
were converted into the HCl or HO,CCH=CHCO,H
salts.

Method B. A mixture of 18 or 22 (0.15 g, 0.97 mmol),
the required chloride (23c—e) (0.97 mmol) and K,CO;
(0.41 g, 2.98 mmol) in CH3;CN (9 mL) was stirred at
room temperature for 7 h. The inorganic salt was filtered
off, the filtrate was evaporated and the oily residue was
purified by FC to give the desired 3Bc—e as oils. All final
compounds were converted into the HCI salts.

4.1.16.1. 3-Propionyl-6-cinnamyl-3,6-diazabicyclo|3.1.1]-
heptane (3Ba). Prepared according to the method A. Puri-
fied by FC (eluent: petroleum ether/EtOAc 4:6); yield
79%; Re 0.39 (petroleum ether/EtOAc 4:6); mp 142-
144 °C (as hydrochloride); IR: 1590, 1620, 1660; 'H
NMR (CDCly) ¢ 1.21 (t, 3H, J=7.4 Hz), 1.50 (d, 1H,
J=8.8 Hz), 2.38 (q, 2H, J = 7.4 Hz), 2.68-2.78 (m, 1H),
3.24 (d, 2H, J=6.2 Hz), 3.38-3.89 (m, 6H), 6.19 (dt,
1H, J=6.2 and 16.0 Hz), 6.56 (d, 1H, J=16.0 Hz),
7.20-7.48 (m, 5 H). Anal. Calcd for C;7H»,N,O: C,
75.52; H, 8.20; N, 10.36. Found: C, 75.49; H, 8.17; N,
10.33.

4.1.16.2. 3-Propionyl-6-|3’-(4-nitrophenyl)-prop-2'-en-
1'-yl]-3,6-diazabicyclo[3.1.1]heptane  (3Bb). Prepared
according to the method A. Purified by FC (eluent: ace-
tone/CH,Cl, 3:7); yield 20%; R; 0.45 (acetone/CH,Cl,
3:7); mp >250°C dec (as fumarate); IR: 1590, 1620,
1650; '"H NMR (CDCly) 6 1.21 (t, 3H, J=7.0 Hz),
1.51-1.56 (m, 1H), 2.38 (q, 2H, J=7.2 Hz), 2.60-2.66
(m, 1H), 3.28 (d, 2H, J=6.2 Hz), 3.66-3.82 (m, 6H),
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6.40 (dt, 1H, J=6.6 and 15.8 Hz), 6.64 (d, 1H,
J =158 Hz), 7.46-8.20 (m, 4H); '*C NMR (CDCl;) ¢
8.91, 26.50, 29.59, 42.46, 44.08, 47.87, 57.42, 57.78,
124.01, 126.74, 129.83, 131.15, 143.28, 146.90, 174.80.
Anal. Caled for C;;H,N;05: C, 64.74; H, 6.71; N,
13.32. Found: C, 64.52; H, 6.68; N, 13.27.

4.1.16.3. 3-Propionyl-6-[3'-(2-chlorophenyl)-prop-2’-en-
1’-yl}-3,6-diazabicyclo[3.1.1]heptane = (3Bc).  Prepared
according to the method B. Purified by FC (eluent: ace-
tone/CH,Cl, 6:4); yield 34%; R; 0.20 (acetone/CH,Cl,
5:5); mp 137-139 °C (as hydrochloride); IR: 1600, 1640,
1660; "H NMR (CDCl5) 6 1.21 (t, 3H, J = 7.8 Hz), 1.52
(d, 1H, J = 8.8 Hz), 2.38 (q, 2H, J=7.6 Hz), 2.59-2.78
(m, 1H), 3.28 (d, 2H, J = 5.8 Hz), 3.40-3.88 (m, 6H),
6.17 (dt, 1H, J=9.8 and 158 Hz), 694 (d, 1H,
J=15.6 Hz), 7.27-7.59 (m, 4H). Anal. Calcd for
C17H,;CIN,O: C, 66.99; H, 6.94; CI, 11.63; N, 9.19.
Found: C, 66.76; H, 6.91; Cl, 11.59; N, 9.15.

4.1.16.4. 3-Propionyl-6-[3'-(3-chlorophenyl)-prop-2’-en-
1’-yl]-3,6-diazabicyclo[3.1.1]heptane  (3Bd).  Prepared
according to the method B. Purified by FC (eluent: ace-
tone/CH,Cl, 6:4); yield 41%; R 0.22 (acetone/CH,Cl,
6:4); mp 144-146 °C (as hydrochloride); IR: 1600, 1610,
1650; '"TH NMR (CDCls) 6 1.21 (t, 3H, J = 7.4 Hz), 1.50
(d, 1H, J = 8.8 Hz), 2.37 (q, 2H, J = 7.4 Hz), 2.58-2.72
(m, 1H), 3.22 (d, 2H, J=6.0 Hz), 3.40-3.84 (m, 6H),
6.10-6.30 (m, 1H), 6.50 (d, 1H, J=15.2 Hz), 7.18-7.31
(m, 3H), 7.33 (s, 1H). Anal. Calcd for C;7H,;CIN,O: C,
66.99; H, 6.94; Cl, 11.63; N, 9.19. Found: C, 66.75; H,
6.92; Cl, 11.61; N, 9.17.

4.1.16.5. 3-Propionyl-6-|3'-(4-chlorophenyl)-prop-2’-en-
1'-yl]-3,6-diazabicyclo[3.1.1]Jheptane  (3Be).  Prepared
according to the method B. Purified by FC (eluent: ace-
tone/CH,Cl, 6:4); yield 35%; R; 0.24 (acetone/CH,Cl,
6:4); mp 142-143 °C (as hydrochloride); IR: 1590, 1620,
1660; "TH NMR (CDCls) 6 1.21 (t, 3H, J = 7.6 Hz), 1.50
(d, 1H, J = 8.8 Hz), 2.38 (q, 2H, J=7.6 Hz), 2.59-2.78
(m, 1H), 3.27 (d, 2H, J=5.8 Hz), 3.41-3.89 (m, 6H),
6.16 (dt, 1H, J=6.2 and 158 Hz), 694 (d, 1H,
J=15.6 Hz), 7.20-7.35 (m, 4H). Anal. Calcd for
C,7H,CIN,O: C, 66.99; H, 6.94; Cl, 11.63; N, 9.19.
Found: C, 66.80; H, 6.91; Cl, 11.62; N, 9.16.

4.1.16.6.  3-Propionyl-6-(3’-phenyl-but-2’-en-1'-yl)-
3,6-diazabicyclo[3.1.1]heptane (3Bf). Prepared according
to the method A. Purified by FC (eluent: CHCIl;/MeOH
9.5:0.5); yield 51%; R; 0.39 (CHCI3/MeOH 9.5:0.5); mp
123-125 °C (as hydrochloride); IR: 1590, 1620, 1670; 'H
NMR (CDCly) 6 1.21 (t, 3H, J=7.4 Hz), 1.51 (d, 1H,
J=28.0 Hz), 2.05 (s, 3H), 2.37 (q, 2H, J = 7.0 Hz), 2.57—
2.73 (m, 1H), 3.26 (d, 2H, J=6.0 Hz), 3.37-3.83 (m,
6H), 5.68-5.80 (m, 1H), 7.19-7.44 (m, 5H). Anal. Calcd
for C;gsH,uN,O: C, 76.02; H, 8.51; N, 9.85. Found: C,
75.99; H, 8.54; N, 9.88.

4.1.16.7. 3-Propionyl-6-[3’-(4-chlorophenyl)-but-2’-en-
1'-yl}-3,6-diazabicyclo[3.1.1]heptane  (3Bg).  Prepared
according to the method A. Purified by FC (eluent: ace-
tone/CH,Cl, 8:2); yield 65%; Ry 0.18 (acetone/CH,Cl,
8:2); mp 119-121 °C (as hydrochloride); IR: 1590, 1600,

1650; "H NMR (CDCl5) 6 1.20 (t, 3H, J = 7.4 Hz), 1.51
(d, 1H, J=88Hz), 2.02 (s, 3H), 237 (q, 2H,
J=17.0Hz), 2.58-2.76 (m, 1H), 3.24 (d, 2H, J = 6.0 Hz),
3.41-3.88 (m, 6H), 5.67-5.80 (m, 1H), 7.22-7.40 (m,
4H). Anal. Calcd for C;gH,;CIN,O: C, 67.81; H, 7.27;
Cl, 11.12; N, 8.79. Found: C, 67.55; H, 7.24; Cl, 11.08;
N, 8.77.

4.1.16.8. 3-Propionyl-6-|3'-(3,4-dichlorophenyl)-but-2'-
en-1'-yl]-3,6-diazabicyclo[3.1.1]heptane (3Bh). Prepared
according to the method A. Purified by FC (eluent: ace-
tone/CH,Cl, 8:2); yield 29%; Ry 0.31 (acetone/CH,Cl,
8:2); mp 122-124 °C (as hydrochloride); IR: 1590, 1610,
1630; '"H NMR (CDCls) 6 1.21 (t, 3H, J = 7.4 Hz), 1.52
(d, 1H, J=9.0Hz), 2.02 (s, 3H), 2.37 (q, 2H,
J=17.8 Hz), 2.58-2.75 (m, 1H), 3.24 (d, 2H, J = 6.4 Hz),
3.43-3.89 (m, 6H), 5.70-5.85 (m, 1H), 7.15-7.52 (m,
3H). Anal. Calcd for C13H»,ClLN>O: C, 61.19; H, 6.28;
Cl, 20.07; N, 7.93. Found: C, 60.94; H, 6.26; Cl, 20.05;
N, 7.90.

4.1.16.9. 3-Propionyl-6-(3’-phenyl-pent-2’-en-1’'-yl)-3,6-
diazabicyclo[3.1.1]heptane (3Bi). Prepared according to
the method A. Purified by FC (eluent: CHCI;/MeOH
9.5:0.5); yield 76%; R; 0.37 (CHCI3/MeOH 9.5:0.5); mp
160-163 °C (as fumarate); IR: 1590, 1600, 1650; 'H
NMR (CDCly) 6 0.97 (t, 3H, J=7.2Hz), 1.21 (t, 3H,
J=7.6Hz), 1.51 (d, 1H, J=8.8Hz), 2.38 (q, 2H,
J=17.4Hz),2.51(q, 2H, J = 7.4 Hz), 2.60-2.78 (m, 1H),
3.27 (d, 2H, J = 6.2 Hz), 3.40-3.91 (m, 6H), 5.60 (t, 1H,
J=64Hz), 7.22-7.51 (m, S5H). Anal. Calcd for
CioHxN,O: C, 76.47; H, 8.78; N, 9.39. Found: C,
76.17; H, 8.75; N, 9.35.

4.1.17. General procedure for the preparation of 25a—i. A
solution of 20 (0.50 g, 2.52 mmol) and the required alde-
hydes 24a-i (2.77 mmol) in CH3CN (20 mL) was treated
with few drops of acetic acid, followed by NaCNBH;
(0.36 g, 2.77 mmol). The solution was stirred at room
temperature for 24 h, and then the solvent was evaporat-
ed. The residue was dissolved in 10 mL of aqueous 2 N
KOH solution and extracted with diethyl ether. The
organic layer was dried over Na,SOy, evaporated, and
the residue was purified by FC to afford the compounds
25a-i as oils.

4.1.17.1. 3-Cinnamyl-6-z-butyloxycarbonyl-3,6-diazabi-
cyclo[3.1.1]heptane (25a). Purified by FC (eluent: petro-
leum ether/EtOAc 7:3); yield 41%; Ry 0.44 (Petroleum
ether/EtOAc 7:3); IR: 1590, 1620, 1660; '"H NMR
(CDCl3) 0 1.45 (s, 9H), 1.72 (d, 1H, J = 8.2 Hz), 2.35-
2.44 (m, 1H), 2.83 (d, 2H, J =10.8 Hz), 2.97-3.30 (m,
2H), 3.33 (d, 2H, J = 6.6 Hz), 4.00-4.15 (m, 2H), 6.24
(dt, 1H, J = 6.6 and 15.8 Hz), 6.55 (d, 1H, J = 15.8 Hz),
7.20-7.40 (m, 5H). Anal. Calcd for C;gH,sN,O,: C,
72.58; H, 8.33; N, 8.91. Found: C, 72.33; H, 8.30; N,
8.88.

4.1.17.2. 3-[3'-(4-Nitrophenyl)-prop-2’-en-1'-yl]-6-z-butyl-
oxycarbonyl-3,6-diazabicyclo[3.1.1]heptane (25b). Puri-
fied by FC (eluent: petroleum ether/EtOAc 5:5); yield
44%; Ry 0.32 (petroleum ether/EtOAc 5:5); IR: 1550,
1570, 1590, 1620, 1670; '"H NMR (CDCls) & 1.45 (s,
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9H), 1.71 (d, 1H, J = 8.0 Hz), 2.36-2.45 (m, 1H), 2.84 (d,
2H, J=10.2Hz), 3.00-3.36 (m, 2H), 3.38 (d, 2H,
J=6.0Hz), 4.05-4.10 (m, 2H), 6.44 (dt, 1H, J=6.2
and 15.8 Hz), 6.64 (d, 1H, J=15.8 Hz), 7.47-8.20 (m,
4H). Anal. Calcd for C;9H,5sN3O4: C, 63.49; H, 7.01;
N, 11.69. Found: C, 63.27; H, 6.98; N, 11.28.

4.1.17.3. 3-[3'-(2-Chlorophenyl)-prop-2’-en-1’-yl]|-6--
butyloxycarbonyl-3,6-diazabicyclo[3.1.1]heptane  (25c¢).
Purified by FC (eluent: petroleum ether/EtOAc 7:3);
yield 38%; Ry 0.28 (petroleum ether/EtOAc 7:3); IR:
1590, 1620, 1670; '"H NMR (CDCls) & 1.45 (s, 9H),
1.73 (d, 1H, J=8.4 Hz), 2.35-2.42 (m, 1H), 2.85 (d,
2H, J=10.8 Hz), 2.95-3.33 (m, 2H), 3.35 (d, 2H,
J=06.1 Hz), 4.02-4.10 (m, 2H), 6.24 (dt, 1H, J=6.6
and 15.8 Hz), 6.94 (d, 1H, J=15.8 Hz), 7.18-7.38 (m,
4H) Anal. Calcd for C19H25C1N202: C, 6541, H,
7.22; Cl, 10.16; N, 8.03. Found: C, 65.17; H, 7.20; Cl,
10.12; N, 8.01.

4.1.17.4. 3-[3’-(3-Chlorophenyl)-prop-2'-en-1'-yl]-6-z-
butyloxycarbonyl-3,6-diazabicyclo[3.1.1]heptane (25d). Puri-
fied by FC (eluent: petroleum ether/EtOAc 6:4); yield 40%;
R 0.32 (petroleum ether/EtOAc 6:4); IR: 1590, 1620, 1670;
"H NMR (CDCl5) d 1.45 (s, 9H), 1.71 (d, 1H, J = 7.4 Hz),
2.35-2.50 (m, 1H), 2.82 (d, 2H, J=11.4 Hz), 2.95-3.25
(m, 2H), 3.33 (d, 2H, J = 6.4 Hz), 4.02-4.11 (m, 2H), 6.24
(dt, 1H, J=6.6 and 15.8 Hz), 6.45 (d, 1H, J=15.8 Hz),
7.16-7.34 (m, 4H). Anal. Calcd for C;oH,sCIN,O,: C,
65.41; H, 7.22; Cl, 10.16; N, 8.03. Found: C, 65.22; H,
7.20; Cl, 10.14; N, 8.00.

4.1.17.5. 3-]3’-(4-Chlorophenyl)-prop-2'-en-1'-yl]-6-z-
butyloxycarbonyl-3,6-diazabicyclo|[3.1.1]heptane (25¢). Puri-
fied by FC (eluent: petroleum ether/EtOAc 6:4); yield 40%;
R;0.32 (petroleum ether/EtOAc 6:4); IR: 1590, 1620, 1670;
"H NMR (CDCl5) é 1.44 (s, 9H), 1.74 (d, 1H, J = 7.4 Hz),
2.31-2.44 (m, 1H), 2.83 (d, 2H, J=11.4 Hz), 2.95-3.25
(m, 2H), 3.24 (d, 2H, J = 6.4 Hz), 4.00-4.10 (m, 2H), 6.14
(dt, 1H, J=6.6 and 15.8 Hz), 6.43 (d, 1H, J=15.8 Hz),
7.01-7.20 (m, 4H). Anal. Calcd for C;9H,sCIN>O,: C,
65.41; H, 7.22; Cl, 10.16; N, 8.03. Found: C, 65.32; H,
7.19; Cl, 10.10; N, 8.02.

4.1.17.6. 3-(3'-Phenyl-but-2’-en-1'-yl)-6-t-butyloxycar-
bonyl-3,6-diazabicyclo[3.1.1]heptane (25f). Purified by FC
(eluent: petroleum ether/EtOAc 6:4); yield 42%; Ry 0.27
(petroleum ether/EtOAc 6:4); IR: 1590, 1620, 1670; 'H
NMR (CDCly) 6 1.43 (s, 9H), 1.71-1.76 (m, 1H), 2.08 (s,
3H), 2.38-2.40 (m, 1H), 2.72 (d, 2H, J=10.6 Hz), 2.86
(d, 2H, J=11.6 Hz), 3.36 (d, 2H, J = 7.0 Hz), 4.00-4.07
(m, 2H), 5.91 (t, 1H, J = 7.0 Hz), 7.18-7.41 (m, 5SH). Anal.
Calcd for C,oH»5N,0,: C, 73.14; H, 8.59; N, 8.53. Found:
C, 72.88; H, 8.29; N, 8.50.

4.1.17.7. 3-[3’-(4-Chlorophenyl)-but-2’'-en-1'-yl]-6-z-
butyloxycarbonyl-3,6-diazabicyclo[3.1.1]heptane (25g).
Purified by FC (eluent: petroleum ether/EtOAc 6:4);
yield 43%; Ry 0.28 (petroleum ether/EtOAc 6:4); IR:
1590, 1620, 1670; '"H NMR (CDCls) & 1.43 (s, 9H),
1.72 (d, 1H, J=8.0Hz), 2.05 (s, 3H), 2.35-2.40 (m,
IH), 271 (d, 2H, J=102Hz), 286 (d, 2H,
J=10.6 Hz), 3.34 (d, 2H, J=6.6 Hz), 4.00-4.07 (m,

2H), 591 (t, 1H, J=7.0 Hz), 7.17-7.40 (m, 4H). Anal.
Calcd for C,oH,,CIN,O,: C, 66.19; H, 7.50; Cl, 9.77;
N, 7.72. Found: C, 65.96; H, 7.47; Cl, 9.73; N, 7.69.

4.1.17.8. 3-|3'~(3,4-Dichlorophenyl)-but-2'-en-1'-yl]-6-
t-butyloxycarbonyl-3,6-diazabicyclo[3.1.1]heptane (25h).
Purified by FC (cluent: petroleum ether/EtOAc 7:3);
yield 36%; Ry 0.21 (Petroleum ether/EtOAc 7:3);
IR: 1590, 1620, 1670; 'H NMR (CDCl3) 6 1.45 (s,
9H), 1.68-1.75 (m, 1H), 2.03 (s, 3H), 2.34-2.41 (m,
1H), 2.85 (d, 2H, J=10.8Hz), 3.05 (d, 2H,
J=6.4Hz), 334 (d, 2H, J=6.4Hz), 4.00-4.07 (m,
2H), 591 (t, 1H, J=7.0Hz), 7.23-7.45 (m, 3H).
Anal. Calcd for C20H26C12N202: C, 6046, H, 660,
Cl, 17.85; N, 7.05. Found: C, 60.25; H, 6.58; Cl,
17.79; N, 7.02.

4.1.17.9. 3-(3’-Phenyl-pent-2’-en-1’-yl)-6-z-butyloxy-
carbonyl-3,6-diazabicyclo[3.1.1]heptane (25i). Purified by
FC (eluent: petroleum ether/EtOAc 6:4); yield 57%; R
0.27 (petroleum ether/EtOAc 6:4); IR: 1590, 1620, 1670;
'"H NMR (CDCl;) 6 0.97 (t, 3H, J=7.8 Hz), 1.43 (s,
9H), 1.75-1.87 (m, 1H), 2.00-2.20 (m, 3H), 2.73 (d, 2H,
J=13.4Hz), 290-3.00 (m, 2H), 3.10 (d, 2H,
J=12.4Hz), 4.064.08 (m, 2H), 591 (t, 1H,
J=7.0Hz), 7.13-7.31 (m, S5H). Anal. Calcd for
C,1H30N,0,: C, 73.65; H, 8.83; N, 8.18. Found: C,
73.33; H, 8.79; N, 8.15.

4.1.18. General procedure for the preparation of 26a—i. A
solution of 25a-i (1.00 mmol) in CH,Cl, (4 mL) at 0 °C
was treated with triethylsilane (0.40 mL, 2.50 mmol),
followed by trifluoroacetic acid (1.00 mL, 13.00 mmol).
The solution was stirred at the same temperature for
2.5h, and then further trifluoroacetic acid (0.54 mL,
7.00 mmol) was added. The reaction mixture was al-
lowed to reach room temperature and stirred for 3 h.
The solvent was evaporated, the residue was dissolved
in 25 mL of saturated aqueous NaHCOj; solution and
extracted with CH,Cl,. The organic layer was dried over
Na,SO, and evaporated to afford the compounds 26a—i
as oils.

4.1.18.1. 3-Cinnamyl-3,6-diazabicyclo[3.1.1]heptane (26a).
Yield quantitative; Rr 0.20 (CHCly/MeOH 9:1); IR: 1590,
1620, 3300; '"H NMR (CDCly) 6 1.97 (d, 1H, J = 8.4 Hz),
2.50-2.60 (m, 1H), 2.77 (d, 2H, J=11.2 Hz), 3.04 (br s,
1H), 3.18 (d, 2H, J=11.2 Hz), 3.38 (d, 2H, J = 6.6 Hz),
3.69-3.75 (m, 2H), 6.29 (dt, 1H, J = 6.4 and 15.6 Hz), 6.58
(d, 1H, J=15.6 Hz), 7.20-7.43 (m, 5H). Anal. Calcd for
C4H gN»: C, 78.46; H, 8.47; N, 13.07. Found: C, 78.19; H,
8.44; N, 13.03.

4.1.18.2. 3-[3'-(4-Nitrophenyl)-prop-2’-en-1'-yl}-3,6-diaz-
abicyclo[3.1.1]heptane (26b). Yield 68%; R; 0.25 (CHCls/
MeOH 9:1 + gtt Et3N); IR: 1550, 1570, 1590, 1620,
3300; '"H NMR (CDCl;) & 2.04-2.05 (m, 1H), 2.17-
2.18 (m, 1H), 2.85 (br s, 1H), 3.40-3.42 (m, 2H), 3.63—
3.65 (m, 2H), 4.08 (d, 2H, J=6.6 Hz), 4.25-4.30 (m,
2H), 6.45 (dt, 1H, J=6.4 and 15.6 Hz), 6.81 (d, 1H,
J=15.6Hz), 7.52-8.12 (m, 4H). Anal. Calcd for
C14H7;N30,: C, 64.85; H, 6.61; N, 16.21. Found: C,
64.63; H, 6.58; N, 16.15.
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4.1.18.3. 3-[3’-(2-Chlorophenyl)-prop-2’-en-1'-yl]-3,6-
diazabicyclo[3.1.1]heptane (26¢). Yield quantitative; Ry
0.14 (CHCIy/MeOH 9:1); IR: 1590, 1620, 3300; 'H
NMR (CDCls) ¢ 1.79-1.94 (m, 1H), 2.24 (br s, 1H),
2.59-2.67 (m, 1H), 2.75 (d, 2H, J=11.2 Hz), 3.14 (d,
2H, J=9.6Hz), 341 (d, 2H, J=6.6 Hz), 3.63-3.65
(m, 2H), 6.29 (dt, 1H, J=6.4 and 15.6 Hz), 6.98 (d,
1H, J=15.6 Hz), 7.12-7.37 (m, 4H). Anal. Calcd for
C;H7CIN,: C, 67.60; H, 6.89; Cl, 14.25; N, 11.26.
Found: C, 67.36; H, 6.86; Cl, 14.20; N, 11.22.

4.1.18.4. 3-[3’-(3-Chlorophenyl)-prop-2’-en-1'-yl|-3,6-
diazabicyclo[3.1.1]heptane (26d). Yield quantitative;
R; 0.20 (CHCIy/MeOH 9:1); IR: 1590, 1620, 3300; 'H
NMR (CDCl;) 6 1.79-1.94 (m, 1H), 2.26-2.36 (m,
1H), 2.60-2.68 (m, 2H), 2.98 (br s, 1H), 3.22 (d, 2H,
J=142Hz), 346 (d, 2H, J=5.8 Hz), 4.19-4.25 (m,
2H), 6.25 (dt, 1H, J=6.4 and 15.6 Hz), 6.58 (d, 1H,
J=15.6 Hz), 7.16-7.37 (m, 4H). Anal. Calcd for
Ci4H,CIN,: C, 67.60; H, 6.89; Cl, 14.25; N, 11.26.
Found: C, 67.44; H, 6.85; Cl, 14.22; N, 11.24.

4.1.18.5. 3-[3’-(4-Chlorophenyl)-prop-2’-en-1'-yl|-3,6-
diazabicyclo[3.1.1]heptane (26e). Yield quantitative;
Ry 0.43 (CHCI3/MeOH 9:1 + gtt EtzN); IR: 1590,
1620, 3300; '"H NMR (CDCly) § 1.65-1.76 (m, 1H),
2.35-2.41 (m, 1H), 2.58 (d, 2H, J="7.8 Hz), 2.82 (d,
2H, J=114Hz), 3.10 (br s, 1H), 3.31 (d, 2H,
J=5.6Hz), 4.00-4.10 (m, 2H), 6.25 (dt, 1H, J=6.4
and 15.6 Hz), 6.51 (d, 1H, J=15.6 Hz), 7.08-7.27 (m,
4H). Anal. Calcd for C4H;CIN,: C, 67.60; H, 6.89;
Cl, 14.25; N, 11.26. Found: C, 67.54; H, 6.90; Cl,
14.23; N, 11.20.

4.1.18.6. 3-(3'-Phenyl-but-2'-en-1'-yl)-3,6-diazabicyclo-
[3.1.1]heptane (26f). Yield quantitative; Ry 0.37
(CHCI:/MeOH 9:1); IR: 1590, 1620, 3300; 'H NMR
(CDCl3) 6 1.56 (br s, 1H), 1.81-1.89 (m, 1H), 2.11 (s,
3H), 2.41-2.48 (m, 1H), 2.73 (d, 2H, J="7.8 Hz), 3.14
(d, 2H, J=10.2 Hz), 3.40 (d, 2H, J = 6.8 Hz), 3.58-3.63
(m, 2H), 598 (t, 1H, J=6.4 Hz), 7.18-7.40 (m, SH).
Anal. Calcd for C;sH,oN,: C, 78.90; H, 8.83; N, 12.27.
Found: C, 78.67; H, 8.80; N, 12.23.

4.1.18.7.  3-|3’-(4-Chlorophenyl)-but-2’-en-1’-yl]-3,6-
diazabicyclo|3.1.1]heptane (26g). Yield quantitative; Ry
0.28 (CHCly/MeOH 9:1); IR: 1590, 1620, 3300; 'H
NMR (CDCl;) 6 1.84-1.86 (m, 1H), 2.07 (s, 3H),
2.37-2.40 (m, 1H), 2.73 (d, 2H, J=7.8 Hz), 3.07 (br
s, 1H), 3.14 (d, 2H, J=10.2Hz), 3.40 (d, 2H,
J=68Hz), 3.63-3.66 (m, 2H), 596 (t, 1H,
J=64Hz), 7.11-7.31 (m, 4H). Anal. Calcd for
CsH1oCIN,: C, 68.56; H, 7.29; Cl, 13.49; N, 10.66.
Found: C, 68.32; H, 7.26; Cl, 13.44; N, 10.62.

4.1.18.8.  3-[3'-(3,4-Dichlorophenyl)-but-2’-en-1'-yl}-
3,6-diazabicyclo|3.1.1]heptane (26h). Yield quantitative;
R; 0.53 (CHCI3/MeOH 9:1 + gtt Et3N); IR: 1590,
1620, 3300; '"H NMR (CDCl;) 6 1.85-1.90 (m, 1H),
2.06 (s, 3H), 2.54-2.65 (m, 1H), 2.76 (d, 2H,
J=10.6 Hz), 3.03 (br s, 1H), 3.08 (d, 2H, J = 8.2 Hz),
3.40 (d, 2H, J=6.8 Hz), 3.60-3.69 (m, 2H), 5.98 (t,
IH, J=6.4Hz), 7.21-7.50 (m, 3H). Anal. Calcd for

C,sHsCLN,: C, 60.61; H, 6.10; CI, 23.86; N, 9.43.
Found: C, 60.40; H, 6.08; CI, 23.79; N, 9.40.

4.1.18.9. 3-(3’-Phenyl-pent-2'-en-1'-yl)-3,6-diazabicyclo-
[3.1.1]heptane (26i). Yield quantitative; Ry 0.53 (CHCIly/
MeOH 7:3 + gtt Et;N); IR: 1590, 1620, 3300; '"H NMR
(CDCly) ¢ 0.97 (t, 3H, J=7.8 Hz), 1.78-1.84 (m, 1H),
2.00-2.18 (m, 1H), 2.30-2.45 (q, 2H, J=7.4Hz), 2.69
(br s, 1H), 2.76-2.79 (m, 2H), 2.96 (d, 2H, J = 5.4 Hz),
3.13 (d, 2H, J = 7.6 Hz), 4.05-4.09 (m, 2H), 5.80 (t, 1H,
J=64Hz), 7.13-735 (m, 5H). Anal. Calcd for
Ci6H2oN»: C, 79.29; H, 9.15; N, 11.56. Found: C, 79.02;
H, 9.12; N, 11.52.

4.1.19. General procedure for the preparation of 3Aa-i.
To a solution of 26a-i (1.60 mmol) in CH,Cl, (30 mL) at
0°C was added a solution of propionic anhydride
(0.72 mL, 5.60 mmol) in CH»Cl, (6 mL). When addition
was complete, the mixture was refluxed for 1 h. After
cooling at room temperature, the mixture was made
alkaline with 40% NaOH and stirred overnight. The
reaction mixture was extracted with CH,Cl,, the organic
layers were dried over Na,SOy, evaporated, and the res-
idue was purified by FC (eluent: CH,Cl,/acetone 7:3) to
afford the compounds 3Aa-i as oils. All final com-
pounds were converted into the HCl or HO,CCH=CH-
CO,H salts.

4.1.19.1. 3-Cinnamyl-6-propionyl-3,6-diazabicyclo[3.1.1]-
heptane (3Aa). Yield 75%; Ry 0.32 (CH,Cly/acetone 7:3);
mp 191-193 °C (as hydrochloride); IR: 1590, 1620, 1690;
'"H NMR (CDCly) 6 1.14 (t, 3H, J=7.6 Hz), 1.97-3.15
(m, 8H), 3.32 (d, 2H, J=6.6 Hz), 4.20-4.30 (m, 1H),
430-4.40 (m, 1H), 6.25 (dt, 1H, J=6.4 and 15.6 Hz),
6.54 (d, 1H, J=15.6 Hz), 7.17-7.39 (m, 5H); >*C NMR
(CDCly) 6 9.26, 25.68, 27.87, 52.17, 54.41, 58.21, 58.53,
61.30, 126.19, 126.32, 127.39, 128.45, 132.55, 136.74,
173.26. Anal. Calcd for C;7H»nN>O: C, 75.52; H, 8.20; N,
10.36. Found: C, 75.44; H, 8.16; N, 10.30.

4.1.19.2. 3-[3'-(4-Nitrophenyl)-prop-2’-en-1'-yl]-6-pro-
pionyl-3,6-diazabicyclo[3.1.1]heptane (3Ab). Yield 74%;
R; 0.24 (CH,Cly/acetone 7:31); mp 170-172 °C (as fuma-
rate); IR: 1590, 1620, 1650; '"H NMR (CDCl3) § 1.15 (t,
3H, J=7.0 Hz), 2.06-2.19 (m, 2H), 2.25-2.38 (m, 2H),
2.80-3.18 (m, 4H), 3.38 (d, 2H, J = 6.0 Hz), 4.30-4.42
(m, 2H), 6.40 (dt, 1H, J=6.6 and 15.8 Hz), 6.62 (d,
1H, J = 15.8 Hz), 7.47-8.20 (m, 4H); '>*C NMR (CDCl5)
0 9.33, 25.79, 29.69, 52.20, 54.63, 58.52, 61.95, 124.00,
126.77, 128.82, 130.39, 130.89, 131.95, 173.57. Anal.
Calcd for C7H,N3O3: C, 64.74; H, 6.71; N, 13.32.
Found: C, 64.66; H, 6.69; N, 13.30.

4.1.19.3. 3-|3’-(2-Chlorophenyl)-prop-2’-en-1’-yl]-6-pro-
pionyl-3,6-diazabicyclo[3.1.1]heptane (3Ac). Yield 60%; R
0.30 (CH,Cly/acetone 7:3); mp 149151 °C (as hydrochlo-
ride); IR: 1590, 1620, 1650; '"H NMR (CDCl3) 6 1.13 (t,
3H, J=7.6Hz), 190-3.19 (m, 8H), 3.36 (d, 2H,
J=17.8 Hz), 4.20-4.40 (m, 2H), 6.21 (dt, IH, J = 6.6 and
15.8 Hz), 6.92 (d, 1H, J=15.8 Hz), 7.10-7.51 (m, 4H);
13C NMR (CDCly) 6 9.13, 25.57, 27.89, 51.97, 54.18,
57.89, 58.41, 61.17, 126.64, 126.68, 128.29, 128.56,
129.25, 129.42, 132.60, 134.81, 173.20. Anal. Calcd for
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C7H,,CIN,O: C, 66.99; H, 6.94; Cl, 11.63; N, 9.19.
Found: C, 66.75; H, 6.90; Cl, 11.60; N, 9.18.

4.1.19.4. 3-|3’-(3-Chlorophenyl)-prop-2'-en-1’-yl]-6-pro-
pionyl-3,6-diazabicyclo[3.1.1]heptane (3Ad). Yield 50%; R¢
0.32 (CH,Cly/acetone 7:3); mp 202-204 °C (as fumarate);
IR: 1595, 1644, 1644; '"H NMR (CDCl3) 6 1.14 (t, 3H,
J=7.6Hz), 1.32-1.42 (m, 1H), 1.72-1.85 (m, 1H), 2.14
(q, 2H, J=7.6 Hz), 2.46-3.10 (m, 4H), 3.32 (d, 2H,
J=6.6 Hz), 4.06-4.10 (m, 2H), 6.20 (dt, 1H, J = 6.6 and
15.8 Hz), 6.44 (d, 1H, J=15.8 Hz), 7.11-7.28 (m, 4H);
3C NMR (CDCl3) 6 9.30, 25.76, 27.96, 52.18, 54.48,
58.47, 58.53, 61.31, 12447, 126.17, 127.37, 128.12,
128.53, 128.79, 129.73, 131.21, 173.35. Anal. Calcd for
C7H,CIN,O: C, 66.99; H, 6.94; Cl, 11.63; N, 9.19.
Found: C, 66.80; H, 6.92; CI, 11.60; N, 9.17.

4.1.19.5. 3-|3’-(4-Chlorophenyl)-prop-2’-en-1’-yl}-6-pro-
pionyl-3,6-diazabicyclo[3.1.1]heptane (3Ae). Yield quanti-
tative; Ry 0.20 (CH>Cl,/acetone 7:3?; mp 113-115°C (as
fumarate); IR: 1590, 1620, 1650; 'H NMR (CDCls) ¢
1.14 (t, 3H, J = 7.6 Hz), 1.32-1.42 (m, 1H), 1.63-1.65 (m,
1H), 2.06 (q, 2H, J = 7.6 Hz), 2.40-2.60 (m, 4H), 3.32 (d,
2H, J= 6.6 Hz), 4.06-4.11 (m, 2H), 6.19 (dt, 1H, J = 6.6
and 15.8 Hz), 6.43 (d, 1H, J=15.8 Hz), 7.11-7.28 (m,
4H); *C NMR (CDCls) 6 9.03, 25.76, 27.69, 52.18, 54.48,
58.13, 58.56, 61.34, 127.16, 127.45, 128.34, 128.66, 128.75,
128.79, 129.76, 130.87, 173.20. Anal. Calcd for
C,7H,;CIN,0: C, 66.99; H, 6.94; Cl, 11.63; N, 9.19. Found:
C, 66.78; H, 6.92; Cl, 11.61; N, 9.16.

4.1.19.6. 3-(3'-Phenyl-but-2'-en-1’-yl)-6-propionyl-3,6-
diazabicyclo[3.1.1]heptane (3Af). Yield quantitative; Ry
0.26 (CH,Cly/acetone 7:3); mp 245-246 °C (as fuma-
rate); IR: 1590, 1620, 1690; '"H NMR (CDCl;) 6 1.14
(t, 3H, J=7.6 Hz), 1.61-1.65 (m, 5H), 2.04-2.08 (m,
1H), 2.30-2.41 (m, 1H), 2.70-3.11 (m, 4H), 3.35 (d,
2H, J=6.0Hz), 420440 (m, 2H), 6.25 (t, 1H,
J=6.4Hz), 7.17-7.39 (m, 5H); *C NMR (CDCl;) ¢
9.28, 19.13, 25.74, 27.71, 29.67, 51.99, 54.53, 58.35,
61.17, 122.85, 126.90, 127.70, 128.36, 130.89, 173.26.
Anal. Caled for C;3H,4yN,O: C, 76.02; H, 8.51; N,
9.85. Found: C, 75.75; H, 8.48; N, 9.81.

4.1.19.7. 3-[3’-(4-Chlorophenyl)-but-2’-en-1’-yl]-6-pro-
pionyl-3,6-diazabicyclo[3.1.1]heptane (3Ag). Yield 50%;
R 0.45 (CH,Cly/acetone 7:3); mp 67-68 °C (as fumarate);
IR: 1590, 1620, 1645; '"H NMR (CDCl3) 6 1.13 (t, 3H,
J=17.6Hz), 1.61-1.65 (m, 3H), 2.04 (s, 3H), 2.37-2.42
(m, 1H), 2.50-3.10 (m, 4H), 3.35 (d, 2H, J = 6.4 Hz),
4.20-4.25 (m, 2H), 5.88 (t, 1H, J=6.4 Hz), 7.08-7.32
(m, 4H); >*C NMR (CDCl5) 6 9.21, 19.05, 25.67, 28.80,
53.98, 54.33, 58.38, 58.47, 61.15, 124.52, 126.85, 128.70,
130.78, 132.30, 136.70, 173.18. Anal. Calcd for
CsH,:CINLO: C, 67.81; H, 7.27; Cl, 11.12; N, 8.79.
Found: C, 67.57; H, 7.25; Cl, 11.10; N, 8.76.

4.1.19.8. 3-[3'-(3,4-Dichlorophenyl)-but-2'-en-1'-yl]-6-
propionyl-3,6-diazabicyclo[3.1.1]heptane (3Ah). Yield
quantitative; Rr 0.23 (CH,Cly/acetone 7:3); mp 85—
87 °C (as fumarate); IR: 1590, 1620, 1645; 'H NMR
(CDCl3) 6 1.24 (t, 3H, J=7.2 Hz), 1.74 (s, 3H), 1.98-
2.10 (m, 4H), 2.37-2.45 (m, 2H), 2.60-2.75 (m, 2H),

3.04 (d, 2H, J=7.8 Hz), 4.20-4.30 (m, 2H), 591 (4,
1H, J = 6.4 Hz), 7.08-7.42 (m, 3H); '*C NMR (CDCl5)
8 9.30, 19.15, 25.72, 28.20, 53.72, 54.20, 54.57, 58.58,
61.29, 124.97, 127.31, 127.60, 128.82, 129.93, 130.08,
130.26, 130.90, 173.28. Anal. Calcd for C;gH,,CIL,N,O:
C, 61.19; H, 6.28; CI, 20.07; N, 7.93. Found: C, 60.97;
H, 6.26; Cl, 20.00; N, 7.91.

4.1.19.9.  3-(3’-Phenyl-pent-2'-en-1’-yl)-6-propionyl-
3,6-diazabicyclo[3.1.1]heptane (3Ai). Yield 93%; Ry 0.48
(CH,Cly/acetone 7:3); mp 132-134°C (as fumarate);
IR: 1590, 1620, 1690; 'H NMR (CDCls) 6 0.98 (t, 3H,
J=7.6Hz), 1.12 (t, 3H, J=7.6Hz), 1.80 (d, 1H,
J=6.8 Hz), 1.90-2.20 (m, 4H), 2.30-2.40 (m, 1H),
2.65-3.18 (m, 6H), 4.21-4.38 (m, 2H), 5.80 (t, 1H,
J=6.4Hz), 7.11-7.35 (m, 5H); *C NMR (CDCls) 6
9.30, 10.93, 25.72, 27.23, 28.41, 51.99, 54.54, 58.49,
61.33, 123.81, 126.08, 126.47, 128.16, 138.71, 143.09,
173.04. Anal. Calcd for C;oH»sN,O: C, 76.47; H, 8.78;
N, 9.39. Found: C, 76.20; H, 8.74; N, 9.36.

4.2. Biology

4.2.1. General information. Male Albino CD1 mice
weighing 26-30 g (Charles River, Italy) were used.

Animals were kept on a 12 h artificial light/dark cycle
(lights on at 7:00 a.m.) at a constant temperature of
22 £ 2 °C and relative humidity of 60%. Food and water
were available ad libitum.

All testing was performed according to the recommen-
dations and policies of the National Institutes of Health
(USA) Guidelines for the Use of Laboratory Animals.

[D-Ala’, N-Me-Phe* Gly-ol°]-enkephalin ~ (PH]DAM-
GO), [p-Ala®p-Leu’]-enkephalin ([*HJDADLE) and
[*H]bremazocine were purchased from NEN (Life Sci-
ence Products, Boston, Maryland, USA).

4.2.2. Opioid binding assay. Ligand binding assays were
determined for compounds at -, 8- and k-opioid recep-
tors as described in detail elsewhere.'* Binding affinities
for p-, 8-, and k-receptors were determined by displacing,
respectively, PHIDAMGO (1 nM), [’H]DADLE (1 nM)
and [3H]bremaz0cine (1 nM) from mouse brain mem-
brane binding sites. Brain membranes were incubated
with the appropriate *H-ligand in 50 mM Tris—HCI buff-
er, pH 7.4, at 25 °C for 60 min in the absence or presence
of 10 uM naloxone. [*H]Bremazocine binding was car-
ried out in the presence of unlabelled DAMGO
(100 nM) and DADLE (100 nM) to prevent the binding
at p, 9 sites. ICsq values were determined from log dose-
displacement curves, and K; values were calculated from
the obtained ICs, values by means of the equation of
Cheng and Prusoff,'> using values of 1.03, 1.45 and
0.5 nM for the dissociation constants of PHIDAMGO,
[*HIDADLE and [*H]bremazocine, respectively.

4.3. Molecular modelling

4.3.1. Computational methods. All calculations were car-
ried out using the Gaussian 03!® program package. The
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conformational space of compounds 18, 22, 30, 31, 3Aa,
3Ba and 3Bh was explored using systematic variation at
each rotatable bond in order to generate all possible
conformation which were optimized at the B3LYP level
with the 6-31G* basis set.” Also the ring flexibility of the
bicyclic moiety was considered by generation of geome-
tries with all the conceivable puckerings of the rings, fol-
lowed by optimization. While 18 and 22 were modelled
as neutral molecules, the other compounds were mod-
elled as cations in their protonated forms. The energies
of the conformers so obtained were recalculated with
the C-PCM approach'® as implemented in Gaussian 03.
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Abstract—The potent O-GlcNAcase inhibitor PUGNAc was synthesized and two isomers based on the E and Z stereochemistry of
the oxime moiety were separated, defined, and tested for activity. Several lines of evidence were examined in an effort to define the
correct stereochemical assignments of each form of PUGNAc. The ability of the Z stereoisomer to undergo the Beckmann rear-
rangement was ultimately the most definitive proof. It was determined via both in vitro and intact cell experiments that the Z form
of PUGNACc was vastly more potent an inhibitor of O-GlcNAcase than the E form.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Among the assorted post-translational modifications of
nuclear and cytoplasmic proteins are O-linked N-acetyl-
glucosamine (O-GlcNAc) addition and removal on ser-
ine and threonine residues by O-GIcNAc transferase
and O-GlcNAcase, respectively.! The adornment of O-
GIcNAc upon protein surfaces has been suggested to
take part in a functional interplay involving both ki-
nases and phosphatases with implications on cellular
signaling and regulation.? Disruptions of these multifac-
eted interactions likely have consequences in maladies
including diabetes mellitus and cellular events such as
apoptosis. Conversely, manipulation of these pathways
could provide a significant advantage within the man-
agement of numerous diseases.

There are many potent and selective small molecule
inhibitors and activators for the assorted protein phos-
phatases and, in particular, kinases. The development
of selective activators or inhibitors of O-GlcNAcase
(EC 3.2.1.52) and O-GlcNAc transferase (EC 2.4.1.94)
remains minuscule by comparison. Currently, the only

Keywords: PUGNACc; O-GlcNAcase; Oxime stereochemistry.
* Corresponding author. Tel.: +1 301 496 40761; fax: +1 301 402
0008; e-mail: craigt@niddk.nih.gov

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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well-characterized inhibitor of O-GlcNAc transferase is
Alloxan (1) (Fig. 1).> Additionally, there are few known
inhibitors of O-GIcNAcase including streptozotocin
(2) and O-(2-acetamido-2-deoxy-p-glucopyranosylid-
ene)amino-N-phenylcarbamate (PUGNAc) (3).4

PUGNACc was initially noted for its potent inhibition of
B-N-acetylglucosaminidases and it was suggested that
inhibition was the result of substrate mimicry.** Com-
posed of a hydroximolactone N-acetyl triol moiety,
PUGNACc does indeed mimic the structure of native glu-
cosamine substrates such as UDP-GIcNAc (4). The abil-
ity of PUGNACc to mimic several glucosamine substrates
undoubtedly plays a role in its inhibition of O-GlcNAc-
ase and could be a useful reagent in delineating the phe-
notypical response to exaggerated levels of O-linked N-
acetylglucosamine modifications of proteins. Recently, it
has been reported that prolonged cellular exposure to
PUGNAC has resulted in the amplified incidence of O-
GIcNAc incorporation to proteins and an ensuing resis-
tance to insulin.> While the elucidation of the biochem-
ical potential of PUGNAc continues to receive
attention, complete understanding of the role of the
oxime stereochemistry of PUGNACc has been largely ig-
nored. Herein we synthesize, isolate, and define each of
the PUGNAc isomers and show that the ability of
PUGNACc to inhibit the action of O-GlcNAcase is
dependent upon the stereochemistry of the oxime.
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Figure 1. Structures of alloxane (1), streptozocin (2), PUGNAc (3), and UDP-GIcNAc (4).

2. Results
2.1. Chemistry

Synthetic elucidation of PUGNAc was accomplished
employing the original pathway developed by Vasella
and co-workers.® Following the coupling of the hydrox-
imolactone (5) with phenyl isocyanate to form the corre-
sponding phenylcarbamoyl (6) (Scheme 1), we noted the
presence of two products by TLC and HPLC. The sep-
aration of each isomer was difficult by flash chromatog-
raphy, however, their isolation by HPLC proved
uncomplicated. The two isomers of 6a and 6b were
formed in approximately a 5:2 ratio based upon HPLC
integration and comparison of the NMR integration of
corresponding peaks from an aliquot of the principal
product mixture. The original product mixture of 6
was utilized in the subsequent deacetylation reaction
to produce 3a and 3b, and we found that the product ra-
tio was maintained based upon HPLC integration. Fol-
lowing purification of the two isomers 6a and 6b,
aliquots of each were treated with ammonia to effect
deacetylation and it was verified based upon HPLC
retention time alignment that the oxime stereochemistry
was unchanged during deacetylation. Previously, the
isolation of PUGNACc relied upon flash chromatography
and a subsequent crystallization to yield a single isomer.
PUGNAC has been generally referred to as the Z isomer,
although we are unaware of any crystallographic evi-
dence or NMR correlations that would allow exact
stereochemical definition.

Given the plethora of data concerning the importance of
lock and key models for ligand—protein interactions, the
biochemical relationship between the two structures of

PUGNACc seemed important to determine. Following
HPLC separation of the two isomers of PUGNAc, we
set out to determine their absolute stereochemistry. We
initially designated the sterecoisomers based upon their
HPLC elution times; for example, as the “F” or fast-
running isomer and the “S” or slow-running isomer.
Following several failed attempts to produce acceptable
crystals for X-ray analysis of either the “F” or “S” iso-
mers of PUGNACc, we concluded that the designation of
the absolute stereochemistry by other means would be
necessary. We explored several established lines of evi-
dence including melting point comparisons, compound
stability, and NMR spectral shifts with limited success
due to inconsistencies between oxime and hydroximo-
lactone structures and lack of precedence in the case
of hydroximolactones. Ultimately, the most straightfor-
ward line of evidence was the capability of the Z isomer
of PUGNACc to undergo the Beckmann rearrangement.
Finally, the “F” PUGNAc was designated as the Z
stereoisomer (3a) and the “S” PUGNAc was the E
stereoisomer (3b) (Fig. 2).

Several inferences can be made based upon the experi-
mental evidence such as melting points and molecular
stability.” However, these reports are often in disagree-
ment with one another based upon the specific structural
elements of the oxime and/or hydroximolactone. For
example, several studies of oximes and hydroximolac-
tones suggest that the E stereoisomer is more stable than
its Z counterparts,’®4 while others present evidence that
the Z isomers of oximes or hydroximolactones are the
more robust.”>>f In our hands, the Z isomer (3a) of
PUGNACc decomposed completely in a 0.1% trifluoro-
acetic acid aqueous solution after only 8 h, while the £
isomer (3b) remained intact up to and exceeding 7 days.

o)
Ao o PANCO, EtsN aco- o )ol\ Aq. NH; Ho- o . 1
AcO NoH  THF.rt,3h ¢ SNw 0 N@ MeOH, -10°C, 3h Newn O N@
NHAc NHAc H NHAc A
5 6a.b 3a,b

Scheme 1.
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Figure 2. Structural dissimilarity of the E and Z isomers of PUGNAc.

Further, the Z isomer was seen to decompose in neutral
conditions (1:1 solution of H,O and CH3CN) over a
period of 5 weeks, while the E isomer, again, remained
whole. The same trend was noticed in the peracetylated
analogues (6a and 6b).

Melting point variations have been used as determinants
of stereochemistry as well. Several studies suggest that Z
oximes will generally have lower melting points than £
oximes.”>>> Again, there are studies suggesting just
the opposite.”>® Researchers point to several explana-
tions and have often invoked the use of melting point
difference to assign the otherwise ambiguous stereo-
chemistry of oximes. Our determination of the melting
points of the E isomer (3b) was lower (115-119 °C) than
that of the Z isomer (3a) (181-185 °C).

Inference can also be made based upon the crystalliza-
tion timescale for each isomer. Following HPLC separa-
tion of the two stereoisomers of PUGNAc, we effected
crystallization in the same manner as previously pub-
lished studies involving only the active form of PUG-
NAc. In our hands, the Z isomer (3a) was noted to
fully crystallize in 90 min. The E isomer (3b) took
approximately 18 h to form crystals. This is in alignment
with our supposition that all previous reports of PUG-
NAc involved exclusively Z-PUGNAc.

While these data are descriptive, ambiguity and dis-
agreement are prevalent and physical trends such as
melting points that are based upon the stereochemistry
of the oxime will often be superseded due to the nature
of the substrate as a whole. Thus, reliance on physical
properties to ascertain the structure of these compounds
is inadequate and often misleading. The far more com-
pelling evidences lie within the numerous studies sug-
gesting strong trends in the NMR spectral shifts of
selected carbon and proton atoms within the structures
of hydroximolactones and oximes. It is unfortunate that
among the limited crystallographic data only one form
(often the Z stereoisomer) of any given hydroximolac-
tone structure exists so no direct correlation can be
made between the absolute structure and significant
NMR signals.”

The "H chemical shifts of the C2 methine protons for the
E and Z isomers of PUGNACc have notable deviations in
their chemical shifts. Precedence in similar oxime and
hydroximolactone systems suggests that proximity to
the oxygen of the oxime in the a-syn configuration will

de-shield the proton and cause a downfield shift in the
signals of the E-isomer.® However, this effect is largely
dependent of the dihedral angle between the oxime oxy-
gen and the C2 methine proton (H-C-C=N-0-R), and
ambiguity based thereupon is plausible due to the as-
sumed psuedochair conformations of the hydroximolac-
tone. For example, studies have presented evidence of E
hydroximolactones with C2-H shifts upfield of their Z
counterparts.” We were able to correctly identify the
C2 methine proton through 'H-'H correlation NMR
based upon coupling to the nitrogen proton of C2-
NHACc group. The recorded 'H signal for the C2-H car-
bon of the Z isomer (3a) was seen at 4.36-4.38 ppm and
the corresponding signal of the E isomer (3b) was
recorded at 4.62-4.64 ppm (Fig. 3), which are in agree-
ment with the established trend. The chemical shifts
seen, however, in the peracetylated compounds 6a
(4.78-80 ppm) and 6b (4.71-4.73 ppm) are in conflict
with the conventional precedent. It should be noted that
the results for the deacetylated versions (3a, 3b) are in
alignment with several hydroximolactones presented
by Vasella and co-workers.”® Ultimately, ambiguity sur-
rounding the accurate prediction of the deshielding ef-
fect for these molecules and the discrepancies between
the recorded signals in this study and in other published
work pressed us to rely on evidence other than the C2-H
shifts.

The shifting of the C1 signal within the '*C spectrum of
oximes can also be descriptive. The pattern is based
upon steric compression and the observed trend suggests
that within the more sterically compressed oxime the C1
signal will be shifted upfield.'® However, Sivertsen and
co-workers show just the opposite for a small group of
hydroximolactones.”®> The E and Z assignments of
numerous hydroximolactones have since been made
based solely on this study and the use of the '"H C2-H
spectral shift.”>!! We observed that the Cl1 signals for
the E form of PUGNACc (3b) (162.6 ppm) and the per-
acetylated PUGNAc (6b) (158.3 ppm) were shifted
downfield relative to their Z counterparts (3a, 6a)
(158.8 ppm and 154.1 ppm, respectively) (Fig. 3). These
observations are in alignment with the work of Siversten
and co-workers but in direct conflict with the observa-
tion that the sterically compressed hydroximolactone
will result in the upfield shift of CI.

Each of the aforementioned lines of evidence is sus-
pect due to inconsistencies within the literature. How-
ever, our survey of the literature suggested that there
is general agreement for the trends maintained for
the C2 '3C NMR chemical shifts of hydroximolactone
and oxime structures. Repeated studies show that the
13C signals of the a-syn carbon (C2) of oximes akin to
the E stereoisomer of PUGNACc have a significant up-
field shift relative to the a-anti-counterparts of the Z
stereoisomer (Fig. 2). This is based upon steric com-
pression (also called the y effect) causing an upfield
shift of the '>C nuclei in close proximity to a bulky
moiety; in this case, the N-phenylcarbamate. This re-
sult was first described by Roberts and co-workers
and Nelson and co-workers,'? and numerous studies
since have provided good precedence for this effect.!?
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PUGNACc.

In our study, the correct assignment of the C2 carbon
signals was accomplished by "H-'*C correlation NMR
based upon coupling to the methine C2 proton. The
recorded '*C signal for the C2 carbon of the E isomer
(3b) was seen at 57.4 ppm and the corresponding sig-
nal of the Z isomer (3a) was recorded at 51.8 ppm
(Fig. 3). This trend was also seen in the peracetylated
comPounds 6b (53.1 ppm) and 6a (47.1 ppm). Again,
the '3C shifts for C2 of the E and Z PUGNAc and
the peracetylated £ and Z PUGNACc are not in agree-
ment with accepted precedence.

Based solely on the alignment of the NMR data with
accepted trends it would be difficult to unambiguously as-
sign the £ and Z forms of PUGNAc. The most compelling

Z lsomer OH OH
HOW__~
H+
AcHN™ ”
N\O
74
3a
E Isomer
H+

line of evidence, however, is not precedence based upon
NMR data (mostly based upon oxime precedence), but
is the capability of only the Z isomer to undergo the Beck-
mann rearrangement (Fig. 4).4 It was initially noted that
HPLC purification of the undefined mixture of the “F”
and “S” isomers of PUGNAc was complicated when, in
a0.1% trifluoroacetic acid aqueous buffer, the “F” isomer
degraded over a period of 6-8 h. Following purification at
neutral conditions, the “F”’ isomer was reevaluated within
the acidic buffer conditions and the degradation products
observed via LCMS. Two products were noted; one with a
strong UV adsorption that maintained a mass of 136.2
and a second product with no associated chromaphore
that showed a mass of 220.1 (Fig. 5). These low resolution
masses and their associated UV/vis signatures corre-

OH OH
Ho_  :
- AcHN: o
HN=/
He+, H,0
o7 \ OH OH
OoH Ho, =

no degradation

+>

Figure 4. Description of the Beckmann rearrangement for Z PUGNAc into 7, 8, and 9.
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Figure 5. LCMS analysis of the rearrangement products of Z PUGNAc in 0.1% TFA-buffered water within a linear gradient of increasing amounts

of acetonitrile.

sponded well with the assumed products of the Beckmann
rearrangement 7 (m/z = 219.1) and 8 (m/z = 137.1).

Following this observation, we tested the generality of
rearrangement by exposing both isomers to several con-
centrations of trifluoroacetic acid. It was observed that
the “S” isomer was stable up to and including exposure
to a 50% trifluoroacetic acid solution. Conversely, the
“F” isomer broke down at all trifluoroacetic acid con-
centrations tested. We next analyzed the products of
the presumed Beckmann rearrangement via high resolu-
tion mass analysis and proton NMR. Following treat-
ment of 8mg of the “F” isomer with 25%
trifluoroacetic acid in methanol, the resulting products
were purified by HPLC. Analysis of the two products
collected confirmed the existence of an aromatic com-
pound with appropriate mass and proton NMR signals.
The collection and analysis of the presumed sugar
byproduct (7 or 9), observed as the non-hydrated prod-
uct 7 via low resolution LCMS analysis, was complicat-

ed by the lack of fluorophore to allow diode array
detection. A general collection based upon assumed
retention times allowed for the collection of a compound
with the appropriate low resolution mass and proton
NMR signals for the non-hydrated product 7. Observa-
tion of the hydrated product (9) via mass analysis was
not seen. It should be noted that the proton NMR we
have observed could well represent products other than
7 including products formed via abnormal Beckmann
rearrangements. We do not believe, however, that the
existence of other Beckmann rearrangement type prod-
ucts alters our assignment of the sterecochemistry of
PUGNAc.

With this evidence in hand, we returned to the original
characterization of PUGNACc¢ by Vasella and co-workers
to compare the NMR signatures of both the Z and FE
PUGNACc (3a and 3b), and the Z and E acetylated ver-
sions (6a and 6b). It was confirmed that the 'H and '*C
signals for both 3a and 6a corresponded well with the
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published signals for PUGNAc. The E PUGNACc ana-
logues 3b and 6b, however, had several significant devi-
ations. Most notable were the observed signals for the
C5-H multiplet of 6b, which was shifted from 4.65-
4.67 to 5.25-5.28, and the C6-H multiplet of 3b that
shifted from 3.76-3.78 to 4.53-4.55.

The characterization of the Beckmann rearrangement
products of 3a and good alignment of the NMR signals
from our study to that of Vesella and co-workers have
allowed us to unambiguously assign the “F” isomers
with the Z stereochemical configuration.

2.2. Biological evaluation

With a satisfactory assignment of the £ and Z stereoiso-
mers of PUGNAc complete, we concerned ourselves
with the biochemical activities of each isomer. Both 3a
and 3b were examined in the presence of recombinant
O-GlcNAcase and ‘caged’ fluorogenic substrate, fluores-
cein di-N-acetyl-B-p-glucosaminide (FDGIcNAc) 10
(Fig. 6). We recently reported the action of O-GIcNA-
case on 10 and the measurement of O-GIcNAcase activ-
ity based upon direct fluorescence measurement.'> The
level of inhibition was determined based upon the quan-
tification of fluorescence measured in the absence and
presence of the PUGNACc isomers (intensity of fluores-
cence was measured at A, =485nm and at
Jem = 535 nm) (Fig. 6). The Z isomer of PUGNAc (3a)
was seen to strongly inhibit the action of O-GlcNAcase
(approx 20% of O-GlcNAcase native activity in the pres-
ence of 1 pM of 3a), while the E isomer of PUGNAc
(3b) had a marked decrease in inhibition (approx 90%
of O-GIcNAcase native activity in the presence of
1 uM of 3b).

We further examined the abilities of both the E and Z
forms of PUGNACc to evoke an increased incidence of
O-GIcNAc incorporation upon proteins via methods
previously reported by Philipsberg and co-workers.!¢
Treatment of separate cultures of both HEK and HelLa
cells with aliquots of the peracetylated forms of E and Z
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PUGNACc (6a and 6b) (from a stock ethanol solution
diluted to a final concentration of 50 uM) followed by
incubation at 37 °C for 48 h and lysis of each culture
and a control were followed by an analysis of O-Glc-
NAc integration via Western blot analysis. The peracet-
ylated forms were utilized to achieve a more efficient
cellular incorporation of each reagent and the ethanol
treatment was mimicked within the control culture.
The level of O-GIcNAc incorporation was quantified
via infrared imaging of an IR-labeled O-GlcNAc specific
antibody.

The Z form of the peracetlyated PUGNAc (6a) was
noted to induce an approximately 1.4-fold increased
level of O-GlcNAc incorporation upon proteins within
the HeLa cell systems and similar results were found
for HEK cells (Fig. 7 [gel B: lane 4 and gel D: lane
4]). The E isomer (6b), however, was seen to have
no effect on O-GIcNAc levels (Fig. 7 [gel B: lane 3
and gel D: lane 3]). The experiments were repeated
and the 1.4-fold increase was observed for a second
time with the Z form, while the E form, again, pro-
duced no increased incidence of O-GlcNAc
incorporation.

3. Discussion

The ability of the Z form of PUGNACc to more potently
inhibit the action of O-GlcNAcase relative to the E form
is a significant finding. Consideration of the similarities
of the PUGNAc structure and the native substrate
would strongly advocate a binding mechanism whereby
the hydroximolactone N-acetyl triol moiety provides a
significant portion of ligand recognition based upon
substrate mimicry. Given that this moiety remains un-
changed in both the £ and Z forms of PUGNAc, we
may well envision a mechanism of enzyme inhibition
by Z PUGNACc that is moderately tenuous.

It is worth noting that PUGNACc has been viewed within
the crystallographic analysis of glycogen phosphorylase b
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Figure 6. Structure of fluorescein-di-B-GIlcNAc (10) and activity of O-GlcNAcase based upon fluorescence: (1) control—no inhibitor, (2) with 1.0 uM

Z-PUGNACc (3a), and (3) with 1.0 uM E-PUGNACc (3b).
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Figure 7. Effect of the oxime stereochemistry of PUGNAC on protein incorporation of O-GlcNAc. Ponceau S staining of the nitrocellulose
membranes (gels A and C) reveals equivalent proteins were loaded. Western blot proteins from HeLa (gel B) and HEK (gel D) indicate an increased
incidence of O-GIcNAc protein incorporation. Lane 1, protein marker; lanes 2-4, proteins from cells cultured for 48 h in the absence of inhibitor and
presence of 50 mM E-(OAc);-PUGNAc (6b) and Z-(OAc),-PUGNACc (6a), respectively. IR quantification revealed an approximately 1.4-fold
increase in O-GIcNAc incorporation upon proteins when both HeLa and HEK cells were treated with Z-(OAc);-PUGNAc (6a) (gel B—lane 4 and

gel D—Ilane 4, respectively).

and was seen to exist as the Z stereoisomer.!” However, a
compound similar to PUGNAc (N,N’-diactyl-chit-
obionoxime-/N-phenylcarbamate (HM508)) was recently
viewed within the crystallographic analysis of ChiB as
the E stereoisomer.!® The exact ligand—enzyme docking
arrangement for Z PUGNAc and O-GIcNAcase is worth
further exploration.

Structural activity relationships based solely on stereo-
chemistry are widespread throughout medicinal chemis-
try and in modern drug discovery.!” Recent reports,
including observations of the stereospecific antitumor
activity of a radicicol oxime analogue and the stereospe-
cific agonistic activity of oxime-piperidine derivatives at
the CCR5 receptor, demonstrate that oxime stereochem-
istry can be an important mediator of structure and
function.?’

The assignment of stereochemistry within £ and Z oxi-
mes and/or hydroximolactones can be deceptive. The
methods utilized to delineate between the two sterioi-
somers has evolved from simple qualitative analyses
to, in the best case scenario, crystallographic methods.
Herein, we describe how both qualitative methods and
NMR signal comparison can be misleading. Further,
the £ and Z isomers of PUGNACc represent important
counter-examples to several of the relied upon NMR
methods to predict oxime stereochemistry.

The understanding that PUGNACc relies on the correct
oxime stereochemistry to potently inhibit O-GlcNAcase
compels us to reconsider of the means of inhibition by Z
PUGNACc and the mechanism of action of O-GIcNA-
case. Certainly, the fundamentally different shapes of
the two stereoisomers will have reverberations in the
binding ability of £ and Z PUGNACc to O-GlcNAcase
and ultimately their inhibitory potential. Clearly, the Z

isomer binds in a manner that better positions the N-
phenylcarbamate moiety in terms of ligand—enzyme con-
tacts and steric accommodation.

Further, a recent report?! and congruent observations in
our own laboratory?? have noted the success of a Glc-
NAc-thiazoline as a potent inhibitor of O-GlcNAcase.
The success of this analogue as an inhibiting agent
would suggest that a substrate assisted mechanism
(Fig. 8) is being utilized by O-GlcNAcase and that
obstruction of such an enzymatic mechanism is a key
necessity for small molecule inhibitors like PUGNAc.?3
The positioning of the N-acetyl group and the reactivity
of anomeric ether linkage are both imperative to this
type of mechanism. The oxime component of both E
and Z PUGNACc would likely block any such intermedi-
ate from forming and any inhibition enhancement of the
Z form seems unlikely to be based upon this possible
substrate—enzyme interaction. The enhanced potency
of Z-PUGNAc might indicate that the positioning of
the N-acetyl group is a key binding motif based upon
the assumed steric clash of this moiety with the phenyl
carbamate in the E-PUGNAc form (Fig. 8). Clearly,
visualization of the active form of PUGNAc within
the active site of O-GIcNAcase would resolve many of
these questions and allow for refinement of Z-PUGNAc
into a more specific and potent enzyme inhibitor.

4. Conclusion

Herein, we report that the inhibition of O-GlcNAcase
by PUGNACc is highly dependent on the stereochemical
configuration of the oxime portion of the PUGNAc
chemical structure. Further, through experimental evi-
dence, primarily the observation that the Z stereoiso-
mers will undergo the Beckmann rearrangement, we
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Figure 8. Example of substrate assisted mechanism and structural comparison of E and Z PUGNAc.

have shown that the Z form of PUGNACc is the active
isomer. Importantly, only the Z form of PUGNAc
was shown to amplify the incorporation of O-GIcNAc
on proteins within both HeLa and HEK cell systems.

5. Experimental
5.1. General

The synthetic elaboration was done in an identical fash-
ion as reported in Ref. 6b. "H NMR data were recorded
on a Varian Gemini300, and '*C NMR and COSY data
were recorded on a Brooker 600. Spectra were recorded
in de-DMSO and/or D>O and were referenced to the
residual solvent peak at 2.50 and 4.79, respectively. Re-
verse-phase (C18) HPLC was carried out using an Agi-
lent HPLC with a Zorbax™ SP-C18 semi-prep column.
All melting points were determined with a Thomas-
Hoover apparatus and are uncorrected. High-resolution
mass spectroscopy measurements were performed on a
Micromass/Waters LCT Premier Electrospray TOF
mass spectrometer.

5.2. O-(2-Acetamido-3,4,5-tri-O-acetyl-p-glucopyranosy-
lidene)amino-Z-/N-phenylcarbamoyl (6a)

Synthesis was accomplished in an identical fashion and
with equivalent yields as in Ref. 6b. Following purifica-
tion of the isomer mixture via flash chromatography, an
aliquot was removed for HPLC separation of the iso-
mers. HPLC purification was achieved using a linear
gradient of water containing increasing amounts of
CH;CN (0 — 15 min, linear gradient from 30% to 60%
CH;CN at a flow rate of 4 mL/min: R 9.6 min). The tri-
acetyl-Z-PUGNACc (6a) was obtained as a white solid
following lyophilization. '"H NMR (dg-DMSO): § 1.87
(s, 3H), 2.00 (s, 3H), 2.03 (s, 3H), 2.05 (s, 3H), 4.19-
421 (m, 1H), 4.37-4.40 (m, 1H), 4.65-4.67 (m, 1H),

4.78-4.80 (m, 1H), 5.22-5.26 (m, 1H), 5.33-5.36 (m,
1H), 7.02-7.05 (m, 1H), 7.29-7.32 (m, 2H), 7.48-7.49
(m, 2H), 8.61 (d, Juu = 7.68 Hz, 1H), 9.74 (s, 1H); 1*C
NMR (d-DMSO): 6 18.8, 18.1, 18.9, 20.9, 47.1, 60.0,
65.5, 69.3, 74.2, 117.3, 121.4, 127.2, 136.8, 149.8,
154.1, 167.5, 167.7, 168.0, 168.4; mass spectrometry
(TOF); m/z = 480.1603 (M+H) (theoretical 480.1613).

5.3. O-(2-Acetamido-3,4,5-tri-O-acetyl-p-glucopyranosy-
lidene)amino- E- N-phenylcarbamoyl (6b)

Synthesis was accomplished in an identical fashion and
with equivalent yields as in Ref. 6b. Following purifica-
tion of the isomer mixture via flash chromatography, an
aliquot was removed for HPLC separation of the iso-
mers. HPLC purification was achieved using a linear
gradient of water containing increasing amounts of
CH;CN (0 — 15 min, linear gradient from 30% to 60%
CH;CN at a flow rate of 4 mL/min: R, 10.2 min). The
triacetyl-E-PUGNACc (6b) was obtained as a white solid
following lyophilization. '"H NMR (ds-DMSO): & 1.90
(s, 3H), 1.99 (s, 3H), 2.04 (s, 3H), 2.05 (s, 3H), 4.12—
4.15 (m, 1H), 4.54-4.57 (m, 1H), 4.71-4.73 (m, 1H),
5.14-5.17 (m, 1H), 5.25-5.28 (m, 1H), 5.34-5.35 (m,
1H), 7.02-7.04 (m, 1H), 7.28-7.31 (m, 2H), 7.47-7.48
(m, 2H), 8.90 (d, Juy = 7.56 Hz, 1H), 9.84 (s, 1H); °C
NMR (ds-DMSO): 6 18.9, 19.0, 20.7, 53.1, 60.4, 65.3,
72.2, 80.0, 117.6, 121.4, 127.2, 136.9, 149.8, 158.3,
167.3, 167.5, 167.7, 168.6; mass spectrometry (TOF);
mlz = 480.1617 (M+H) (theoretical 480.1613).

5.4. O-(2-Acetamido-2-deoxy-D-glucopyranosylid-
ene)amino-Z-N-phenylcarbamoyl (3a)

Synthesis was accomplished in an identical fashion as in
Ref. 6b. Following removal of the solvent by rotary
evaporation, the crude product mixture was purified
by HPLC without further workup. HPLC purification
was achieved using a linear gradient of water containing
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increasing amounts of CH3;CN (0 — 15 min, linear
gradient from 10% to 25% CH;CN at a flow rate of
4 mL/min: R, 12.6 min). Z-PUGNACc (3a) was obtained
as a white solid following lyophilization. Crystallization
of a 20 mg aliquot of the sample was achieved in a
solution of methanol/ethyl acetate/hexanes
(10 mL:30 mL:30 mL). Crystals formed in approximate-
ly 90 min. Mp 181-185 °C. "H NMR (ds-DMSO):  1.89
(s, 3H), 3.56-3.69 (m, 3H), 3.76-3.78 (m, 1H), 3.93-3.95
(m, 1H), 4.36-4.38 (m, 1H), 4.94 (br s, 1H), 5.59 (br s,
2H), 7.01-7.03 (m, 1H), 7.27-7.30 (m, 2H), 7.48-7.49
(m, 2H), 8.33 (d, J=7.98 Hz, 1H), 9.59 (s, 1H); *C
NMR (D,O at 15°C): ¢ 23.8, 51.8, 60.7, 69.2, 72.9,
83.1,119.3,123.5,129.4, 139.2, 152.4, 158.8, 169.9; mass
spectrometry (TOF); m/z = 354.1289 (M+H) (theoretical
354.1296).

5.5. O-(2-Acetamido-2-deoxy-p-glucopyranosylid-
ene)amino-E- N-phenylcarbamoyl (3b)

Synthesis was accomplished in an identical fashion as
in Ref. 6b. Following removal of the solvent by rotary
evaporation, the crude product mixture was purified
by HPLC without further workup. HPLC purification
was achieved using a linear gradient of water contain-
ing increasing amounts of CH;CN (0 — 15 min, linear
gradient from 10% to 25% CH3;CN at a flow rate of
4 mL/min: R, 14.5min). E-PUGNAc (3b) was ob-
tained as a white solid following lyophilization. Crys-
tallization of a 30mg aliquot of the sample was
achieved in a solution of methanol/ethyl acetate/hex-
anes (10 mL:30 mL:30 mL). Crystals formed in
approximately 18h. Mp 115-119°C. 'H NMR
(de-DMSO): 6 1.87 (s, 3H), 3.50-3.53 (m, 1H), 3.67-
3.69 (m, 1H), 3.83-3.86 (m, 1H), 4.11-4.12 (m, 1H),
4.53-4.55 (m, 1H), 4.62-4.64 (m, 1H), 4.69 (br s,
1H), 5.03 (br s, 1H), 5.92 (br s, 1H), 7.00-7.03 (m,
1H), 7.27-7.30 (m, 2H), 7.48-7.49 (m, 2H), 8.66 (d,
J=17.74Hz, 1H), 9.73 (br s, 1H); C NMR (d,-
DMSO): ¢ 23.1, 57.4, 63.6, 68.8, 73.3, 86.0, 119.4,
123.5, 129.4, 139.2, 152.3, 162.6, 169.5; mass spec-
trometry (TOF); m/z=354.1316 (M+H) (theoretical
354.1296).

5.6. Beckmann rearrangement product characterization

To a solution of methanol and trifluoroacetic acid (3 mL
MeOH:1 mL TFA) was added 3a (8 mg, 0.022 mmol)
and the resulting solution was allowed to stir for
10 min at room temperature. Solvent was removed un-
der reduced pressure and the reaction mixture was dis-
solved in 2mL of a 1:1 mixture of acetonitrile and
water. HPLC purification was achieved using a linear
gradient of water containing increasing amounts of
CH;CN (0 — 10 min, linear gradient from 10% to 80%
CH;CN at a flow rate of 4 mL/min). Time of retention
for 8 was 5.1 min. Compound 8 '"H NMR (ds-DMSO):
0 6.97-7.04 (m, 1H), 7.23-7.38 (m, 2H), 7.42-7.53 (m,
2H); mass spectrometry (TOF); m/z = 137.0444 (M+)
(theoretical 137.0476) and m/z = 179.0759 (M+CH;CN)
(theoretical 179.0820). Time of retention for 7 was
1.16 min. Compound 7 '"H NMR (ds-DMSO); d 1.86
(s, 3H), 3.22-3.24 (m, 1H), 3.41-3.44 (m, 1H), 3.55-

3.57 (m, 1H), 3.89-3.95 (m, 1H), 4.13-4.16 (m, 1H)
7.57-7.59 (s, 1H).

5.7. Expression and purification of recombinant
O-GlcNAcase

Cultures of TOP 10 cells containing pPBAD/HisA human
O-GlcNAcase clone expression vector were grown over-
night in Luria—Bertani (LB) broth (Digene) supplement-
ed with ampicillin (50 pg/ml). Induction of O-
GlcNAcases was initiated by adding arabinose solution
(0.02%) when the ODg of cultures reached around 0.5.
The cultures were further grown for 4 h at 30 °C at
200 rpm. The cells were harvested by centrifugation at
4000g for 15 min in a Sorvall® RC 5C Plus (DuPont)
centrifuge. The pellet was subjected to freeze-thaw and
suspended in 1/50 of the original volume in 0.1 mg/ml
lysozyme, 20 mM Tris-Hel, pH 8.0, | mM DTT, 0.1%
Triton X-100, and an EDTA-free protease inhibitor
cocktail tablet (1 tablet/10 ml). The suspension was incu-
bated at room temperature for 5 min and the lysate was
sonicated on ice (4x 10 s, setting 3, Misonix Ultrasonic
Processor). The supernatant was obtained after centrifu-
gation at 20,000g for 15 min. Expressed Hisg-tagged O-
GlcNAcase in the supernatant was purified on His-Trap
HP column (Amersham Biosciences) using the slightly
modified manufacturer’s protocol. Fractions (1 ml) col-
lected throughout the separation were assayed for pro-
tein (absorbance at 280 nm) and were further assayed
for O-GIcNAcase activity according to the protocol de-
scribed below. Fractions showing enzyme activity were
pooled and concentrated using a Centricon 100 micro-
concentrator (Amicon). Pierce BCA protein assay
reagent was used to estimate protein concentration.
Purity of O-GlcNAcase was confirmed by Ponceau S
staining of the membrane (Sigma) and Western blot
analysis using anti His-Tag antibody (Abcam).

5.8. O-GlcNAcase’s enzymatic assay

Four microliters of purified recombinant O-GlcNAcase
was incubated in 0.1 M citrate/phosphate buffer, pH
6.5, containing 30 uM of the fluorogenic substrate
(10), in a final volume of 100 pl in the presence of
1 uM of inhibitors (3a and 3b) and in the absence of
the inhibitor at 37 °C for 30 min. The assays were termi-
nated by adding 900 ul of 0.5 M Na,COj; solution. Two
hundred microliters of assay solution was transferred
into a 96-well plate and fluorescence was measured at
the excitation wavelength of 485 nm and at the emission
wavelength of 535 nm on the Wallac 1420 fluorometer.

5.9. Cell culture and inhibition

HEK and HelLa cells were cultured in a DMEM (Gibco)
supplemented with 10% FBS (Invitrogen). Aliquots of
inhibitors (6a and 6b in a 50 pL of a stock in 100% eth-
anol) were delivered into 10 mL tissue culture flasks to
yield a final concentration of 50 pM of inhibitor and
the ethanol was evaporated. The cells were incubated
in humidified 95% air and 5% CO, at 37 °C for 48 h.
Cells were harvested and were pooled by centrifugation
(200g, 5 min). Cells were washed twice with PBS, pH 7.0
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(10 mL) and pelleted (200g, 5 min). A culture of control
cells was treated in the same manner as above, except
that aliquots of ethanol were delivered into the tissue
culture flask and the ethanol was evaporated and the
cultures contained no inhibitors.

5.10. Western blot analysis

The pellet was suspended in 0.8 mL lysis buffer containing
20 mM Tris-HCI, pH 8.0, 1 mM DTT, 0.1% Triton X-
100, and an EDTA-free protease inhibitor cocktail (1 tab-
let/10 mL). The suspension was incubated at room tem-
perature for 5 min and sonicated on ice (4x 10 s, setting
3, Misonix Ultrasonic Processor). The supernatant was
obtained after centrifugation at 20,000g for 15 min. Pierce
BCA protein assay reagent was used to estimate protein
concentration. Samples were loaded onto a 4-12% Nu-
PAGE pre-cast gel and proteins were separated by elec-
trophoresis and then transferred to a nitrocellulose
membrane for immunoblotting. The blot was probed with
O-GIcNAc specific antibody RL2 (mouse [gG1, Affinity
Bioreagents, Inc.) at 1:1000 dilution and infrared (IR)-la-
beled anti-mouse IgG Goat antibody (Rockland, Inc.).
The blot was scanned on the Odyssey Infrared Imager
(LI-COR Biosciences). Relative intensity of O-GIcNAc
level was quantitated using the Odyssay Infrared Imaging
System application software.
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Abstract—A 3D-QSAR analysis of a new class of ring-substituted quinolines with anti-tuberculosis activity has been carried out by
three methods—Comparative Molecular Field Analysis (CoMFA), CoMFA with inclusion of a hydropathy field (HINT), and Com-
parative Molecular Similarity Indices Analysis (CoMSIA). The conformation of the molecules was generated using a simulated
annealing protocol and they were superimposed using features common to the set with database alignment (SYBYL) and field fit
methods. Several statistically significant CoMFA, CoMFA with HINT, and CoMSIA models were generated. Prediction of the
activity of a set of test molecules was the best for the CoOMFA model generated with database alignment. Based upon the information
contained in the COMFA model, we have identified some novel features that can be incorporated into the quinoline framework to

improve the activity.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis (TB) causes more than two million deaths
each year mainly in the impoverished parts of the
world.! The condition of patients suffering from tuber-
culosis has further complicated and worsened because
of the association of the disease with human immunode-
ficiency virus (HIV) and the emergence of drug-resistant
strains of the causative organism Mycobacterium tuber-
culosis.> TB and HIV infections complement each other
and approximately 10 million adults are infected with
both pathogens. New structural classes of drugs, which
are affordable and more effective than the presently used
drugs, are urgently required to target both, the resistant
strains of M. tuberculosis, and the emerging pathogens,
such as M. avium.? The past decade has seen significant
advances in understanding various molecular aspects of
the lifecycle of M. tuberculosis, culminating in publica-
tion of its complete genome.* The identification of new
specific targets using the genomic annotation of M.
tuberculosis is under development and potential target
based anti-TB drugs appear to be several years away.3

* Corresponding authors. Tel.: +91 172 2214682; fax: +91 172 2214692
(R.J.); tel.: 491 22 26670871; fax: +91 22 26670816 (E.C.); e-mail
addresses: rahuljain@niper.ac.in; evans@bcpindia.org

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

doi:10.1016/.bmc.2005.09.018

More recently, our research efforts have focused on
developing an entirely new structural class of anti-TB
agents possibly acting on completely novel targets and
with a mechanism of action different from those of the
existing drugs. Our approach involves a broad struc-
ture-directed screening of new chemical entities against
various pathogens including M. tuberculosis. This ap-
proach has proven to be highly rewarding and has
resulted in the identification of a new class of ring-
substituted-4-methylquinolines with potent antimyco-
bacterial activity against both drug-sensitive and drug-
resistant strains of TB.®> Structural and biological opti-
mization of this class of compounds has led to the iden-
tification of several potent anti-tuberculosis compounds
exhibiting activity at 1.0 pg/mL against drug-sensitive
strain of M. tuberculosis H37Rv.%% A majority of these
compounds were readily synthesized in 3-5 steps; each
step being facile, high yielding, and involving only inex-
pensive reagents. The synthetic protocol also permited
us to make various substitutions on both rings of the
quinoline moiety to produce a large number of analogs.
In an attempt to understand the essential structural
requirements for anti-tuberculosis activity of ring-
substituted quinolines, we have performed a 3D quanti-
tative structure activity relationship study (QSAR) by
Comparative Molecular Field Analysis (CoMFA),’
Comparative Molecular Similarity Indices Analysis
(CoMSIA),! and CoMFA with inclusion of a
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hydrophobic interaction field (HINT);!! and the results
of this study are reported herein. In the absence of any
information regarding the drug target, the indirect li-
gand-based approaches like 3D-QSAR can assist in
understanding the SARs and also serve as a guide in
the design of more potent inhibitors.

2. Computational details
2.1. Dataset

A set of 112 molecules>® was used in this study (Table 1,
the molecules with prefixes 1_, 2_, 3_, and 4_ are from
references 5, 6, 7, and 8, respectively). Of these, 18 mol-
ecules (1_2I, 1_2J, 1_2K, 131, 1_3J, 1_3K, 2_13E,
2_13F, 2_13G, 2_13H, 2_14E, 2_14G, 2_14H, 4_7B,
4_7C, 4_7D, 4_7E, and 4_7F) with flexible alkyl side
chains (chain length greater than 3 carbon atoms) were
not included in the generation of the model. The remain-
ing 94 molecules were divided into a training set (70
molecules) and a test set (24 molecules) by means of
chemical as well as biological diversity. Daylight finger-
prints and pICs, data were used to select diverse mole-
cules with the Tanimoto similarity coefficient.'?

2.2. Biological data

The activity of all compounds used in the QSAR study
was measured by the same assay” ® and is reported as
% inhibition at 6.25 pg/mL. For the QSAR study, the
activity values were transformed as follows:'3

Activity = — log ¢ + logit,

where ¢ is the molar concentration = concentration (pg/
mL) * 0.001/(molecular weight)

logit = log[%inhibition/(100 — %inhibition)].

2.3. Molecular modeling

The CoMFA,? CoMSIA,'"° and CoOMFA with HINT!!
studies were carried out using SYBYL 7.0'* installed
on a Pentium 2.8 GHz PC with the Linux OS (Red
Hat Enterprise WS 3.0). The structures were built with
the Sketcher module and energy minimized by Powell’s
method using the MMFF94!> force field with a dis-
tance-dependent dielectric term. The minimization was
terminated at a maximum value of the gradient at
0.5 kcal/mol/A. Each structure was then subjected to
molecular dynamics (MD) simulation, where it was
heated to 700 K for 1 ps and annealed slowly to 200 K
in steps of 100 K for 1 ps at each temperature, with a
step size of 1 fs and snapshots captured every 5 fs. The
lowest energy structure from the MD trajectory was sent
through a final round of minimization, which was car-
ried out with the same criteria as mentioned above.
For the 18 molecules with flexible side chains (vide su-
pra), a set of local minimum energy conformations with-
in 5kcal/mol of the lowest energy structure was
generated using the MULTI SEARCH method in SYB-
YL. The activities of all these 18 molecules using each
one of their low energy conformations were later pre-

dicted using the best 3D-QSAR model to determine
the favored orientations of the flexible side chains.

2.4. Alignment

The most crucial input for the CoMFA is the alignment
of the molecules. The molecule 2_2H with the highest
activity and the least conformational flexibility was cho-
sen as the template and all other molecules were aligned
to it using the DATABASE ALIGNMENT method in
SYBYL (Fig. 1). The molecules were aligned with refer-
ence to the quinoline ring. A second alignment was also
carried out using the FIELD FIT method, wherein the
steric and electrostatic fields around the molecules were
superimposed over the same fields of the template mol-
ecule (Fig. 2).

2.5. CoMFA interaction energy calculation

The steric and electrostatic fields in CoMFA were calcu-
lated at each lattice intersection of a regularly spaced grid
of 2.0 A in all three dimensions within the defined region.
A sp® carbon atom with +1.0 charge was used as the
probe. The van der Waals potential and Coulombic ener-
gy between the probe and the molecule were calculated
using the standard Tripos force field. A distance-depen-
dent dielectric constant of 1.0r was used in the calcula-
tion of the electrostatics. The steric field was truncated
at points where the value exceeded +30.0 kcal/mol, and
the electrostatic fields were ignored at those lattice points
where the steric interactions were high.

2.6. HINT hydropathic field calculation

The hydropathic fields were calculated with the HINT
module in SYBYL. The region defined for calculation
of the CoMFA fields was also used to describe the space
in which the HINT fields were to be generated. HINT
calculates the hydrophobic interaction between all atom
pairs in a molecule using the following equation

B=D.> b

where, b; = a;a;S;S;R;T;, b; is the micro-interaction
constant representing the attraction/interaction between
atoms 7 and j, @; is the hydrophobic atom constant for
atom i, S; is the solvent accessible surface area for atom
i, R; is the functional distance behavior for the interac-
tion between atoms i and j, and T}; is a discriminant
function designed to keep the signs of interactions con-
sistent with the HINT convention that favorable interac-
tions are positive and unfavorable interactions are
negative.

2.7. CoMSIA interaction energy calculations

Five CoMSIA fields—steric, electrostatic, hydrophobic,
and hydrogen bond donor, and acceptor potentials were
calculated at each lattice intersection of a regularly
spaced grid of 2.0 A. A probe atom with radius
1.0 A, + 1.0 charge, hydrophobicity of + 1.0, and hydro-
gen bond donor and acceptor properties of + 1.0 was
used to calculate steric, electrostatic, hydrophobic, and
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Table 1. Dataset™® used for the COMFA study
%
A
e
N Ry
Series 1
Molecule Rl R2 R3 R4 R5 ACthlty
1.2A CH(CH3), — — — — 4.59
1_2C c-C4H, — — — — 4.81
1.2D ¢-CsHy — — — — 4.98
1_2E c-CgHy — — — — 3.84
1_2F ¢-C3H;5 — — — — 4.08
1.2G 1-Adamantyl — — — — 5.15
1_2H (CH,),CH; — — — — 4.10
121 (CH,);CH3 — — — — 4.09
1.2J (CH,)4CH3 — — — — 4.03
12K (CH,)sCH3 — — — — 3.96
e
Cr
l/\N//\Rl
R
Series 2
1_3A CH(CH3), CH(CHj), — — — 4.95
1_3C C-C4H7 C-C4H7 — — — 6.30
1_3D (DCMQ) C-C5H9 C-C5H9 — — — 6.65
1_3E C-C(,H“ C-C(,H” — — — 4.74
1_3H (CH»),CH3 (CH,),CHj; — _ o 431
1_31 (CH,);CH3 (CH,)3CH3 — — — 4.30
1.3J (CH,)4CH3; (CH,)4CH3 — — — 4.27
1_3K (CH,)sCH3 (CH,)sCH3 — — — 4.17
||?2
CO)
l/\N//\Rl
R3
Series 3
2 2A CH(CH3), H NO, — — 3.03
2 2B C(CHj3); H NO, — — 3.70
2.2C ¢-CsHy H NO, — — 3.99
Z_ZD C-C6H]1 H N02 — — 6.61
2 2E CH(CH3), CH(CH3), NO, — — 4.07
2 2F C(CHj3); C(CHs3); NO, — — 4.14
2.2G ¢-CsHy ¢-CsHy NO, — — 6.08
2_2H C-C6H11 C-C6H|1 NOZ — — 7.53
2_3B C-C6H11 H NHZ - — 3.55
2 4C c-CgHy H NHCOCH; — — 2.64
24D c-CeHpy H NHCOCF; — — 3.71
2_4E C-C6H11 C-C6H1 1 NHCOCF3 — — 6.19
'l?z
H3CO. | \l AN
|/ N R,
R3
Series 4
2_6B CH(CH3), CH(CH3), NO, — — 6.04
2_6D C(CH3); C(CHz); NO, — — 3.95
276H H C-C6H1 1 N02 — — 3.80
2. 7B H ¢-CsHy NH, — — 4.09

(continued on next page)
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Molecule Rl R2 R3 R4 R5 ACthlty
R1 02H5
H3CO XN
[ oW
R2
Series 5
2_13B OCH(CH3;), NO, — — — 6.18
2_13E OCsHy,; NO, — — — 4.67
2_13F OC¢H 3 NO, — — — 5.23
2_13G OC;H;; NO, — — — 7.54
2_13H OCgH NO, — — — 3.07
2_14D OCsHy NH, — — — 4.61
2_14E OCsHy, NH, — — — 6.66
2_14G OC,H;s NH, — — — 5.14
2_14H OCgH, NH, — — — 3.77
Rs3 Ry
| X N
-~
|/ SNTCO.R;
Ra
Series 6
31 H H H H — 349
3.2 CH3; H H H — 3.47
3_3B CH3 L‘-Cng C-C5H9 H — 7.51
3.3C CH; H ¢-CsHy ¢-CsHy — 6.72
3.3D CHj; c-CgHyy H H — 3.88
3_3E CH3 C-C6H11 C-CGH” H — 6.75
3_3F CH3 H C-C6H11 C-C6H11 — 4.63
3 3G CHj; 1-Adamantyl H H — 4.42
3_4A H c-CgHyy H H — 3.61
3 4B H 1-Adamantyl H H — 3.94
TS
N \/COZRI
PP
N R>
Series 7
3.5 H H H — — 4.90
3_7A CHj; ¢-CsHy H — — 4.20
3_7B CH3 C-C5H9 C-C5H9 — — 6.22
3_7C CH; ¢-CeHyy H — — 4.37
3_7D CH3 C‘-C(,Hll C-C(,H” — — 6.03
3_7E CHj; 1-Adamantyl H — — 3.80
(i“,Ole
| \l X
I/ //\R2
R3
Series 8
39 H H H — — 3.25
3_11A CH; ¢-CsHy H — — 2.92
3_11B CHj; ¢c-CsHy ¢-CsHy — — 4.50
3_11C CH3 C-C6H11 H — — 3.12
3711]) CH3 C-C6H11 C-C6H11 — — 4.65
3 11E CH; 1-Adamantyl H — — 4.69
3_11F CH; 1-Adamantyl 1-Adamantyl — — 2.87
3_12A H ¢-CsHy H — — 3.21
3_12B H c-CgHyy H — — 3.66
3 12C H 1-Adamantyl H — — 3.18
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Table 1 (continued)
Molecule Rl Rz R3 R4 R5 ACthlty
CH,CO2R;
X
=
N R,
R3
Series 9
3_13B C,Hs H H — — 2.85
3_14A CH3 ¢-CsHy H — — 3.12
3_14B CHj; ¢c-CsHy ¢-CsHy — — 3.22
3_14C CH3 C-C6H11 H — — 3.28
3_14]) CH3 C-C6H11 C-CGHH — — 3.39
3_14E CH; 1-Adamantyl H — — 3.78
3_14F C,Hs ¢c-CsHy H — — 4.89
3_14G C,H;s ¢-CsHo ¢-CsHo — — 6.94
3_14H C2H5 C-C6H11 H - - 4.63
3_141 C,H; c-CeHpy ¢c-CeHyy — — 6.78
3_14J C,Hs 1-Adamantyl H — — 4.70
3_15A CzHS H C-C5H9 — — 3.96
3_15B C2H5 H C-C6H11 — — 3.75
R4 R3
N
| N
|/ N//\ R1
Rs
Series 10
42D CONHNH, H 1-Adamantyl H H 6.71
4 2E CONHNH, H ¢-CsHy c-CsHy H 5.67
4_2F CONHNH, H ¢-CsHy H ¢c-CsHyg 5.77
4_2G CONHNH2 H C-C(,H] 1 C-C6H1 1 H 5.75
4_2H CONHNH2 H C-C6H11 H C-C6H11 4.23
4 3B 1-Adamantyl CONHNH, H H H 4.38
4 3C ¢-CsHg CONHNH, ¢-CsHo H H 4.82
4 3D c-CeHyy CONHNH, c-CeHyy H H 4.65
4_4B ¢-CsHo H CONHNH, H H 2.92
4.4C ¢c-CgHp, H CONHNH, H H 2.94
4_4D 1-Adamantyl H CONHNH, H H 4.02
4 5A H H CH,CONHNH, H H 3.50
4 5B ¢-CsHo H CH,CONHNH, H H 2.64
4 5C c-CeHyy H CH,CONHNH, H H 3.79
4 5D 1-Adamantyl H CH,CONHNH, H H 4.38
4 5E ¢-CsHy H CH,CONHNH, H c-CsHy 5.04
4_5F c-CeHpy H CH,CONHNH, H c-CeHpy 4.87
N X
L e
o
Series 11
4 7A NH, — — — — 6.38
4_7B NH(CH,),CH; — — — — 3.24
4 7C NH(CH,);CH3 — — — — 4.21
4_7D NH(CH,),CH; — — — — 3.99
4 7E NH(CH,)sCH3 — — — — 3.93
4_7F NH(CH,)sCH3 — — — — 2.82
4. 7G N(CH,CHs;), — — — — 3.07
4_7TH \NO — — — — 7.08
H

(continued on next page)
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Table 1 (continued)

Molecule Rl R2 R3 R4 R5 ACthlty
“/VOCH:g
4.7 N — — — — 455
H
| \l/OCHg,
4.7J — — - — 4.59
\N/\/\CI
H
N0
47K - l&) - - - — 471
N
H
N
| N
4L A — — — — 4.67
N
H
— — — 7.10

SIS c R
N

Figure 1. The training set molecules aligned over each other using
DATABASE ALIGNMENT.

Figure 2. The training set molecules aligned over each other using
FIELD_FIT ALIGNMENT.

hydrogen bond donor and acceptor fields. The contribu-
tion from each one of these descriptors was truncated
above 0.3 kcal/mol.

2.8. Partial least squares analysis

The partial least square (PLS) method was used to set up
a correlation between the molecular fields and the inhib-
itory activity of the molecules. The optimal number of
components was determined with SAMPLS'® (Sam-
ples-distance Partial Least Square) and cross-validation
was carried out by the leave-ten-out method. The model
with the optimum number of components (highest ¢°)
and with the lowest standard error of prediction (SDEP)
was considered for further analysis. Equal weights were
assigned to the steric and electrostatic fields by the
COMFA_STD scaling option. To speed up the analysis
and reduce noise, columns with a value (o) below
2.0 kcal/mol were filtered off. Final analysis was per-
formed to calculate the conventional 1 using the opti-
mum number of components. To further assess the
robustness and statistical confidence of the derived mod-
els, bootstrapping!” analysis for 100 runs was per-
formed. Bootstrapping involves the generation of
many new datasets from the original dataset and is ob-
tained by randomly choosing samples from the original
dataset. The statistical calculation is performed on each
of these bootstrapping samplings. The difference be-
tween the parameters calculated from the original data-
set and the average of the parameters calculated from
the many bootstrapping samplings is a measure of the
bias of the original calculations. Models with a cross-
validation (¢%) value above 0.3 were sought, since at this
Valule8 the probability of chance correlation is less than
5%.

2.9. Predictive correlation coeflicient

The predictive ability of each 3D-QSAR model was
determined from a set of 24 test molecules not included
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in the model generation. The predictive correlation coef-
ficient (1), based on the test set molecules, is defined
as

. = (SD — PRESS)/SD,

where SD is the sum of squared deviations between the
biological activity of the test set and the mean activity of
the training set molecules and the PRESS is the sum of
squared deviations between predicted and actual activity
values for every molecule in the test set.

2.10. CoMFA contour maps

Contour maps were generated as a scalar product of coef-
ficients and standard deviation (StDev * Coeff) associat-
ed with each column. Favored and disfavored levels,
fixed at 80% and 20%, respectively, were used to display
the steric and the electrostatic fields. The contours for ste-
ric fields are shown in green (more bulk favored) and yel-
low (less bulk favored), while the electrostatic field
contours are shown in red (electronegative substituents
favored) and blue (electropositive substituents favored).

3. Results and discussion

A simulated annealing protocol was used to identify the
global minimum energy conformation, which was used
in the subsequent alignment and generation of the 3D-
QSAR model. The biological activity of the dataset is
within the range 2.64-7.54 log units (approximate five
log units). The CoMFA and CoMSIA models were gen-
erated for both the alignments, namely database and
field fit alignments. The hydrophobic field calculated
using HINT was used in conjunction with CoMFA
fields to derive additional models. The statistics of the
models generated are shown in Table 2.

The CoMFA model using field fit alignment has a ¢* of
just 0.22 with four components, hence it was not consid-

Table 2. A summary of statistics of the 3D-QSAR models

ered further. The remaining five models have statistically
significant results with regard to the training set mole-
cules, but only Model 1 has a significant predictive cor-
relation coefficient (r7.,) for the external test set.
Therefore, Model 1, that is, the CoOMFA model derived
using database alignment was taken up for further con-
sideration. This model exhibits a cross-validated correla-
tion coefﬁment (%) of 0.49, conventional correlation
coefficient (%) of 0.94, and predictive correlation coeffi-
cient (%) of 0.42. A plot of the predicted versus exper-
1mentalp activity for the training set molecules using
Model 1 is shown in Figure 3.

Table 3 provides a prediction of the activity of the test
set molecules using this model. The incorporation of

Training Set
8.00 -
*
o
* .
0"
> 6.00 - s @
X .
>
2 .
© *
B . “ ‘10:
g o
*»
g 4.00 - PENE
' 0“0
‘0 *
LR PN
« e
*
2.00 ‘ ‘ ‘
2.00 4.00 6.00 8.00

Experimental activity

Figure 3. Predicted versus experimental activity for molecules in the
training set using Model 1.

Parameter Database_Alignment Field_Fit Alignment
CoMFA Moldel I CoMFA + HINT Moldel 2 CoMSIA Moldel 3 CoMFA + HINT Moldel 4 CoMSIA Moldel 5
a2, 0.49 0.49 0.46 0.42 0.46
by2, 0.50 0.49 0.49 0.40 0.42
N 8 5 9 4 6
” 0.94 0.87 0.90 0.83 0.86
SEE 0.23 0.47 0.314 0.54 0.43
F value 123.64 88.75 63.87 80.5 62.86
2 0.42 —0.51 -0.37 —0.54 —0.41
rEb 0.97 0.92 0.95 0.89 0.89
SD 0.012 0.016 0.015 0.034 0.021
Contributions (%)
Steric 52 36 16 28 14
Electrostatic 48 37 22 40 26
Hydrophobic — 27 26 32 21
Donor — — 21 — 19
Acccptor — — 15 — 20

2
Tevs

components; >

conventlonal (non-cross-validated) correlation coefficient; SEE,
lation coeﬁiment 72, correlation coefficient after 100 runs of bootstrapping analysis; SD, standard deviation from 100 bootstrapping runs.

Cross- lelddted correlation coefficient using SA MPLS;

CV’

> " pred>

cross-validated correlation coefficient using ledve -ten-out; N, optimum number of
standard error of estimate; 72

predictive (test molecules) corre-
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Table 3. Experimental, predicted activity, and residuals for the test set
molecules using Model 1

Molecule Experimental activity Predicted activity Residual

1_2A 4.59 4.01 0.58
1_2H 4.10 4.49 —0.39
2_14D 4.61 5.64 —1.03
2_2E 4.07 5.23 —1.16
2 2F 3.95 5.10 —1.15
2_6D 3.95 5.16 —1.21
2_6H 3.80 4.69 —0.89
31 3.49 2.40 1.09
3_11F 2.87 4.19 —1.32
3_14A 3.12 3.70 —0.58
3_14F 4.89 3.92 0.97
3_15A 3.96 3.61 0.35
3.3C 6.72 7.63 —0.91
3_3F 4.63 4.35 0.28
3_4B 3.94 3.51 0.43
3.5 4.90 4.07 0.83
4 2E 5.67 5.01 0.66
4.2G 5.75 5.16 0.59
4 3D 4.65 5.20 —0.55
4. 4B 2.92 3.41 —0.49
4_5B 2.64 3.19 —0.55
4_5D 4.38 4.35 0.03

the hydropathic field to the CoOMFA model generated
using database alignment does not improve the statistical
quality of the model. However, the inclusion of the
hydropathic field to the CoOMFA model generated using
field fit alignment improves the ¢ significantly from 0.22
to 0.44, but decreases the 72, for the external test set.
The CoMSIA models are statistically comparable to
the CoMFA models and no CoMSIA model gives a
good predictive correlation coefficient. The statistical
data in Table 2 indicate that the steric and electrostatic
fields are sufficient to generate a 3D-QSAR model with
good correlation and predictive powers.

The CoMFA model, with its hundreds or thousands of
terms, is generally represented as a 3D ‘coefficient con-
tour.” Colored contours in the map represent those areas
in 3D space where changes in the steric and electrostatic
field values of a compound correlate strongly with con-
comitant change in its biological activity. The CoMFA
steric and electrostatic contour plots of Model 1 are
shown in Figures 4 and 5, respectively.

Analysis of the steric contours (Fig. 4) reveals one green
colored contour and few small yellow colored contours.
The favorable green contour is seen near the C4 and C5
substituents on the quinoline ring. There are three small
contours and one medium size yellow contour in prox-
imity of the C7 and C8 positions on the quinoline ring.
There is also one small and one medium size contour
near the N1 and C2 sites on the quinoline ring. Mole-
cules with bulky substituents at the C4 and/or C5 posi-
tions exhibit good activity. These include 2_2H with a
C4 cyclohexyl, 3_3B with C4 and C5 dicyclopentyl,
3_3E with C4 and C5 dicyclohexyl, and 4_7M, 4_2D,
and 4_7H each with an adamantyl group at the C2 posi-
tion. The sterically unfavorable yellow contour away
from the C8 position of the quinoline ring indicates that
too bulky substituents will not be favored at this posi-

Figure 4. CoMFA contour maps (Model 1) for steric fields drawn
around molecule 2_2H. The green colored contour favors steric bulk
while sites where steric bulk is disfavored are shown in yellow.

Figure 5. CoMFA contour maps (Model 1) for electrostatic fields
drawn around molecule 2_2H. The red contour shows regions where
electronegative substituents are favored, while the blue contour is
associated with positions where electropositive substituents improve
activity.

tion. Molecules with less bulky substituents at C8 like
cyclobutyl (1_3C), cyclopentyl (1_3D, 3_3B, 4_2F,
4_5FE), exhibit good activity, but more bulky substitu-
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ents at the C8 position like cyclohexyl (1_3E, 3_3F,
4_2H, 4_5F), t-butyl (2_2B, 2_2F, 2_6D), and adaman-
tyl in 3_11F are responsible for the low activity of these
molecules. For the latter group of molecules their low
activity stems from the fact that the bulky group is par-
tially buried within the yellow contour.

Analysis of the electrostatic contours (Fig. 5) shows one
big and one small red colored contour (electronegative
substituents favored) near the C2 and C3 positions of
the quinoline ring. There is a big red contour away from
the C4 and CS5 positions, and a small red contour near
the C4 point of the quinoline ring. There is a blue con-
tour (electropositive substituents favored) away from
the C2 position and one smaller contour near the C4
and C5 positions of the quinoline ring. The molecules
like 3_3B, 3_3E, 4_2d, 4_7H, and 4_7M, which possess
a substituted ester or amide function at the C2 position
of the quinoline ring, exhibit good activity. These mole-
cules have the amide and ester groups oriented toward
the red contour, and the substituted alkyl groups of
the amide and ester are directed toward the blue con-
tour, making favorable interactions. Molecules like
3_7A, 3_7B, 3_7C, and 3_7D with a polar group at the
C3 position and a non-polar group at the C2 position
like methyl carboxylate at the C3 position and cyclope-
nyl/cyclohexyl at the C2 position also exhibit good activ-
ity as the polar group at C3 is near the favorable red
contour, and the non-polar group at C2 points away
from this red contour. In the same series, the molecule
3_7E with a methyl carboxylate at the C3 position and
the bulky non-polar adamantyl group at the C2 position
exhibits low activity as the large adamantyl group is par-
tially buried within the unfavorable red contour. This
indicates that both polar groups as well as less bulky
non-polar groups can be accommodated at the C2 posi-
tion of the quinoline ring. Polar groups at the C4 posi-
tion of the quinoline ring are not favored. The
CoMFA analysis thus provides deep structural insights
into possible modifications of the quinoline ring that
can improve the anti-tuberculosis activity.

Prediction of the activities of the test set molecules based
on Model 1 is given in Table 3. Out of 24 molecules in
the test set, the activities of 22 are predicted well by
the model. The activities of two molecules 2_2D and
4_7G in the test set are poorly predicted (+2.0 U) by
all five models. Inclusion of these two molecules in Mod-
el 1 lowers the statistical quality of the model drastically.
Hence, these two molecules were considered as outliers
and not included in the calculation of the predictive cor-
relation coefficient (r7,).

For the 18 molecules with the flexible alkyl side chains,
an attempt was made to predict their activity based on
Model 1 using the whole set of conformations generated
by Systematic Search (MULTI SEARCH, vide supra).
The activity predicted for each of these eighteen mole-
cules is presented in Table 4.

Most of these conformationally flexible molecules exhib-
it low activity, with the exception of two molecules
2_13G and 2_14E, which show good activity. From

Table 4. Predictions of the set of conformers for 18 molecules with
flexible side chains using Model 1

Molecule Activity Total no. of conformers No. of conformers
within 5 kcal/mol predicted £ 0.5 of

activity

1.21 4.09 4 4

1.2J 4.03 9 9

1.2K 3.96 16 12

1.31 4.30 20 8

1.3) 4.27 52 28

13K 4.17 111 35

2_13E 4.67 31 13

2_13F 5.23 52 26

2_13G 7.54 87 1 (activity = 7.20)
2_13H 3.07 106 2

2_14E 6.66 22 1 (activity = 6.40)
214G 5.14 62 19

2_14H 3.77 85 5

4 7B 3.24 42 10

4_7C 4.21 54 12

47D 3.99 63 9

4_7E 3.93 71 6

4_7F 2.82 92 11

Figure 6. Conformations of molecules 2_13G (magenta) and 2_14E
(cyan) predicted well using Model 1.

the set of conformations generated for these two mole-
cules, there was only one conformation of each molecule
for which the activity could be predicted accurately, and
this particular conformation for the two molecules
2_13G and 2_14E is depicted in Figure 6.

4. Conclusions
A 3D-QSAR analysis of a novel class of anti-tuberculo-

sis agents was carried out using CoMFA alone, CoOMFA
in conjunction with a hydrophobic field evaluated using
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HINT and CoMSIA, to map the structural features con-
tributing to the inhibitory activity of these molecules.
Inclusion of the HINT hydropathic field to the CoOMFA
models does not improve the quality of the models. The
CoMSIA models are comparable to the CoMFA model
but lack good predictive power. The database alignment
of molecules produced models with better statistics than
those with field fit alignment. Out of the various models
evaluated, the CoMFA model based on database align-
ment produced a statistically sound model with a good
correlation and predictive power. Analysis of the CoM-
FA contours provides details on the fine relationship
linking structure and activity, and provides clues for
structural modifications that can improve the activity.
This study also discloses several new derivatives of quin-
olines (data not included) with activity higher than that
of the molecules in this study. Attempts are currently
underway in our laboratory to synthesize and evaluate
the anti-tuberculosis activities of the newly proposed
structures.
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Abstract—R otaviruses are the most significant cause of gastroenteritis in young children and are responsible for over 600,000 infant
deaths annually. The rotaviral haemagglutinin protein (VP8*) of some strains has been implicated in early recognition and binding
events of host cell-surface sialoglycoconjugates, and is therefore an attractive target for potential therapeutic intervention. Since N-
acetylneuraminic acid o(2,3)-linked to galactose is believed to be the minimum binding epitope of rotavirus to host cells, we report
here our development of an efficient and flexible synthetic route to a range of lactose-based sialylmimetics of o(2,3)-linked thiosi-
alosides. These compounds were biologically evaluated as inhibitors of rotaviral infection using an in vitro neutralisation assay. The
results suggest that these lactose-based sialylmimetics are not inhibitors of the rhesus rotavirus strain; however, they do exhibit
modest inhibition of the human (Wa) strain, presumably through inhibition of the rotaviral adhesion process.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Rotaviral infection is recognised as being responsible for
causing severe gastroenteritis in young children,! with
almost all children, regardless of socioeconomic or envi-
ronmental conditions, infected by 5 years of age. It has
been estimated that over 600,000 infant deaths occur
annually, primarily in developing countries, due to diar-
rhea caused by rotavirus®> Rotaviruses are also impor-
tant veterinary pathogens, infecting almost all species
of mammals.?> Although there are several vaccine treat-
ments against rotaviral infection in clinical trials,*> the
safety and efficacy of rotaviral vaccines in general has
been questioned.® The first rotavirus vaccine licensed,
Rotashield™ (a tetravalent rhesus-reassortment rotavi-
rus vaccine), was withdrawn in 1999 due to the increased
incidence of intussusception.®® More recently, Rota
Rix® (GlaxoSmithKline) and RotaTeq® (Merck) have
undergone extensive phase III clinical trials, with
RotaRix approved for use in Mexico mid-2004. No

Keywords: Sialylmimetics; Lactose derivatives; Rotavirus; Viral hae-

magglutinin; Sialic acid; Thiosialosides.
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doi:10.1016/j.bmc.2005.08.057

chemotherapeutic agent has yet been developed to treat
rotaviral infection.

Rotaviruses are double-stranded RNA viruses of the
family Reoviridae.' Rotaviruses are highly host-cell spe-
cific and sites of mucosal infection are generally limited
to mature enterocytes in the mid and upper villous epi-
thelium of the small intestine.” Their structures can be
simplified as ~1000 A icosahedral particles consisting
of three concentric layers of protein: (1) the outer layer
proteins VP4 and VP7; (2) the intermediate layer protein
VP6, and (3) the inner core proteins VPI, VP2 and
VP3.1? Also known as the inner capsid protein, the core
contains the viral genome which consists of 11 segments
of AU-rich double-stranded DNA.'? VP4 consists of
~100 A dimeric spikes that project from the outer core
of the virion, and also extend down and interact with
VP7 and VP6. The outer layer proteins VP4 and VP7
have been identified as the proteins responsible for
receptor binding and cell penetration,'®'* and indepen-
dently evoke a response from the immune system as well
as being determinants of virulence.!®

Although the functional properties of VP4 and VP7 have
been well defined, the precise cellular recognition site(s)
for rotavirus still remains unknown. Elucidation of the
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cellular receptor for rotavirus is complicated by the fact
that host cell entry is a multi-step process, requiring at
least three virus host-cell interactions.!1416-20 The gen-
erally accepted model is that rotavirus initially binds to
host cell-surface glycoconjugates that contain sialic acid,
followed by interactions independent of sialic acid, be-
lieved to be part of the lipid domains in which integrins
are thought to play an important role.!!-13:16-18.21=24 ye_
tails about the precise nature of the initial carbohydrate
epitope recognised by rotavirus are complicated by the
observations that different rotavirus strains exhibit vary-
ing specificities for certain host cell-surface sialoglyco-
conjugate sequences, although some similarities do
exist between human and animal strains.!#2!-23-25 De-
spite different rotavirus strains recognising different
cell-surface sialylglycoconjugates, they can be conve-
niently classified as being either sialidase-sensitive or sial-
idase insensitive, which is determined by pre-treatment
of cells with a sialidase and then monitoring the change,
if any, in the infectivity by rotavirus.>*?%2’ Human
strains of rotavirus generally fall into the sialidase-insen-
sitive category, meaning that in vitro treatment of cells
with a sialidase has no effect on the ability of human
rotaviruses to infect these cells.>*?%2° It has also been
suggested that the initial interaction of rotavirus strains
with sialic acids is linked to VP4 P genotype, rather than
to species of origin (VP7 G serotype).3° Several research-
ers have aimed to investigate the role of sialoglycoconju-
gates in rotavirus infectivity of host cells.!?-26-28:30-32 [p
an important investigation, the minimum binding
epitope of rotavirus was elucidated to be NeuSAc-
a(2,3)-Gal or Neu5Gce-0(2,3)-Gal after examination of
rotavirus binding with 32 different gangliosides.?? Fur-
ther studies with chemically modified glycoconjugates
determined that the carboxyl group of sialic acid plays
an important role in binding to rotavirus.3? In another
study, applied galectins (galactose-recognising proteins)
were also found to inhibit rotavirus infection, suggesting
that galactose is an important component of the host cell
receptor.?!

Proteolytic treatment of VP4 results in an enhancement
of rotavirus infectivity, and leads to the generation of
VP8* (the C-terminal fragment responsible for haemag-
glutination), and VP5* (the N-terminal fragment which
contains an internal hydrophobic region and a putative
cell fusion region), both of which remain attached to the
virion.*33¢ Detailed structural information of VP8
from a rhesus rotavirus strain (RRV) was determined
by X-ray crystallography and NMR spectroscopy.3’-3%
X-ray crystallography determined the three-dimensional
structure of rhesus VP8* in complex with 2-O-methyl o-
D-N-acetylneuraminic acid (a-Me-NeuSAc, 1) to 1.4 A
resolution.?” An interesting observation of the crystal
structure reveals a P-sandwich fold that is consistent
with the human galectins; however, the VP8* core and
the galectins show no significant sequence homology.3’
Between the two B-sheets is a shallow groove that per-
mits NeuSAc binding to VP8*, and predominant inter-
actions include hydrogen bonding and van der Waals
contacts, which are also common to some viral haemag-
glutinins, such as influenza and Newcastle disease virus-
es. A subsequent '"H NMR spectroscopic investigation

from the same authors further demonstrated that the
rhesus VP8* core specifically binds to a-NeuSAc with
a Ky of 1.2 mM.3® The binding affinities of several a-
sialosides were examined by NMR spectroscopy, and
it was determined that the haemagglutinin protein re-
quires only a-linked NeuSAc for binding, irrespective
of both the type of carbohydrate the NeuSAc was linked
to and whether the linkage was a(2,3) or a(2,6).3® The
low binding affinities and broad specificity shown by
sialic acid binding to the rhesus rotavirus haemaggluti-
nin are consistent with the hypothesis that sialic acid
mediates an initial interaction with the host cell that pre-
cedes more specific interactions determining rotavirus
cell type and host specificity.

The apparent important initial role that sialic acids play
in the infection process by rotavirus implies that this
may be a good target for therapeutic intervention. In
this regard, the highly sulfated sialoside 2 (NMSO3)
was found to inhibit four human strains of rotavirus
with ICs, values in the micromolar range.>® It was deter-
mined that NMSO3 (2) was blocking the binding of
rotavirus through the VP4 or VP7 proteins, and in an
in vitro study, prophylactic oral administration of
NMSO3 (2) to suckling mice prior to inoculation with
the human (MO) strain of rotavirus prevented the onset
of diarrhoea.?* We have previously reported the synthe-
sis and biological evaluation of o(2,6)-linked thiosialo-
sides, for example, 3-5,%° as well as the lactose-based
S-linked sialylmimetics of a(2,6)-thiosialosides 6-8*! as
potential inhibitors of rotaviral infection. The partially
acetylated thiosialosides 3-5 showed modest rotaviral
inhibition, with ICs, values in the 10~ M range, against
the bovine (NCDV) strain of rotavirus.* These results
were in concordance with the literature, in which earlier
studies by Willoughby and Yolken found that partially
acetylated derivatives of Neu5Ac exhibited improved
inhibitory activity, in comparison to the non-acetylated
versions, against the bovine (NCDYV) rotavirus strain.*?
The lactose-based S-linked sialylmimetics of o(2,6)-thi-
osialosides 6-8 were designed to mimic the biologically
relevant functionalities of thiosialosides like 3, in partic-
ular the carboxylate functionality of the NeuS5Ac
residue. The ‘methyl” and ‘ethyl’ lactose-based sialylmi-
metics 6 and 7, respectively, showed modest inhibition
against both the bovine (NCDV) and human (Wa)
strains of rotavirus, whilst the ‘phenyl’ sialylmimetic 8
was only active against the bovine (NCDV) strain.*!
These results suggested that small alkyl groups are toler-
ated in the binding pocket of the viral adhesion proteins
of the bovine (NCDV) and human (Wa) strains, and
that aryl groups may be too sterically demanding (or
too hydrophobic) for the human (Wa) strain of rotavi-
rus. Although the level of inhibition is only moderate,
these were the first examples of simple carbohydrate
derivatives exhibiting inhibition of a human strain of
rotavirus.*!

N-Acetylneuraminic acid o(2,3)-linked to galactose is
not only believed to be the minimum binding epitope
of rotavirus to host cells,?? but is a commonly found epi-
tope in several important cell-surface glycoconjugates,
and is associated with diseases like cancer (through the
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upregulation of a(2,3)-sialyltransferases)** and Chagas’
disease (and the involvement of Trypanosoma cruzi
trans-sialidase).** In our ongoing endeavour to develop
novel sialylmimetics as biological probes for sialic
acid-recognising proteins, this paper describes our ef-
forts towards the synthesis of Neu5Ac2-S-a(2,3)-
LacflMe 9 and lactose-based S-linked sialylmimetics,
represented by the general structure 10, that mimic the
key elements of oy(2,3)-linked thiosialosides like 9. Sial-
ylmimetics of the general structure 10 do not need the
presence of sulfur to protect them from sialidase-cataly-
sed hydrolysis (as is the case with compound 9). Howev-
er, our continued interest in the preparation of sulfur
linked sialylmimetics, together with the fact that we
can introduce structural variability into our target com-
pounds late in the synthetic sequence (vide infra),
prompted us to prepare sialylmimetics like 10. The bio-
logical evaluation of compounds like 9 and 10 as poten-
tial inhibitors of rotaviral infection is also described.

2. Results and discussion

2.1. Synthesis of S-linked o(2,3)-sialyllactoside and
sialylmimetics

An important consideration in designing compounds
like 9 and 10 as probes for sialic acid-recognising pro-
teins is the metabolic stability of such compounds. In
this regard, it has been shown that the thioglycosidic
linkage in thiosialosides is resistant to hydrolysis by sia-
lidases.*> Accordingly, compound 9 was designed with a
thioglycosidic linkage to impart a degree of metabolic
stability in the final target compound. The lactose-based
S-linked sialylmimetics represented by the general struc-
ture 10, wherein the entire Neu5SAc portion has been re-
placed by a carboxylate group with an appended
hydrophobic or hydrophilic moiety, can essentially be
considered as mimetics of the a(2,3)-linked thiosialoside
9. The inclusion of varying functionality in the mimetic
portion of 10 was designed to explore the effects of
hydrophobic, hydrophilic and sterically demanding
groups upon their interaction with a given biomolecule
such as rotavirus VP8*. Our approach, as outlined in
retrosynthetic terms in Scheme 1, relies on both the thi-
osialoside 9 and the sialylmimetics of the general struc-
ture 10 being accessible by a common C-3’ thiolacetyl
lactoside precursor such as 11.

OC22H45 AcO. COzNa
\‘//\0022H45
HO'| H HO
R
3 R=NHAc; R' = OH oMme
4 R=R'=NHAc
RYCOZNa
s HO S oH
o)
HO o] O
Q g& &OM
HO OMe oH HO ©
OH
6 R=Me
7 R=Et
8 R=

Typically, transformations involving the introduction of
a sulfur functionality in pyranosides can be accom-
plished by displacement of a leaving group with an
appropriate nucleophile,*® through Mitsunobu chemis-
try*” or via the opening of epoxides.*® We have reported
elsewhere a double inversion sequence at the C-3’ posi-
tion of a lactoside for the successful introduction of a
thiolacetate group to give a compound like 11.*° From
these investigations it was found that a non-participat-
ing functionality at C-4/, like a benzylidene acetal, was
critical for a double inversion sequence at C-3' to give
the key lactoside 11.*° For example, activation of the
C-3’ hydroxyl in 12 with a triflate, followed by SN2 dis-
placement using KNO,, afforded the desired gulo-con-
figured derivative 13 in 84% yield (Scheme 2).
However, subsequent formation of the C-3’ triflate 14,
followed by treatment with KSAc, did not yield the de-
sired C-3' thiolacetylated derivative 15 but the galacto-
configured 3’-hydroxy compound 12 (Scheme 2).#° This
observation suggested the major reaction pathway to
proceed via neighbouring group participation of the
C-4' benzoate in 14, presumably via the cyclic interme-
diate 16 shown in Scheme 2. We also observed a similar
outcome when other acyl protecting groups at C-4, like

HO ﬂaOH NaO,C HO OZ OH
JRL S O/Sé;éi/OMe
3 HO
HO'f g OH o
9 R =NHAC

|

PGO OPG oPG
o
AcS o) O
pGo PGO OMe
oPG

11 PG = Protecting Group

HO _OH OH

Ko o
NaO,C S o OMe
T oy HO

R OH

10 R = alkyl, aryl

Scheme 1. Retrosynthetic approach towards the thiosialoside 9 and
the sialylmimetics 10.
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Scheme 2. Reagents and conditions: (a) Tf,0, pyridine, CH,Cl,, —78 to 0 °C, 1 h; (b) KNO,, DMF, 50 °C, 4 h, 84%; (c) KSAc, DMF, 50 °C, 16 h.

an acetate group, were employed in this sequence of
reactions.*® Subsequent to our findings, there have been
other reports of the preparation of C-3’ thiolacetylated
lactoside derivatives like 11 that support our findings in
relation to the importance of protecting group choice.%3!

A common transformation for preparing C-3’ functional-
ised lactoside derivatives generally involves the use of
dibutylstannylidene mediated alkylation with p-methox-
y-benzyl chloride®? or allylbromide.>® In most cases, these
temporary C-3’ alkyl protecting groups can be selectively
cleaved in the presence of most other protecting groups to
reveal the hydroxyl group for further elaboration.”* In
our hands, etherifications of this type had proved prob-
lematic due to the poor reactivities of the alkyl electro-
philes over extended reaction times, resulting in poor
yields. We required the synthesis of a key lactoside like
11 with 4’,6’-O-bezylidene acetal protection to be efficient
in terms of overall chemical yield, to be reproducible on a
multi-gram scale, and to provide relatively quick access to
an advanced precursor for the preparation of a range of
compounds like 10. To this end, we felt it appropriate to
explore regioselective manipulations mediated by dibu-
tyltin oxide.>>>¢ using sulfonyl and acyl electrophiles on
the 4,6-O-benzylidenated galactoside 17 as a model sys-
tem. Accordingly, 17 was treated with Bu,SnO in MeOH
followed by exposure of the intermediate dibutylstanny-
lidene acetal derivative to either MsCl, Tf,O and ClAcCl
(Scheme 3). All attempts at selectively functionalising the
C-3 hydroxyl in 17 were successful. Mesylation was quan-
titative and afforded exclusively the C-3 functionalised
product 18 (Scheme 3). Also, treatment of 17 with Tf,O
via the 2,3-O-stannylidene acetal afforded the corre-
sponding C-3 triflate 19 in 70% yield (Scheme 3). Addi-
tionally, chloroacetylation of 17 with CIAcCl also
yielded the C-3 derivatised product 20 (Scheme 3),
although 20% of the 2,3-di-O-chloroacetylated com-
pound was also isolated.

With such encouraging results on the galactoside 17, this
chemistry was explored on the known®’ 4/,6’-O-benzy-
lidenated lactoside 21. The initial observation from these

Ph Ph
o o
o}

a,b 0
(@] (@]
HO OMe RO OMe

OH OH

17 18 R = Ms (100%)
19 R = Tf (70%)

20 R = ClAc (79%)

Schemﬂe 3. Reagents and conditions: (a) Bu,SnO, MeOH, reflux, 2 h;
(b) 4 A sieves, electrophile, toluene, 0 °C, 30 min.

experiments was that they were not as promising as
those described for the galactoside model system 17.
The dibutylstannylidene mediated sulfonylations of the
4',6’-O-benzylidenated lactoside 21 afforded complex
mixtures of products, in which unreacted starting mate-
rial was always present. Fortunately, with CIAcCl as the
electrophile, the C-3’ chloracetylated protected lactoside
22 was obtained in 70% yield, although a small amount
(ca. 19%) of the starting material was also always
recovered.

Ph
o
0 OH
Q
RO Oﬁom
oH HO
OH
21 R=H
22 R=ClAc

Starting with the C-3’ chloroacetylated lactoside 22, the
successful synthesis of the desired C-3’ thiolacetylated
lactoside 23* is shown in Scheme 4. Briefly, complete
benzoylation of the hydroxyl groups in the C3’-chloro-
acetate derivative 22 was achieved by using benzoyl
chloride and then BzOTf® to give the tetra-O-benzoy-
lated lactoside 24. Dechloroacetylation of 24 with
hydrazinium acetate® gave the C-3’ hydroxyl derivative
25 in 78% yield. Inversion of configuration at C-3’ via
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Scheme 4. Reagents and conditions: (a) 4 A sieves, BzCl, pyridine, CH,Cl,, 0 °C to rt, 2 h, and then 4 A sieves, BzOTHT, pyridine, CH,Cl,, —78 °C to
room temperature, 3 h, 85%; (b) H,NNH,-HOAc, DMF, 40 °C, 2 h, 78%; (c) Tf,0, pyridine, CH,Cl,, —78 to 0 °C, 1-2 h; (d) KNO,, DMF, 50 °C,

16 h, 76%; (e) KSAc, DMF, 50 °C, 16 h, 83%.

activation with a triflate and subsequent displacement
with KNO,% afforded the gulo-configured derivative
26 in good yield. Formation of the C-3’ triflate deriva-
tive of 26 and treatment with KSAc afforded the desired
C-3’ thiolacetylated lactoside derivative 23 in 83% yield
over the two steps.

Having prepared the key C-3' thiolacetylated lactoside
derivative 23, our attention was directed towards the syn-
thesis of Neu5Ac2-S-a(2,3)-Lacf1Me (9). Although the
first reported synthesis of a lactose-based S-glycosidation
reaction to form an o(2,3)-linked thiosialoside was only
published recently,! the general concept is well estab-
lished. Our strategy towards the synthesis of 9 employs
the successful approach described by Schmidt and co-
workers for the synthesis of Neu5Ac2-S-o(2,3)-Gal deriv-
atives.%' %3 Preparation of the glycosyl acceptor was
achieved by reaction of 23 with hydrazinium acetate®*
to liberate the thiol 27. Exposure of 27 to the sialosyl chlo-
ride 28%%:%¢ under base (NaH) promoted S-glycosidation
conditions furnished the desired thiosialoside 29 in 57%
yield (Scheme 5). Deprotection of the a(2,3)-linked thios-
ialoside 29 was readily achieved via a two-step process
involving initial saponification of the ester protecting

groups (NaOH in MeOH) followed by removal of the
4',6'-0-benzylidene acetal (10% aqueous TFA) to afford
the target compound 9 in good yield, after formation of
the sodium salt and HPLC purification.

The o(2,3)-linked lactose-based sialylmimetics of the
general structure 10 were prepared according to the
procedure we have successfully employed previously
in the synthesis of a variety of o(2,6)-linked galac-
tose-, glucose- and lactose-based sialylmimetics.*!-¢7
The general approach is shown in Scheme 6 and in-
volves the selective in situ de-S-acetylation of the C-
3’ thiolacetate lactoside 23 with hydrazinium acetate®
and subsequent reaction with commercially available
o-halo-esters in the presence of Et;N to give the sial-
ylmimetics 30 in excellent yield (Scheme 6). Deprotec-
tion of sialylmimetics 30 was readily achieved under
the same conditions described for deprotection of the
thiosialoside 29, wherein saponification of the ester
protecting groups (NaOH in MeOH) followed by
removal of the 4’,6’-O-benzylidene acetal (10% aqueous
TFA) gave the deprotected lactose-based sialylmimetics
10 in generally high yield after HPLC purification
(Scheme 6).
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Scheme 5. Reagents and conditions: (a) H,NNH,-HOAc, DMF, 3 h, 78%; (b) 4 A sieves, 28, NaH, Kryptoﬁx®, THF, 0°C tort, ~2 h, 57%; (c) I M

NaOH, MeOH, rt, 24 h, quantitative; (d) 10% aq. TFA, 0°C, 8 h, 64%.
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39 R = Me (95%)

40 R = Et (97%)

41 R = Pr (100%)

42 R = Ph (100%)

43 R = CH,CH,0H (100%)
44 R = CH,CH(OH)CHs (88%)

The lactose-based sialylmimetics 31-37 were prepared
in this way.*® Since the o-halo-esters employed in
the coupling with 23 to give the products 32-37
were racemic, the products were obtained as mix-
tures of diastercomers. Interestingly however, it was
found that the majority of sialylmimetics 32-37 were
formed with one diastereomer predominating over
the other. Indeed, several of the sialylmimetics were
obtained as 2:1 mixtures. Whilst there is no clear
explanation for this outcome, the implication from
this may be that one face of the a-bromo-ester elec-
trophile is less accessible to the intermediate thiolate
nucleophile than the other, presumably due to
hydrogen bonding or unfavourable steric interactions
with the benzoyl protecting groups. In any event,
the high yielding nature of these coupling reactions,
together with the fact that racemisation of the unde-
fined chiral centre in the mimetic portion will occur
during deprotection, means that this issue was not
further pursued. Saponification of compounds 31-37
with dilute NaOH in MeOH gave the de-esterified
products 38-44 in excellent yield, and following de-
benzylidenation (90% aq. TFA) and HPLC purifica-
tion, the target compounds 45-51 were obtained in
consistently high yields.
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49 R = Ph (69%)

50 R = CH,CH,0H (70%)

51 R = CH,CH(OH)CHs (68%)

2.2. Biological evaluation of sialylmimetics as inhibitors of
rotaviral infection

Some of the synthesised sialylmimetics were evaluated as
potential inhibitors of rotaviral infection using a stan-
dard in vitro neutralisation assay*>*! as described in
Section 4. In summary, the assay involves preincubation
of the sialylmimetic to be evaluated with either a rhesus
(RRYV) or human (Wa) strain of rotavirus, prior to incu-
bation onto MA104 cells (an African Green Monkey
kidney cell line). After incubation, virus neutralisation
was determined using indirect immunofluorescent stain-
ing. The results from these biological evaluations are
shown in Table 1 and indicate the ability of the sialylmi-
metic at 10 mM to cause a decrease in rotavirus infectiv-
ity of MAI104 cells (expressed as a percentage
inhibition), unless otherwise indicated.

As the results in Table 1 indicate, none of the sial-
ylmimetics showed any significant inhibition against
the rhesus (RRV) strain of rotavirus. The lack of
inhibition is perhaps a reflection on the apparent
preference for rhesus (RRV) VP8* to recognise o-
linked sialic acid only. This is based upon the obser-
vation by Dormitzer et al. that the haemagglutinin

HO _OH OH

OH
10 R =alkyl, aryl

Scheme 6. Reagents and conditions: (a) 4 A sieves, H,NNH,HOACc, a-halo-ester, Et;N, DMF, rt, 2 h; (b) 1 M NaOH, MeOH, rt, 24 h; (c) 10% aq.

TFA, 0°C, 8 h.
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Table 1. Inhibition of rotavirus by sialylmimetics®

Compound RRYV (rhesus) Wa (human)
9 31 n.t.”

45 10 21 (5 mM)

46 15 37

47 <10 30

48 <10 25

49 <10 25

50 <10 0

#Results are expressed as a percentage inhibition and indicate the
decrease in rotavirus infectivity of MA104 cells at 10 mM concen-
tration of compound, unless otherwise indicated.

®n.t. indicates the compound was not tested.

(VP8*) of RRV required only a-linked NeuS5Ac for
binding, and this was irrespective of both the type
of carbohydrate the NeuS5Ac was linked to, and
whether the linkage was a(2,3) or a(2,6).>® Our previ-
ously published results with lactose-based sialylmimet-
ics of a(2,6)-linkages also support this notion with
respect to rhesus (RRV) rotavirus.*! The results ob-
tained from the biological evaluation of the o(2,3)-
linked thiosialoside 9 (Table 1) are also consistent
with the known specificity of the rhesus (RRV) strain
of rotavirus. As expected, the sialoside 9 showed
modest inhibition against rhesus rotavirus and is sim-
ply an indication that the haemagglutinin protein
recognises the NeuSAc unit of the thiosialoside 9.

The results shown in Table 1 for inhibition of the
human (Wa) strain of rotavirus by the lactose-based
sialylmimetics of o(2,3)-sialosides are somewhat more
encouraging. Most of these sialylmimetics appear to
be modest inhibitors of the human (Wa) strain of
rotavirus in comparison to the rhesus (RRV) strain.
The observation that the o(2,3)-linked mimetics
shown in Table 1 show modest inhibition of Wa (hu-
man) rotavirus is consistent with our earlier studies
into the inhibition of rotavirus by lactose-based
o(2,6)-linked mimetics.*! These previous studies found
that the lactose-based sialylmimetic 7 exhibited 50%
inhibition of human rotavirus at 6.25 mM.*' At this
stage it is not appropriate to draw too many conclu-
sions from the data presented here (Table 1), given
that no structural information from the human
(Wa) haemagglutinin is available. However, it could
be speculated that the mimetic portion (alkyl and
aryl groups) in these sialylmimetics is tolerated by
the human (Wa) strain of rotavirus, either through
binding to the haemagglutinin protein or by some
other unknown viral adhesion process.

3. Conclusion

In conclusion, we have developed an efficient synthesis
of NeuSAc2-S-a(2,3)-LacB1Me 9 and have developed
a flexible route towards a range of novel lactose-based
sialylmimetics of the general structure 10 that mimic
the key elements of the thiosialoside 9. The work de-
scribed here has contributed towards the development
of biological probes and possible inhibitors for sialic

acid-recognising proteins that naturally recognise the
Neu5Ac-a(2,3)-Gal epitope in general, and has provided
a better understanding of the interactions between sialo-
sides or sialylmimetics and rotavirus. The preliminary
biological results obtained by evaluation of these com-
pounds against the human (Wa) strain of rotavirus pro-
vide some interesting data and clearly show that these
compounds interfere in the infectivity of rotavirus in vi-
tro. The albeit modest inhibition shown by these sial-
ylmimetics against the human (Wa) strain of rotavirus
provides a valuable starting point for the development
of sialylmimetics with improved binding affinities and
may ultimately lead to the discovery of a potential che-
motherapeutic agent for rotaviral infection.

HO og oH
NaO,C S&S/O/é& oMe
T OH HO
R OH

10 R = alkyl, aryl

4. Experimental section
4.1. General

Infrared spectra were recorded on a Briiker Optik Vec-
tor 22 instrument using OPUS (version 3.01) software.
IR spectra were obtained in neat CHCl; solutions be-
tween KBr plates. '"H and '>C NMR spectra were
recorded using a Briiker Avance-300 spectrometer un-
less indicated otherwise. Chemical shifts are expressed
in ppm () relative to the solvent used (CDCls: 7.27,
77.0 for 'H and 'C, respectively) or relative to external
Me,Si for D,O spectra. Where due reference is made,
chemical shifts indicated with a multiplication (X)
descriptor correspond to more than one signal of the
same functionality. Assignments indicated with an aster-
isk (¥) correspond to those resonances clearly due to the
corresponding diastereomer where such mixtures exist,
while (1) indicates overlagping signals. Two dimensional
'"H-"H COSY and 'H-"*C HSQC NMR spectra were
obtained where necessary, in order to assist with spectral
assignment. ESI low resolution mass spectra were
recorded on a Briiker Daltonics® Esquire 3000 Ion-Trap
LC MS, using the positive mode with samples intro-
duced at 180 pL/h. High resolution mass spectrometry
was performed at the Department of Chemistry, Univer-
sity of Queensland, Australia, on a Finnigan MAT 900
XL Trap with a Finnigan AP1 III sprayer. Microanaly-
ses were performed at the Department of Chemistry,
University of Queensland, Australia, and were recorded
on a Carlo Erba Elemental Microanalyser, model 1106.
Reactions were monitored by TLC (Merck silica gel
plates GF,s4, Cat. No. 1.05554) and products were gen-
erally purified by flash chromatography using Merck sil-
ica gel 60 (0.040-0.063 mm, Cat. No. 1.09385) unless
otherwise stated. Deprotected products were purified
by HPLC using a Phenomenex C,g reversed-phase col-
umn (semi-preparative). Methyl B-p-galactopyranoside
was purchased from Sigma-Aldrich. Methyl B-p-lacto-
side was prepared by treating hepta-O-acetyl-a-lactos-
ylbromide with sodium methoxide.®® BzOTf was
prepared by reaction of BzCl with TfOH and purified
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by distillation.”® All commercial solvents were distilled
prior to use. Dried solvents were distilled under N,
according to Armarego and Perrin.®’

4.2. Synthesis of 3'-thiolacetyl-lactoside derivatives.
Methyl 4,6-O-benzylidene-3-O-methanesulfonyl--p-
Galactopyranoside (18)

A suspension of 4,6-O-benylidenated galactoside 17°7
(200 mg, 0.71 mmol) and Bu,SnO (194 mg, 0.78 mmol)
was stirred in refluxing dry MeOH (4 mL) under Ar
for 2 h. The mixture was cooled and concentrated (co-
evaporation with toluene) under reduced pressure. To
the crude stannylidene in dry toluene (4 mL) containing
4 A sieves was added MsCl (60 pL, 0.78 mmol) under Ar
at 0 °C. The reaction mixture was left to stir at 0 °C for
30 min before being filtered through Celite (MeOH as
eluant) and concentrated under reduced pressure. Col-
umn chromatography (EtOAc/hexane, 2:1 — neat
EtOAc, Ry 0.46) afforded 18 (255 mg, quantitative) as
an amorphous mass: '"H NMR (CDCl): 6 3.17 (3H, s,
OMs), 3.52 (1H, s, H-5), 3.61 (3H, s, OMe), 4.05-4.13
(2H, m, H-2, H-6), 428 (1H, d, J;,=7.7 Hz, H-1),
438 (1H, dd, Jg¢=12.6, Jos=13Hz, H-6'), 443
(1H, d, J43=3.6 Hz, H-4), 4.66 (1H, dd, J;, =10.0,
J3;4=3.6Hz, H-3), 559 (1H, s, CHPh), 7.35-7.37,
7.51-7.54 (5H, 2x m, CHPh); *C NMR (75.5 MHz,
CDCl): ¢ 38.6 (OMs), 57.4 (OMe), 66.2 (C-5), 68.7
(C-2), 68.8 (C-6), 74.9 (C-4), 80.3 (C-3), 101.0 (CHPh),
103.9 (C-1), 2x 126.3, 2x 128.1, 129.1 (CHPh), 137.3 (ip-
soPh); LRMS 383 (M+Na, 100%); HRMS Calcd for
CsH5005S (M™) 360.0878. Found 360.0879.

The following were prepared in a similar manner:

4.3. Methyl 4,6-O-benzylidene-3-O-|(trifluoromethyl)sul-
fonyl]-p-p-galactopyranoside (19)

In 70% yield (column chromatography EtOAc/hexane,
1:1 — 2:1 — neat EtOAc, Ry 0.62) as a colourless sol-
id: '"H NMR (CDCly): ¢ 3.52 (1H, d, Js4 =12 Hz,
H-5), 3.60 (3H, s, OMe), 4.074.15 (2H, m, H-2,
H-6), 429 (1H, d, J,,=7.7Hz, H-1), 441 (1H, dd,
Jooo=12.6, Jgs=16Hz, H-6'), 445 (1H, dd,
Ju3=38, Jss5=12Hz, H-4), 485 (H, dd,
J32,=10.0, J34=3.8 Hz, H-3), 5.60 (1H, s, CHPh),
7.35-7.40, 7.49-7.53 (5H, 2x m, CHPh); LRMS 437
(M+Na, 100%), HRMS Caled for C15H1708F3S
(M+Na) 437.0494. Found 437.0493.

4.4. Methyl 4,6-O-benzylidene-3-O-chloroacetyl-f-p-
galactopyranoside (20)

In 79% yield (column chromatography EtOAc/hexane,
1:3 — 1:2 — 1:1, Ry 0.12 — neat EtOAc) as a colourless
solid: IR 1051, 1759, 3456 cm™'; '"H NMR (CDCl5): ¢
3.56 (1H, s, H-5), 3.61 (3H, s, OMe), 4.01-4.12 (2H,
m, H-2, H-6), 4.18 (2H, d, OClAc), 4.31 (I1H, d,
J12=17.7Hz, H-1), 438 (1H, dd, J¢ ¢ = 13.7 Hz, H-6),
445 (1H, d, J43=3.5Hz, H-4), 495 (1H, dd,
J32 =102, J34=3.5Hz, H-3), 553 (1H, s, CHPh),
7.36-7.38, 7.49-7.52 (5H, 2x m, CHPh); °C NMR

(75.5 MHz, CDCly): & 40.9 (OC(O)CH-CI), 57.3
(OMe), 66.3 (C-5), 68.4 (C-2), 69.0 (C-6), 73.1 (C-4),
75.4 (C-3), 101.0 (CHPh), 103.9 (C-1), 2x 126.2, 2x
1282, 129.1 (CHPh), 1374 (ipsoPh), 1674
(OC(O)CH,CIl); LRMS 381 (M+Na, 100%).

4.5. Methyl 4,6-O-benzylidene-3-O-chloroacetyl-p-p-
galactopyranosyl-(1,4)- O-p-p-glucopyranoside (22)

A suspension of 4/,6’-O-benylidenated lactoside 21°7
(200 mg, 0.45 mmol) and Bu,SnO (123 mg, 0.50 mmol)
was stirred in refluxing dry MeOH (4 mL) under Ar
for 2 h. The mixture was cooled and concentrated (co-
evaporation with toluene) under reduced pressure. To
the crude stannylidene in dry DMF (1 mL) and dry tol-
uene (3 mL) containing 4 A sieves was added ClAcCl
(39 uL, 0.50 mmol) under Ar at 0 °C. The reaction mix-
ture was left to stir at 0 °C for 30 min before being fil-
tered through Celite (MeOH as eluant) and
concentrated under reduced pressure. Column chroma-
tography (neat EtOAc — EtOAc/MeOH, 30:1 —
10:1 — 4:1, Ry 0.52) afforded 22 [164 mg, 70% (82%
based on recovered 21)] as an amorphous mass: 'H
NMR (CDCl): ¢ 3.38-3.43 (2H, m, Glc H-2, Glc H-
5), 3.54 (3H, s, OMe), 3.66" (1H, d, Js4 = 0.9 Hz, Gal
H-5), 3.69" (1H, t, J43=J45=9.1 Hz, Glc H-4), 3.79"
(1H, t, J3,=J34=9.1 Hz, Glc H-3), 3.83" (1H, dd,
Joo =12.5, Jo5=3.0Hz, Glc H-6), 401 (1H, dd,
Jooo = 12.5, Jo5 = 2.8 Hz, Glc H-6'), 4.05-4.15 (2H, m,
Gal H-2, Gal H-6), 4.18 (2H, d, OClAc), 4.22 (1H, d,
Ji,=78Hz, Glc H-1), 431 (1H, dd, Jge=12.8,
Jos=14Hz, Gal H-6'), 440 (1H, d, J43=3.5,
J4 5= 0.9 Hz, Gal H-4), 4.63 (1H, d, J;, = 8.0 Hz, Gal
H-1), 4.99 (1H, dd, J3,=10.2, J5 4= 3.5 Hz, Gal H-3),
5.50 (1H, s, CHPh), 7.33-7.42, 7.44-7.54 (5SH, 2x m,
CHPh); >*C NMR (75.5 MHz, CDCls): 6 41.0 (OC(O)
CH,Cl), 57.3 (OMe), 61.1 (Glc C-6), 66.5, 74.8 (Glc
C-3, Gal C-5), 67.3 (Gal C-2), 68.9 (Gal C-6), 73.2,
74.6 (Glc C-2, Glc C-5), 75.0 (Gal C-3), 77.8 (Glc C-
4), 101.0 (CHPh), 103.1 (Gal C-1), 103.6 (Glc C-1), 2x
126.2, 2x 128.3, 129.2 (CH Ph), 137.2 (ipsoPh), 167.6
(OC(O)CH,Cl); LRMS 543 (M+Na, 100%).

4.6. Methyl 2-O-benzoyl-4,6-O-benzylidene-3-O-chloro-
acetyl-p-p-galactopyranosyl-(1,4)-0-2,3,6-tri-O-benzoyl-
p-p-glucopyranoside (24)

To a stirred solution of 22 (3 g, 5.76 mmol) in dry
CH,Cl, (60 mL) containing 4 A sieves were added dry
pyridine (11.18 mL, 0.14 mol), DMAP (cat.) and then
BzCl (8.02 mL, 0.07 mmol) under Ar at 0 °C. The mix-
ture was warmed to room temperature and stirred for
2 h before being diluted with CH,Cl, (150 mL), washed
with 0.1 M HCI (3x 100 mL), dried (Na,SO,4) and con-
centrated under reduced pressure. Column chromatog-
raphy (EtOAc/hexane, 1:2) gave the desired tetra-O-
benzoylated derivative 24 [2.70 g, 50% (EtOAc/hexane,
1:1, Ry 0.42)] and the tri-O-benzoylated derivative
[1.92 g, 40% (EtOAc/hexane, 1:1, Ry 0.40)]. BzOTf
(1.02 mL, 4.61 mmol) was added dropwise to a solution
of the tri-O-benzoylated derivative (1.92 g, 2.30 mmol)
in dry CH,Cl, (25mL)_and dry pyridine (559 pL,
6.91 mmol) containing 4 A sieves under Ar at —78 °C.
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The mixture was warmed to 0 °C, left to stir for 1 h and
then allowed to warm to room temperature. The mix-
ture was stirred for a further 2 h at room temperature
before being diluted with CH,Cl, (100 mL), washed
with saturated aqueous NaHCO; (3x 70 mL) and then
0.1 M HCI (3x 70 mL), dried (Na,SO,4) and concentrat-
ed. Column chromatography (EtOAc/hexane, 2:3 —
1:1) afforded 24 [1.89 g, 88% (overall yield from 22 is
85%)] which was crystallised from EtOAc/hexane to give
colourless needles: IR 1071, 1316, 1726 cm™'; '"H NMR
(CDCl3): 6 2.92 (1H, s, Gal H-5), 3.51 (3H, s, OMe),
3.56 (1H, appd, Jse = 12.4 Hz, Gal H-6), 3.74-3.97
(4H, m, Glc H-5, Gal H-6/, OClAc), 4.18-4.24 (2H, m,
Glc H-4, Gal H-4), 438 (I1H, dd, Jse =120,
J65—41Hz Glc H-6), 4.617 (1H, d, J,, = 7.7 Hz, Glc
H-1), 4.59-4.63" (IH, m, Glc H- 6’) 4.78 (1H, d,
Ji2=79Hz, Gal H-1), 503 (IH, dd, J;,=104,
J34=3.6Hz, Gal H-3), 530" (IH, s, CHPh), 531T
(1H, dd, J>3=9.2, J,,=7.7Hz, Glc H-2), 5.62 (1H,
dd J,;=104, J,;=79Hz, Gal H-2), 583 (1H, t,
Ji2=J34=92Hz, Glec H-3), 7.30-7.62, 7.87-8.04
(25H, 2x m, 5x Ph); >*C NMR (75.5 MHz, CDCls): §
40.5 (OC(0) CH,(Cl), 57.0 (OMe), 62.4 (Glc C-6), 66.2
(Gal C-5), 67.9 (Gal C-6), 69.2 (Gal C-2), 72.3 (C-4),
72.7 (Gle C-2, Glc C-3), 73.5 (Gal C-3), 74.0 (Glc
C-3), 76.8 (C-4), 100.8 (CHPh), 101.3 (C-1), 101.5
(C-1), 2x 128.3, 128.4, 128.5, 129.0, 129.6, 129.7,
129.9, 130.2, 133.0, 133.1, 133.4, 133.7, 137.2 (5x Ph),
128.6, 129.4, 129.5, 137.3 (5x ipsoPh), 2x 164.9, 165.4,
165.7 (4x OC(O)Ph), 167.2 (OC(O)CH,Cl); LRMS 959
(M+Na, 100%), Anal. (C50H45016C1) C, H.

4.7. Methyl 2-O-benzoyl-4,6-O-benzylidene-f-p-galacto-
pyranosyl-(1,4)-0-2,3,6-tri- O-benzoyl-p-p-glucopyrano-
side (25)

To a stirred solution of 24 (2 g, 2.13 mmol) in dry DMF
(20 mL) was added hydrazinium acetate (393 mg,
4.27 mmol) under N, at room temperature. The mixture
was warmed to 40 °C and left to stir for 2 h before being
diluted with EtOAc (100 mL), washed with 0.1 M HCI
(3x 70 mL), dried (Na,SO,) and concentrated under re-
duced pressure. Column chromatography (EtOAc/hex-
ane, 1:2—23—1:1, Rf 025) afforded 25 (1.85¢g,
78%) as a colourless solid: '"H NMR (CDCls): § 2.87
(1H, s, Gal H-5), 3.35 (3H, s, OMe), 3.50 (1H, dd,
Jos =123, Jss = 1.6 Hz, Gal H-6), 3.61" (1H, appd,
Jo o= 12.3 Hz, Gal H-6'), 3.64" (1H, dd, Js,=10.0,
J34=3.6Hz, Gal H-3), 3.77 (1H, ddd, Js4=9.5,
Jsg=44, Jse=21Hz, Glc H-5), 392 (1H, d,
J4’3 =3.6 HZ, Gal H-4), 4.10 (IH, t, J42 = J4‘5 =
95Hz, Glc H-4), 440 (1H, dd, Jee =12.0,
Jo.s = 4.4 Hz, Glc H-6), 4.52" (1H, d, J,, = 7.8 Hz, Glc
H-1), 4.55" (1H, dd, Js 6 = 12.0, Jg.5s = 2.1 Hz, Glc H-

6'), 4.59 (1H, d, J12—80Hz Gal H-1), 523" (1H, dd,
J>3=10.0, J»; = 8.0 Hz, Gal H-2), 5.25" (1H, s, CHPh),
5.28 (1H, dd, J»3=9.5, Jo, =7.8 Hz, Glc H-2), 5.73
(1H, t, J3,=J34=9.5Hz, Glc H-3), 7.22-7.55, 7.86-
7.97 (25H, 2x m, 5x Ph); 3*C NMR (75.5 MHz, CDCl5):
0 56.9 (OMe), 62.5 (Glc C-6), 66.5 (Gal C-5), 67.9 (Gal
C-6), 71.6 (Gal C-3), 72.1 (Glc C-2), 2x 72.9 (Glc C-5,
Gal C-2), 73.6 (Glc C-3), 75.0 (Gal C-4), 76.6 (Glc C-
4), 2x 101.2 (Gal C-1, CHPh), 101.6 (Glc C-1), 126.5,

128.1, 128.2, 2x 128.3, 2x 129.1, 129.6, 2x 129.7, 129.8,
133.0, 2x 133.1 (5% Ph), 129.2, 129.3, 129.5, 129.7,
137.3 (5% ipsoPh), 165.0, 1654, 165.7, 165.8 (4x
OC(0)Ph); LRMS 893 (M+Na, 100%).

4.8. Methyl 2-O-benzoyl-4,6-O-benzylidene-f-p-gulopyr-
anosyl-(1,4)-0-2,3,6-tri-O-benzoyl-p-p-glucopyranoside
(26)

Tf,0 (218 pL, 1.30 mmol) was added dropwise to a stirred
solution of 25 (559 mg, 0.65 mmol) in dry CH,Cl,
(11 mL) and dry pyridine (210 pL, 2.60 mmol) under N,
at —78 °C. The mixture was then warmed to 0 °C and left
to stir for 1 h before being diluted with CH»Cl, (40 mL),
washed with 0.1 M HCI (20 mL) and H,O (20 mL), dried
(Na,SO,) and concentrated under reduced pressure. To
the crude triflate in dry DMF (11 mL) under N, at room
temperature was added KNO, (276 mg, 3.25 mmol). The
mixture was warmed to 50 °C and left to stir for 16 h be-
fore being concentrated under reduced pressure. Column
chromatography (EtOAc/hexane, 1:2 — 2:3 — 1:1, Rg
0.34) gave 26 (426 mg, 76%) which was crystallised from
EtOAc/hexane to %lVé colourless needles: IR 1116, 1272,
1728, 3521 ecm™'; "TH NMR (CDCls): 6 3.25 (1H, s, Gal
H-5), 3.39 (3H, s, OMe), 3.49 (1H, dd, Jee = 12.4,
Jo.s = 1.7 Hz, Gal H-6), 3.60 (1H, appd, J¢ ¢ = 12.4 Hz,
Gal H-60'), 3.75-3.81 (2H, m, Glc H-5, Gal H-4), 4.12
(I1H, t, Ju35=J45=9.3Hz, Glc H-4), 418 (1 H, t,
J32 = J34 = 3.2 Hz, Gal H-3), 4.50-4.60 (3H, m, Glc H-
1, Gle H-6, Glc H-6'), 5.04 (1H, d, J; », = 8.4 Hz, Gal H-
1), 524" (1H, s, CHPh), 5. 25" (1H, dd, J,, =84,
Jr3=32Hz, Gal H-2), 531 (1H, dd, J,53=9.3,
.]21—78HZ Gch2) 5.73 (IH t, J32—J34—93HZ
Glc H-3), 7.18-7.55, 7.88-8.06 (25H, 2x m, 5x Ph). *C
NMR (75.5 MHz, CDCls): 6 57.0 (OMe), 62 6 (Glc C-
6), 65.6 (Gal C-6), 68.1 (Gal C-5), 68.8 (Gal C-3), 71.4
(Gal C-2), 72.1 (Glc C-2), 73.0, 75.8 (Glc C-5, Gal C-4),
73.6 (Glc C-3), 76.5 (Glc C-4), 98.6 (Gal C-1), 100.8
(CHPh), 101.6 (Glc C-1), 126.4, 128.0, 128.1, 128.2,
128.3, 128.5, 128.9, 2x 129.6, 129.7, 129.8, 132.8, 133.0,
133.1, 133.3 (5x Ph), 129.1, 129.3, 129.6, 137.5 (5%
ipsoPh), 164.7, 165.2, 165.4, 166.1 (4x OC(O)Ph);
LRMS 883 (M+Na, 100%); Anal. (C43H440;5) C, H.

4.9. Methyl 3-S-acetyl-2-O-benzoyl-4,6-O-benzylidene-
p-p-galactopyranosyl-(1,4)-0-2,3,6-tri- O-benzoyl-p-p-
glucopyranoside (23)

T£,0 (397 pL, 2.36 mmol) was added dropwise to a stir-
red solution of 26 (678 mg, 0.79 mmol) in dry CH,Cl,
(13mL) and dry pyridine (382 pL, 4.23 mmol) under
N, at —78 °C. The mixture was warmed to 0 °C, left
to stir for 1 h and then allowed to warm to room tem-
perature. The mixture was stirred for a further 1 h at
room temperature before being diluted with CH,Cl,
(60 mL), washed with 0.1 M HCl (40 mL) and H,O
(40 mL), dried (Na,SO,4) and concentrated under re-
duced pressure. To a stirred solution of the crude triflate
in dry DMF (13mL) was added KSAc (270 mg,
2.36 mmol) under N, at room temperature. The mixture
was warmed to 50 °C and left to stir for 16 h before
being concentrated under reduced pressure. Column
chromatography (EtOAc/hexane, 1:2 — 2:3 — 1:1, Ry
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0.60) gave 23 (613 mg, 83%) which was crystallised from
EtOAc/hexane to give an off-white crystalline solid: 'H
NMR (CDCl;): 6 2.11 (3H, s, SAc), 2.98 (1H, s, Gal
H-5), 3.40 (3H, s, OMe), 3.53 (1H, dd, Js¢ = 12.4,
Jos = 1.7 Hz, Gal H-6), 3.78-3.86 (3H, m, Glc H-5,
Gal H-4, Gal H-6), 4.08 (1H, dd, J;,=1L1.5,
J3‘4 =33 HZ, Gal H-3), 4.22 (IH, t, J4‘3 = J4,5 =92 HZ,
Glc H-4), 430 (1H, dd, Jee =12.1, Jo5s=4.2 Hz, Glc
H-6), 4.59 (1H, d, J;,=7.7Hz, Glc H-1), 4.65 (1H,
dd, Jg6=12.1, Jg5s=2.0 Hz, Glc H-6'), 4.85 (1H, d,
J1’2 =77 HZ, Gal H-l), 5.29 (IH, dd, J2’3 = 92,
J>1=7.7Hz, Glc H-2), 5.31 (1H, s, CHPh), 5.40 (1H,
dd, J,3=11.5, J,;=7.7Hz, Gal H-2), 5.84 (1H, t,
J32=J34=9.2Hz, Glc H-3), 7.18-7.61, 7.82-8.01
(25H, 2x m, 5x Ph); '3C NMR (75.5 MHz, CDCl;): ¢
30.4 (SC(O)CH3), 46.7 (Gal C-3), 56.9 (OMe), 62.2
(Glc C-6), 67.0 (Glc C-6), 68.4 (Gal C-5), 69.5 (Gal C-
2), 72.3, 75.2 (Gle C-5, Gal C-4), 72,7 (Glc C-2), 74.3
(Gal C-5), 76.6 (Glc C-4), 100.9 (CHPh), 101.4 (Glc C-
1), 102.6 (Gal C-1), 126.2, 128.0, 128.1, 2x 128.3, 128.4,
128.9, 2x 129.6, 129.7, 129.9, 132.8, 2x 133.1 (5x Ph),
164.7, 165.1, 165.4, 165.5 (4x OC(O)Ph), 128.8, 129.3,
129.5, 137.3 (5x ipsoPh), 164.7, 165.1, 165.4, 165.5 (4x
OC(O)Ph), 194.8 (SC(O)CH3); LRMS 941 (M+Na,
1000/0), Anal. (C50H4(,O]5S) C, H.

4.10. Synthesis of S-linked a(2,3)-sialyllactoside. Methyl
2-0-benzoyl-4,6- O-benzylidene-3-thio-p-p-galactopyr-
anosyl-(1,4)-0-2,3,6-tri- O-benzoyl-p-p-glucopyranoside
27)

To a stirred solution of 23 (300 mg, 0.32 mmol) in dry
DMF (3 mL) was added hydrazinium acetate (39 mg,
0.64 mmol) under N, at room temperature. The mixture
was left to stir for 3 h before being diluted with EtOAc
(30 mL), washed with 0.1 M HCl (3x 20 mL), dried
(NayS0O4) and concentrated under reduced pressure.
Column chromatography (CHCls/hexane, 1:1 — 1:2)
afforded 27 [219 mg, 78% (neat CHCl;, Ry 0.252] as a col-
ourless solid: IR 1114, 1268, 1728cm™'; 'H NMR
(CDCl3): 6 2.12 (1H, d, Jsys=11.1 Hz, SH), 2.88
(IH, td, J3’2 = J3,SH = 111, J3,4 = 2.5 Hz, Gal H-3),
2.88 (1H, s, Gal H-5), 3.42 (3H, s, OMe), 3.57 (1H,
dd, Je¢ =12.4, Jo5s = 1.8 Hz, Gal H-6), 3.75 (1H, dd,
Jo =124, Jgs=1.0Hz, Gal H-6'), 3.83 (1H, ddd,
']5,4 = 95, J5,6 = 42, J5,6/ =20 HZ, Glc H-S), 3.89 (1H,
d, J43=2.5Hz, Gal H-4), 418 (1H, t, Jy35=J45=
9.5Hz, Glc H4) 441 (1H, dd, Jee =12.1,
Jo.s = 4.2 Hz, Glc H-6), 4.59" (1H, d, J,, = 7.8 Hz, Gle
H-1), 4.60" (1H, dd, Jg¢=12.1, Je s =2.0 Hz, Glc H-
6'), 4.68 (1H, d, J,, =7.8 Hz, GalH 1), 5.26" (1H, dd,
Js=111, J,, =78 Hz, Gal H-2), 532" (1H, dd,
Jr3=9.5, J21—78Hz Glc H-2), 535* (1H, s, CHPh),
581 (IH, t, J3,=J34=9.5Hz, Glc H-3), 7.61-7.62,
7.88-8.04 (25H, 2x m, 5x Ph); '3C NMR (75.5 MHz,
CDCly): 6 43.5 (Gal C 3), 56.9 (OMe), 62.4 (Glc C-06),
67.9 (Gal C-6), 68.8 (Gal C-5), 72.1 (Glc C-2), 72.6,
72.7 (Gle C-5, Gal C-2), 73.7 (Glc C-3), 75.8 (Gal C-4),
76.3 (Glc C-4), 101.0 (CHPh), 101.4 (Glc C-1), 102.4
(Gal C-1), 126.2, 127.1, 127.9, 3x 128.2, 128.3, 128.8,
129.4, 129.5, 2x 129.6, 129.7, 132.9, 133.0, 133.1 (5%
Ph), 129.0, 129.2, 129.4 137.3 (4x ipsoPh), 164.8, 165.1,
165.3, 165.6 (4x OC(O)Ph); LRMS 899 (M+ Na, 100%).

4.11. Methyl [methyl(5-acetamido-4,7,8,9-tetra-O-acetyl-
3,5-dideoxy-2-thio-p-glycero-a-np-galacto-2-nonulopyr-
anosyl)onate]-(2,3)-5-(2-O-benzoyl-4,6- O-benzylidene-3-
thio-p-p-galactopyranosyl)-(1,4)-0-2,3,6-tri-O-benzoyl-f3-
p-glucopyranoside (29)

To a stirred solution of 27 (205 mg, 0.23 mmol) in dry
THF (8 mL) was added NaH (11 mg, 0.27 mmol) under
Ar at 0°C. After 10min, Kryptofix 21° (10 mg,
0.05mmol) and then a solution of 28%-:¢ (124 mg,
0.24 mmol) in dry THF (2 mL) were added to the reac-
tion before being warmed to room temperature. After
2 h, the mixture was diluted with EtOAc (40 mL),
washed with brine (3x 30 mL), dried (Na,SO,), and con-
centrated under reduced pressure. Column chromatogra-
phy (EtOAc/hexane, 1:1 — 3:1, R;0.13) gave 29 (180 mg,
57%) as an amorphous mass: IR 1113, 1269, 1734,
3018 cm ~'; '"H NMR (CDCl,): 6 1.71 (3H, s, NAc),
1.83", 1.95, 1.99, 2.17 (12H, 4x s, 4x OAc), 1.81-1.871
(IH, m, Neu H-3a), 2.53 (1H, dd, J3.3,=12.8,
Jsea =4.7Hz, Neu H-3e), 3.33 (1H, s, Gal H-5), 3.38
(3H, s, OMe), 3.45 (1H, d, J45 = 2.7 Hz, Gal H-4), 3.57
(1H, appd, Jee =11.0 Hz, Gal H-6), 3.68 (1H, dd,
Jos=10.8, Js7;=24Hz, Neu H-6), 3.70 (3H, s,
CO,Me), 3.72-3.86 (4H, m, Glc H-5, Gal H-3, Gal
H-6’, Neu H-5), 422 (1H, dd, Joo=12.7,
Jog =4.8 Hz, Neu H-9), 4.30-4.38 (2H, m, Glc H-4,
Glc H-6), 4.43 (1H, dd, Jo o = 12.7, Jo 3 = 2.4 Hz, Neu
H-9), 4.55 (1H, d, J,,="7.8 Hz, Glc H-1), 4.63 (1H,
dd, Jg = 12.0, Jo5 = 2.0 Hz, Glc H-6"), 4.80 (1H, td,
J4,3a = J4’5 = 116, J4,3e =47 HZ, Neu H-4), 5.01 (1H,
d, Jnus=9.8 Hz, NH), 5.19-5.27 (4H, m, Gal H-1,
Gal H-2, Neu H-7, CHPh), 530 (1H, dd, J>5=9.5,
J>1=78Hz, Glc H-2), 5.69 (1H, ddd, Jg;=10.2,
Jso=4.8, Jso=24Hz, Neu H-8), 578 (IH, t,
J32= J34 9.5Hz, Glc H-3), 7.20-7.62, 7.91-7.98,
8.13-8.16 (25H, 3x m, 5x Ph); '>°C NMR (75.5 MHz,
CDCly): ¢ 20.6, 20.7, 20.8, 21.3 (4x OC(O) Me), 23.1
(NC(O) Me), 37.0 (Neu C-3), 45.4, 49.0 (Gal C-3, Neu
C-5), 52.9 (CO, Me), 56.8 (OMe), 62.2 (Neu H-9), 62.8
(Glc C-6), 66.6, 69.0 (Gal C-2, Neu C-7), 67.0 (Gal C-
5), 67.8 (Neu C-8), 68.1 (Gal C-6), 69.3 (Neu C-4),
72.3, 73.0, 73.4 (Glc C-2, Glc C-5, Neu C-6), 73.8, (Glc
C-3), 75.6 (Gal C-4), 75.9 (Glc C-4), 101.1, 101.4, 101.5
(Gle C-1, Gal C-1, CHPh), 126.3, 127.9, 128.0, 2x
128.2, 128.3, 128.6, 2x 129.6, 129.8, 130.0, 132.6, 132.8,
133.0 (5% Ph), 129.3, 129.6, 130.1, 137.5 (4x ipsoPh),
165.2, 165.4, 165.5, 165.6 (4x OC(O)Ph), 169.5, 169.9,
170.1, 170.2, 170.7, 170.8 (4x OC(O)Me, NC(O)Me,
CO,Me); LRMS 1372 (M+Na, 100%); HRMS Calcd
for CegH71NO,6S (M+Na) 1372.3883. Found 1372.390.

4.12. Methyl (5-acetamido-3,5-dideoxy-2-thio-p-glycero-
a-D-galacto-2-nonulopyranosylonic acid)-(2,3)-S-(4,6-0-
benzylidene-3-thio-B-p-galactopyranosyl)-(1,4)-O-f-p-
glucopyranoside

To a stirred solution of 29 (220 mg, 0.16 mmol) in
MeOH (5 mL) was added dropwise a 1 M solution of
NaOH (~1mL) until a pH of ~13 was attained. The
mixture was left to stir for 24 h before being neutralised
with Amberlyte IR-120 (H™), the resin filtered, washed
with aqueous MeOH, and then the solvent was concen-
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trated under reduced pressure. The residue was re-dis-
solved in H,O (15mL), the pH adjusted to ~4 with
AcOH, washed with EtOAc (3x 30 mL) and the aqueous
phase freeze-dried to give the 4’,6’-O-benzylidenated
thiosialoside (122 mg, quantitative) as a colourless
solid: '"H NMR (600 MHz, D,0): & 1.76 (1H, dd,
J3a3e = 12.3, J3,4=11.8 Hz, Neu H-3,), 1.99 (3H, s,
NAC), 2.76 (lH, dd, J3e,3a: 123, J3e’4:4.7 HZ, Neu
H-3e), 3.27 (1H, dd, J,5=9.1, J,; = 8.2 Hz, Glc H-2),
3.49 (2H, m, Gal H-2, Gal H-3), 3.54 (3H, s, OMe),
3.55-3.58 (3H, m, Glc H-5, Neu H-6, Neu H-9), 3.61-
3.67 (4H, m, Glc H-3, Neu H-4, Neu H-5, Neu H-7),
3.80-3.87 (4H, m, Glc H-4, Glc H-6, Gal H-5, Neu H-
9’), 391 (1H, ddd, Jg’7 = 88, Jg’g = 60, Jg,g/ =23 HZ,
Neu H-8), 4.01 (1H, dd, Js 6 =12.0, J¢ s = 1.5 Hz, Glc
H-6"), 4.18-4.22 (3H, m, Gal H-4, Gal H-6, Gal H-¢'),
437 (1H, d, J;,=8.2Hz, Glc H-1), 459 (1H, d,
J12 =174 Hz, Gal H-1), 5.68 (1H, s, CHPh), 7.41-7.45,
7.48-7.51 (5H, 2x CHPh); >C NMR (75.5 MHz,
CDCl3): 6 23.3 (NC(O) Me), 40.4 (Neu C-3), 48.2 (Glc
C-2), 51.6 (Neu C-5), 57.2 (OMe), 59.8 (Glc C-6), 62.5
(Neu C-9), 67.9 (Gal C-6), 68.1, 68.4, 68.7 (Glc C-5,
Gal C-2, Gal C-3), 71.9 (Glc C-2), 2x 72.7 (Neu C-4,
Neu C-7), 2x 74.1 (Glc C-3, Neu C-8), 74.8, 75.0 (Glc
C-4, Gal C-5), 76.3 (Gal C-4), 78.3 (Neu C-6), 84.1
(Neu C-2), 101.3 (CHPh), 103.0 (Glc C-1), 104.1 (Gal
C-1), 126.1, 128.6. 129.7 (CHPh), 136.6 (ipsoPh), 174.3
(Neu C-1), 1749 (NC(O)Me); LRMS 797 (M+2Na,
100%).

4.13. Methyl (sodium 5-acetamido-3,5-dideoxy-2-thio-D-
glycero-a-p-galacto-2-nonulopyranosylonate)-(2,3)-S-(3-
thio-p-p-galactopyranosyl)-(1,4)-O-p-p-glucopyranoside (9)

A solution of the 4',6’-O-benzylidenated thiosialoside
(122 mg, 0.16 mmol) in 10% aqueous TFA (7 mL) was
stirred at 0 °C for 8 h before being concentrated in vac-
uo (cold work-up). The residue was dissolved in H,O
(5 mL) and the pH adjusted to ~7.3 with 1 M NaOH be-
fore being freeze-dried. Size exclusion chromatography
[G10 Sephadex column, H,O (EtOAc/MeOH/H,0,
7:2:1, R;0.17)] and then HPLC purification (1% CH3;CN
in H,O, 3 mL/min, R, =7.74 min) afforded 9 (72 mg,
64%) as a colourless solid: "H NMR (600 MHz, D,0):
o0 1.79 (1H, dd, J3,3.=12.3, J3,4 = 11.7 Hz, Neu H-
3a), 1.99 (3H, s, NAc), 2.77 (1H, dd, Jse3, =12.3,
Jieqa=4.7Hz, Neu H-3e), 3.27 (1H, dd, J,53=9.1,
Jr1=8.1Hz, Glc H-2), 3.33 (IH, dd, J;,=10.3,
J34=25Hz, Gal H-3), 3.36 (1H, dd, J,5=10.3,
J.1 =7.0 Hz, Gal H-2), 3.54 (3H, s, OMe), 3.55-3.58
(4H, m, Glc H-3, Glc H-5, Neu H-7, Neu H-9), 3.59-
3.66 (3H, m, Neu H-4, Neu H-5, Neu H-6), 3.68-3.69
(2H, m, Gal H-6, Gal H-6), 3.74 (1H, dd, J56=6.3,
Jse = 5.8 Hz, Gal H-5), 3.80-3.85 (4H, m, Glc H-4,
Glc H-6, Gal H-4, Neu H-9), 3.89 (1H, ddd,
Js7=88, Jgo=06.1, Jgo =2.4Hz, Neu H-8), 3.98
(1H, dd, Jge=12.3, Jos=22Hz, Glc H-6'), 4.37
(1H, d, J;,=8.1Hz, Glc H-1), 451 (1H, d,
J12 = 7.0 Hz, Gal H-1); >C NMR (75.5 MHz, D,0): 6
22.0 (NC(O) Me), 40.5 (Neu C-3), 50.4 (Glc C-2), 51.5
(Neu C-5), 57.2 (OMe), 60.0 (Glc C-6), 61.2 (Gal C-6),
62.5 (Neu C-6), 68.1, 68.3, 68.4, 68.7 (Glc C-4, Gal C-
2, Gal C-4, Neu C-7), 71.9 (Neu C-8), 72.8 (Gal C-3),

74.3, 74.8, 74.9 (Gle C-3, Glc C-5, Neu C-4), 77.7 (Gal
C-5), 78.0 (Neu C-6), 84.0 (Neu C-2), 103.0 (Glc C-1),
104.1 (Gal C-1), 174.5 (Neu C-1), 174.9 (NC(O)Me);
LRMS 686 (M+Na, 100(%)), Anal. (C24H40NN21018
S4H,0) C, H.

4.14. Synthesis of sialylmimetics. Methyl 2-O-benzoyl-
4,6- O-benzylidene-3-thio-3-(ethoxycarbonylmethyl)-p-n-
galactopyranosyl-(1,4)-0-2,3,6-tri- O-benzoyl-p-p-gluco-
pyranoside (31)

A solution of 23 (300 mg, 0.32 mmol) in dry DMF
(6 mL) was thoroughly degassed (bubbling N,) for
15 min before the addition of 4 A sieves and then hydra-
zinium acetate (59 mg, 0.64 mmol) under N, at room
temperature. The reaction mixture was left to stir for
1 h before the addition of ethyl bromoacetate (178 pL,
1.6 mmol) and then Et;N (54 puL, 0.39 mmol). After
2 h, the mixture was diluted with EtOAc (15 mL),
washed with 0.1 M HCl (15mL) and H,O (15mL),
dried (Na,SO,4) and concentrated. Column chromatog-
raphy (CHCls/hexane, 1:2 — 1:1) yielded 31 [277 mg,
90% (neat CHCl3, Ry 0.2)] which was crystallised from
EtOAc/hexane to give a colourless crystalline solid: IR
1071, 1269, 1729 cm™'; '"H NMR (CDCl5): 6 1.13 (3H,
t, Jyic = 7.1 Hz, CO,CH, CHj3), 2.95 (1H, s, Gal H-5),
3.19" (1H, dd, J3, = 11.2, J34 = 3.2 Hz, Gal H-3), 3.20"
(2H, s, H-2"), 3.41 (3H, s, OMe), 3.58 (1H, appd,
Joo =12.2Hz, Gal H-6), 3.76 (1H, appd, J¢¢=
12.2 Hz, Gal H-6'), 3.83 (1H, ddd, Js4=9.4, J56=4.3,
Jse = 2.1 Hz, Glc H-5), 3.99 (2H, q, J.ic = 7.1 Hz, CO,
4 CH,CH;), 491 (1H, d, J45 = 3.2 Hz, Gal H-4), 4.19
(IH, t, Jq3=J45=9.4Hz, Glc H-4), 437 (1H, dd,
Joo = 12.0, Jos=43Hz, Glc H-6), 4597 (1H, d,
Ji2=7.7Hz, Glc H-1), 461" (1H, dd, Jse=12.0,
Jes = 2.1 Hz, Glc H-6'), 4.73 (1H, d, J,, = 7.8 Hz, Gal
H-1), 5317 (1H, dd, J,3=9.4, Jo, = 7.7 Hz, Glc H-2),
533" (1H, s, CHPh), 547 (1H, dd, J,5=11.2, J,, =
7.8 Hz, Gal H-2), 5.81 (1H, t, J3,=J34=9.4 Hz, Glc
H-3), 7.25-7.62, 7.88-8.04 (25H, 2x m, 5x Ph); *C
NMR (75.5 MHz, CDCl3): 6 13.9 (CO,CH, CH3), 33.4
(C-2'), 48.8 (Gal C-3), 56.9 (OMe), 61.2 (CO, CH,CH3;),
62.4 (Glc C-6), 67.9 (Gal C-6), 68.6 (Gal C-5), 71.1 (Gal
C-2), 72.2 (Glc C-2), 72.7 (Glc C-5), 73.9 (Glc C-3),
76.3 (Gal C-4), 100.9 (CHPh), 101.4 (Glc C-1), 102.4
(Gal C-1), 126.3, 127.9, 128.2, 128.3, 128.4, 128.7, 2x
129.6, 129.8, 132.9, 133.0, 133.2 (5x Ph), 128.9, 129.3,
129.5, 137.3 (5% ipsoPh), 2x 164.8, 165.4, 165.6 (4x
OC(0O)Ph), 170.6 (C-1"); LRMS 985 (M+Na, 100%);
Anal. (C5;H500,6S) C, H.

The following were prepared in a similar manner:

4.15. Methyl 2-0O-benzoyl-4,6- O-benzylidene-3-thio-3-[2'-
(ethyl propanoate)]-p-p-galactopyranosyl-(1,4)-0-2,3,6-
tri- O-benzoyl-p-n-glucopyranoside (32)

In 84% yield (neat CHCl;, Rf 0.23) as a 2:1 mixture of
inseparable diastereomers by coupling between 23 and
ethyl (£) 2-bromoproprionate to give a colourless crys-
talline solid: TR 1071, 1269, 1729cm™'; 'H NMR
(CDCl5): ¢ 1.03% (1.32%) (2H, d, Juic = 7.2 Hz, H-3'),
1.057 (1.19%) (3H, t, Jyic = 6.9 Hz, CO,CH, CH3), 2.90
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(2.96*) (1H, s, Gal H-5), 3.25 (3.31%)" (I1H, dd,
Js2 =114, J34 =32 Hz, Gal H-3), 3.32-3.38" (1H, m,
H-2'), 3.41 (3H, s, OMe), 3.55" (3.57%)" (1H, dd,
Jeo = 12.3, Jos=1.7Hz, Gal H-6), 3.75 (1H, appd,
Jos =123 Hz, Gal H-6'), 3.83 (1H, ddd, Js4=9.4,
Jso=42, Js¢ = 1.8 Hz, Glc H-5), 3.90" (4.11%) (2H,
q, Jvic = 7.2 Hz, CO, CH>CH3), 3.947 (3.95%) (IH, d,
Ji3=32Hz, Gal H-4), 4197 420" (1H, t,
Jiz=J4s=94Hz, Glc H-4), 438 (IH, dd,
Joo = 12.0, Jo.5s = 4.2 Hz, Glc H-6), 4.58" (4.59%)" (1H,
d, J1»="17.5 Hz, Glc H-1), 460" (1H, dd, Js 6= 12.0,
Jos=18Hz, Glc H-6'), 4.73" (4.75%" (1H, d,
Ji»=17.8 Hz, Gal H-1), 5.28-5.35" (2H, m, Glc H-2,
CHPh), 536" (551%) (I1H, dd, J,53=114,
J1=78Hz, Gal H-2), 580" (5.83%" (1H, t,
Jip=J34=94Hz, Glc H-3), 7.19-7.62, 7.86-7.52
(25H, 2x m, 5x Ph); *C NMR (75.5 MHz, CDCls): ¢
13.8 (16.5%) (CO,CH, CHs), 14.0 (17.9%) (C-3'), 40.2
(42.5%) (C-2'), 47.2 (49.7%) (Gal C-3), 56.9 (OMe), 61.0
(61.1%) (CO, CH,CHs), 62.4 (Glc C-6), 67.9 (Gal C-6),
68.5 (68.7%) (Gal C-5), 69.7 (72.2%) (Glc C-2), 72.2
(72.3%) (Gal C-2), 72.7 (72.8%) (Glc C-5), 73.8 (74.0%)
(Glc C-3), 75.3 (76.3*) (Gal C-4), 76.4 (Glc C-4), 100.8
(100.9%) (CHPh), 101.4 (Glc C-1), 102.4 (102.5*) (Gal
C-1), 126.2, 126.3, 127.9, 2x 128.2, 128.3, 128.4, 128.7,
129.5, 2x 129.6, 129.7, 129.8, 132.9, 133.0, 133.1, 133.2
(5x Ph), 128.8, 129.0, 129.3, 129.5, 132.3 (137.4%) (5x
ipsoPh), 164.7, 164.8, 164.9, 165.4, 165.6, 165.7 (4x
OC(0O)Ph), 173.0 (173.4%) (C-1); LRMS 999 (M+Na,
100(VO), Anal. (C53H520168) C, H.

4.16. Methyl 2-O-benzoyl-4,6- O-benzylidene-3-thio-3-[2'-
(methyl butanoate)]-g-p-galactopyranosyl-(1,4)-0-2,3,6-
tri- O-benzoyl-p-p-glucopyranoside (33)

In 85% yield (neat CHCI;, Ry 0.23) as a 2:1 mixture of
inseparable diastereomers by coupling between 23 and
methyl () 2-bromobutyrate to give a colourless crystal-
line solid: IR 1070, 1268, 1731 cm™'; '"H NMR (CDCls):
5 0.47 (0.77%) (3H, t, Jy.=7.3 Hz, H-4"), 1.21-1.35
(1.45-1.65%)" (1H, m, H-3'), 1.45-1.65%, 1.74-1.89 (1H,
m, H-3), 2.94 (2.96%) (1H, s, Gal H-5), 3.09 (3.17%)
(1H, dd, J,,=38.3, 6.6Hz, H-2), 3.25 (1H, dd,
Ji2 =112, J54=3.1 Hz, Gal H-3), 3.41 (3H, s, OMe),
3.55 (3.58%) (1H, dd, Je¢ = 12.2, Jo.s = 1.5 Hz, Gal H-
6), 3.65 (3H, s, CO,Me), 3.75 (1H, d, Jg ¢ = 12.2 Hz,
Gal H-6'), 3.84 (1H, ddd, Js;=9.6, Jsc=42,
Js¢ =19Hz, Glc H-5), 3.88 (3.94%) (IH, d,
Ji3=3.1Hz, Gal H-4), 418" 420" (1H, t,
Jis=Jss=9.6Hz, Glc H-4), 438 (I1H, dd,
Jog =12.0, Jo s = 4.2 Hz, Glc H-6), 4.56-4.63 (2H, m,
Glc H-1, Glc H-¢), 473" 4.74%" (1H, d,
Ji,=7.8Hz, Gal H-1), 528538 (2H, m, Glc H-2,
Gal H-2, CHPh) [551* (1H, dd, J,;=11.2,
J1=78Hz, Gal H-2)], 580" (583" (IH, t,
J32=J34=9.6Hz, Glc H-3), 7.15-7.56, 7.76-8.00
(25H, 2x m, 5x Ph); '3*C NMR (75.5 MHz, CDCl;): §
11.5 (11.9%) (C-4"), 24.6 (25.7%) (C-3'), 47.3 (49.4*) (C-
2'), 47.7 (49.5%) (Gal C-3), 52.0 (52.3%) (CO, Me), 57.0
(OMe), 62.5 (Glc C-6), 68.0 (Gal C-6), 68.6 (68.7%)
(Gal C-5), 69.9, 72.2, 72.3, 72.4, 2x 72.8 (Glc C-2, Glc
C-5, Gal C-2), 73.9 (74.1%) (Glc C-3), 75.4 (76.5%) (Gal
C-4), 76.4 (Glc C-4), 100.9 (101.0%) (CHPh), 101.5 (Glc

C-1), 102.5 (102.6%) (Gal C-1), 126.3, 126.4, 127.9, 2x
128.3, 2x 128.4, 128.5, 128.8, 3x 129.7, 129.8, 129.9,
133.0, 2x 133.1, 133.3 (5x Ph), 128.9, 129.1, 129.4,
129.6, 137.3 (137.5%) (5x ipsoPh), 164.7, 164.9, 165.0,
165.5, 2x 165.7 (4x OC(O)Ph), 173.1 (173.6%) (C-1');
LRMS 999 (M+Na, 100%); Anal. (Cs3H5,0,6S) C, H.

4.17. Methyl 2-O-benzoyl-4,6-O-benzylidene-3-thio-3-[2'-
(ethyl valeroate)]-p-p-galactopyranosyl-(1,4)-0-2,3,6-tri-
O-benzoyl-p-p-glucopyranoside (34)

In 96% yield (neat CHCl3, R; 0.25) as a 2:1 mixture of
inseparable diastereomers by coupling between 23 and
ethyl () 2-bromovalerate to give a colourless crystalline
solid: TR 1150, 1342, 1729, 2961cm™'; 'H NMR
(CDCl3): 6 0.47 (0.74*) (3H, t, Jy;.=7.3 Hz, H-5),
0.81-0.98 (1.14-1.31%)" (2H, m, H-4'), 1.07 (1.19%)"
(3H, t, Jy. = 7.1 Hz, CO,CH, CHs), 1.14-1.31" (1.40-
1.61*) (2H, m, H-3’), 2.90 (2.97*) (1H, s, Gal H-5),
3.11 (3.19-3.23*) (1H, dd, J,=9.3, 6.0 Hz, H-2'),
3.237 (3.31%) (1H, dd, J5, = 11.4, J3, = 3.1 Hz, Gal H-
3), 3.40 (3.41*) (3H, s, OMe), 3.51-3.60 (1H, m, Gal
H-6), 3.76 (1H, appd, J¢ ¢ = 12.1 Hz, Gal H-6'), 3.82—
3.97 (4H, m, Glc H-5, Gal H-4, CO, CH,CHj3) [4.11%
(2H, q, J.si.=7.1Hz, CO, CH,CHj3)], 422 (1H, t,
Jy3=J45=92Hz, Glc H-4), 438 (IH, dd,
Jos =120, Jo5s = 4.2 Hz, Glc H-6), 4.58" (4.59%)" (1H,
d, J1,=7.8Hz, Glc H-1), 4.66 (1H, dd, J¢¢=12.0,
Jos =2.0Hz, Gle H-6'), 4.73 (1H, d, J;»=7.8 Hz,
Gal H-1), 5.27-5.35" (2H, m, Glc H-2, Gal H-2) [5.51*
(1H, dd, J,3=114, J,, =7.8Hz, Gal H-2)], 5.327
(1H, s, CHPh), 5.83 (1H, t, J3, = J34=9.2 Hz, Glc H-
3), 7.18-7.61, 7.81-8.05 (25H, 2x m, 5x Ph); '*C NMR
(75.5 MHz, CDCly): 6 13.2 (13.4%) (C-5), 13.8 (14.0%)
(CO,CH, CH3), 20.3 (20.5%) (C-4"), 33.1 (34.3%) (C-3),
45.0 (47.8%) (C-2), 47.1 (49.4%) (Gal C-3), 56.8 (OMe),
60.9 (61.0*%) (CO, CH,CHs3), 62.3 (Glc C-6), 67.9 (Gal
C-6), 68.5 (68.6%) (Gal C-5), 69.4, 69.8, 72.2, 72.6,
72.7, 73.8, 74.0, 74.1, 75.1, 76.3, 76.4, 76.5 (Glc C-2,
Glc C-3, Glec C-4, Glec C-5, Gal C-2, Gal C-4), 100.8
(100.9%) (CHPh), 101.4 (Glc C-1), 102.3 (102.5%) (Gal
C-1), 2x 126.2, 127.2, 127.8, 127.9, 2x 128.1, 128.2, 2%
128.3, 128.6, 128.8, 129.5, 129.8, 132.8, 132.9, 2x
133.0, 133.1, 137.2 (5x Ph), 128.8, 129.0, 129.2, 129.4,
129.5, 137.3 (137.4%) (5% ipsoPh), 2x 164.7, 2x 164.8,
165.1, 1653, 1654, 165.5 (4x OC(O)Ph), 172.6
(173.0%) (C-1"); LRMS 1027 (M+Na, 100%); Anal.
(CssHs6016S) C, H.

4.18. Methyl 2-O-benzoyl-4,6-O-benzylidene-3-thio-3-[2'-
(methyl 2-phenylacetate)]-B-p-galactopyranosyl-(1,4)-O-
2,3,6-tri- O-benzoyl-p-p-glucopyranoside (35)

In 90% yield (neat CHCl3, R¢ 0.23) as a 1:1 mixture of
inseparable diastereomers by coupling between 23 and
ethyl () 2-bromovalerate to give a colourless crystalline
solid: TR 1113, 1269, 1732, 3022cm™'; 'H NMR
(CDCly): 6 2.78" (2.91%) (1H, s, Gal H-5), 2.807 (3.14%)
(1H, dd, J;,=11.2, J34=3.2Hz, Gal H-3), 3.28
(3.68%*) (3H, s, CO, Me), 3.41 (3H, s, OMe), 3.49
(3.54*) (1H, dd, Js¢ =12.4, Jo5=1.4 Hz, Gal H-6),
3.62-3.76 (2H, m, Gal H-4, Gal H-6') [3.97* (1H, d,
J4’3:3.2 HZ, Gal H-4)], 3.83 (1H, ddd, J5’4:9.4,
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Js6=15.9, Jse = 2.0 Hz, Glc H-5), 4.157 (4.20%)" (1H, t,
Ju3 =Jss=9.4 Hz, Glc H-4), 4.38-4.48 (2H, m, Glc H-
6, Glc H-6'), 4.52-4.63 (3H, m, Glc H-1, Gal H-1, H-2")
[4.72% (1H, d, J,» = 7.8 Hz, Gal H-1)], 5.22-5.34" (1H,
m, Glc H-2), 531 (1H, s, CHPh), 5.51 (1H, dd,
123—112 Jo1 = 7.8 Hz, Gal H-2), 5.77" (5.81*" (1H,
t. J32=J54=94Hz, Gle H-3), 6.79-6.82, 7.01-7.12,
7.28-7.63, 7.87-8.07 (30H, 4x m, 6x Ph); '3C NMR
(75.5 MHz, CDCLy): & 48.3 (49.6%) (Gal C-3), 52.2
(52.8%(CO, Me), 52.4 (C-2’), 57.0 (OMe), 62.5 (Glc C-
6), 67.9 (Gal C-6), 68.6 (Gal C-5), 71.0 (72.2*) (Gal C-
2), 72.1 (72.2%) (Glc C-2), 72.7 (72.8%) (Glc C-5), 73.7
(74.0%) (Glc C-3), 75.9 (76.0%) (Gal C-4), 76.2 (76.4%)
(Glc C-4), 100.7 (100.8%) (CHPh), 101.5 (101.6*) (Glc
C-1), 102.4 (Gal C-1), 126.3, 126.4, 127.9, 128.0, 128.1,
128.2, 2x 128.3, 128.4, 2x 128.5, 128.7, 128.8, 129.6,
129.7, 129.8, 129.9, 132.9, 133.0, 133.1, 133.2, 133.3 (6x
Ph), 128.9, 129.0, 129.3, 129.6, 134.8, 136.4, 137.3 (5x
ipsoPh), 164.6 (164.8%), 164.9 (165.0%), 165.4, 165.7 (4x
OC(O)Ph), 170.6 (171.8%) (CO>Me); LRMS 1047
(M+Na, 100%); Anal. (Cs;Hs,0,6S) C, H.

4.19. Methyl 2-O-benzoyl-4,6- O-benzylidene-3-thio-3-[2'-
(y-butyrolactone)]-p-p-galactopyranosyl-(1,4)-0-2,3,6-
tri- O-benzoyl-p-p-glucopyranoside (36)

In 85% yield as a 2:1 mixture of separable diastereomers
by coupling between 23 and a-bromo-y-butyrolactone
(chromatography EtOAc/hexane, 2:3 — 1:1, Ry 0.30,
0.19). One diastereomer of 36 as a colourless crystalhne
solid: IR 1113, 1268, 1731 cm™'; "TH NMR (CDCl5): ¢
1.69-1.78, 2.07-2.30 (2H, 2x m, H-3"), 2.89 (1H, s, Gal
H-5), 3.32-3.36" (1H, m, H-Z’), 3.341 (3H, s, OMe),
3.48 (1H, dd, Je ¢ = 11.0, Js 5 = 1.3 Hz, Gal H-6), 3.61
(1H, dd, J3, =10.3, J54= 3.3 Hz, Gal H-3), 3.70 (1H,
appd, Jo 6 = 11.0, Gal H-6'), 3.77 (1H, ddd, J54=9.7,
Js6=4.0, Jse=17Hz, Glc H-5), 396 (1H, d,
Ja3 = 3.3 Hz, Gal H-4), 4.02-4.23 (3H, m, Glc H-4, H-
4’), 4.28 (1H, dd, Js¢ = 12.0, Je5 = 4.0 Hz, Glc H-6),
453" (1H, d, J,, =17.6, Glc H-1), 4.52-4.58" (1H, m,
Glc H-6'), 4.68 (1H, d, J,,="7.8 Hz, Gal H-1), 524T
(1H, dd, J,5=9.1, J,; = 7.6 Hz, Glc H-2), 5.26 (1H, s,
CHPh), 5.49 (1H, dd, J,5=10.3, J,; = 7.8 Hz, Gal H-
2), 5.77 (1H, t, J3,=J34=9.1Hz, Glc H-3), 7.13-
7.55, 7.79-7.99 (25H, 2x m, 5x Ph); 'C NMR
(75.5 MHz, CDCl3): o 29.1 (C-3%), 39.1 (C-2"), 48.0
(Gal C-3), 56.9 (OMe), 62.3 (Glc C-6), 66.7 (C-4'),
67.9 (Gal C-6), 68.4 (Gal C-5), 72.3 (Glc C-5), 72.6
(Gle C-2), 72.7 (Gal C-2), 74.1 (Glc C-3), 76.1 (Gal
C-4), 76.5 (Glc C-4), 100.8 (CHPh), 101.4 (Glc C-1),
102.4 (Gal C-1), 126.0, 126.3, 127.9, 2x 128.2, 128.4,
128.6, 128.8, 2x 129.6, 129.9, 132.9, 2x 133.1, 1333
(5x Ph), 128.8, 129.4, 129.5, 137.4 (5x ipsoPh), 164.7,
164.8, 165.4, 165.6 (4x OC(O)Ph), 176.6 (C-1'); LRMS
983 (M+Na, 100%)), HRMS Calcd for C52H480168
(M+Na) 983.2561. Found 983.2558. Other diastereomer
of 36 as a colourless crystalline solid: IR 1113, 1268,
1731 ecm™'; '"H NMR (CDCly): § 1.87-1.97, 2.42-2.55
(2H, 2x m H-3%), 2.95 (1H, s, Gal H-5), 3.40 (3H, s,
OMe), 3.43 (1H, dd, J5,=11.5, J534=3.1 Hz, Gal H-
3), 3.56 (1H, dd, Jss =12.2, Js5= 1.5 Hz, Gdl H-6),
3.66 (1H, dd, J.i = 8.3, 5.3 Hz, H-2"), 3.78" (1H, appd,
Jo o = 12.2 Hz, Gal H-6"), 3.821 (1H, ddd, Js4=9.5,

Jse=42, Jseg =2.2Hz, Glc H-5), 4.01-4.24 (4H, m,
Gle H-4, Gal H-4, H-4'), 434 (IH, dd, Jse = 12.0,
Jo.s = 4.2 Hz, Glc H-6), 4.59" (1H, d, J,, = 7.7 Hz, Glc
H-1), 4.627 (1H, dd, Je ¢ = 12.0, Jo 5 = 2.2 Hz, Glc H-
6'), 4.77 (1H, d, J,, = 7.7 Hz, Gal H-1), 530*(1H dd,
J>3=9.5, J,,=77Hz, Glc H-2), 536T (1H, dd,
Jo3=11.5, 5, = 7.7 Hz, Gal H-2), 5.38" (1H, s, CHPh),
5.82 (1H, t, J3,=J34=9.5Hz, Glc H-3), 7.34-7.62,
7.81-8.07 (25H, 2x m, 5x Ph); '*C NMR (75.5 MHz,
CDCly): 6 30.0 (C-3'), 37.9 (C-2'), 47.5 (Gal C-3), 56.9
(OMe), 62.3 (Glc C-6), 66.7 (C-4'), 68.1 (Gal C-6),
68.7 (Gal C-5), 69.2 (Gal C-2), 72.3, 72.8 (Glc C-2,
Glc C-5), 74.1 (Glc C-3), 74.5 (Gal C-4), 76.6 (Glc C-
4), 101.1 (CHPh), 101.5 (Glc C-1), 102.6 (Gal C-1),
128.0, 2x 128.3, 2x 128.4, 128.9, 2x 129.7, 129.8, 129.9,
133.0, 2x 133.1, 133.2 (5% Ph), 129.4, 129.5, 137.5 (5% ip-
soPh), 164.9, 165.3, 165.4, 165.7 (4x OC(O)Ph), 175.4
(C-1); LRMS 983 (M+Na, 100%).

4.20. Methyl 2-0-benzoyl-4,6- O-benzylidene-3-thio-3-[2'-
(y-valerolactone)]-B-p-galactopyranosyl-(1,4)-0-2,3,6-tri-
O-benzoyl-p-p-glucopyranoside (37)

In 87% yield as a 2:1:1 mixture of separable diastereomers
by coupling between 23 and o-bromo-y-valerolactone
(chromatography EtOAc/hexane, 2:3 — 1:1, Ry 0.44,
0.39, 0.34). One diastereomer of 37 as a colourless crystal-
line solid: IR 1117, 1267, 1726 cm™'; "H NMR (CDCl5): 6
1.23 (3H, d, J,;c = 6.2 Hz, H-5), 1.74-1.94 (2H, m, H-3’),
2.93 (1H, s, Gal H-5), 3.40 (3H, s, OMe), 3.45 (1H, dd,
Jvic = 8.2, 3.0Hz, H-2), 3.53 (1H, dd, Js¢ =12.3,
Jos=15Hz, Gal H-6), 3.68 (1H, dd, J;,=11.3,
J34=3.3 Hz, Gal H-3), 3.77 (1H, appd, J¢ c = 12.3, Gal
H-6'), 3.83 (1H, ddd, Js4 = 9.6, Jsc = 4.0, Jsc = 1.8 Hz,
Glc H-5), 3.98 (1H, d, J5 4 = 3.3 Hz, Gal H-4), 4.22 (1H,
t, Ju3=J45=9.6Hz, Glc H-4), 432 (IH, dd,
Joo = 12.0, Jos=4.0Hz, Glc H-6), 4597 (1H, d,
J1, =71.7 Hz, Glc H-1), 460469*(2H m, Glc H-6', H-
4'), 4.74 (1H, d, J; , = 7.8 Hz, Gal H-1), 529" (1H, dd,
J>3=9.6, Jo; =7.7Hz, Glc H-1), 5.32" (1H, s, CHPh),
5.55 (1H, dd, J,3=11.3, J,; = 7.8 Hz, Gal H-2), 5.83
(1H, t, J3,=J34=9.6 Hz, Glc H-3), 7.32-7.62, 7.85-
8.02 (25H, 2x m, 5x Ph); >*C NMR (75.5 Hz, CDCl5): §
20.4 (C-5), 368(C 3%, 40.7 (C-2"), 480(GalC3) 56.9
(OMe), 62.3 (Glc C-6), 67.9 (Gal C-6), 68.4 (Gal C-5),
72.4 (Glc C-5), 72.7 (Glc C-2), 72.7 (Gal C-2), 74.2 (Glc
C-3), 75.8, 76.1 (Gal C-4, C-4'), 76.6 (Glc C-4), 100.8
(CHPh), 101.4 (Glc C-1), 102.4 (Gal C-1), 128.2, 128.3,
128.5, 128.6, 128.8, 129.6, 2x 129.7, 129.9, 133.0, 133.1,
133.2, 133.4 (5% Ph), 129.4, 129.5, 137.4 (5% ipsoPh), 2x
164.8, 165.4, 165.6 (4x OC(O)Ph), 176.0 (C-1"); LRMS
997 (M+Na, 100%)), HRMS Caled for C53H500168
(M+Na) 997.2717. Found 997.2737. Other diastereomer
of 37 as a colourless crystalline solid: IR 1117, 1267,
1726cm™'; 'H NMR (CDCly): 6 129 (3H, d,
Jvic = 6.3 Hz, H-5), 1.35-1.45, 2.12-2.22 (2H, 2x m, H-
3%, 2 97 (1H, s, Gal H-5), 3. 41 (3H s, OMe), 3.52" (1H,
t, Jyic 92Hz H-2'), 3.56" (1H, dd, Je¢ =124,
Jos=1.7Hz, Gal H-6), 3.727 (1H, dd, J5,=11.3,
J34=33Hz, Gal H-3), 3.76" (1H, dd, Jse= 124,
Jos=1.0Hz, Gal H-6'), 3.83 (1H, ddd, Js4=19.6,
Js6=4.0, Js¢=21Hz, Glc H-5), 4.15 (1H, d,
J4’3 = 3.3 Hz, Gal H-4), 4.21 (IH, t, J4!3 = J4,5 =9.6 Hz,
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Glc H-4), 426-4.33 (IH, m, H-4'), 4.63 (1H, dd,
Joo =120, Jos=40Hz, Glc H-6), 459" (1H, d,
J1>=1.7Hz, Glc H-1), 4.58-4.63" (1H, m, Glc H-6"),
472 (1H, d, J,,=78Hz, Gal H-1), 530 (1H, dd,
J23=9.6, J,1 = 7.7 Hz, Glc H-2), 5.35 (1H, s, CHPh),
5.54 (1H, dd, J,3=11.3, J,, = 7.8 Hz, Gal H-2), 5.82
(1H, t, J3, = J34=9.6 Hz, Glc H-3), 7.32-7.62, 7.86—
8.03 (25H, 2x m, 5x Ph); *C NMR (75.5 MHz, CDCl5):
d 21.3 (C-5"), 36.1 (C-3'), 41.2 (C-2'), 48.7 (Gal C-3),
57.0 (OMe), 62.4 (Glc C-6), 67.9 (Gal C-6), 68.5 (Gal C-
5), 72.3, 72.8 (Glc C-2, Glc C-5), 74.1 (Gal C-2), 75.4
(Gle C-3), 76.3, 76.5 (Glc C-4, Gal C-4, C-4’), 100.9
(CHPh), 101.5 (Glc C-1), 102.4 (Gal C-1), 126.3, 126.4,
2x 128.0, 128.3, 128.4, 128.6, 128.8, 129.6, 129.7, 129.9,
133.0, 133.1, 133.2, 133.4 (5x Ph), 128.9, 129.4, 137.5
(5% ipsoPh), 164.7, 164.9, 165.5, 165.7 (4x OC(O)Ph),
176.9 (C-1’); LRMS 997 (M+Na, 100%). Other two dia-
stereomers of 37 as a colourless crystalline solid: IR
1117, 1267, 1726cm™'; '"H NMR (CDCl;): ¢ 1.15
(1.23%) (3H, d, Jyi = 6.3 Hz, H-5"), 1.50-1.57, 1.94-
2.12, 2.49-2.58 (2H, 3x m, H-3'), 2.94 (2.95*(1H, s, Gal
H-5), 3.27 (3.50%) (1H, dd, J5, = 11.5, J3 4 = 3.0 Hz, Gal
H-3), 3.40 (3.42%) (3H, s, OMe), 3.58 (IH, dd,
Joo =113, Jss=4.5Hz, Gal H-6), 3.68 (1H, dd,
Jyie = 7.8, 3.7 Hz, H-2') [3.80-3.89* (1H, m, H-2")], 3.75
(1H, appd, J¢ 6 = 11.3 Hz, Gal H-6"), 3.80-3.89 (IH, m,
Glc H-5), 4.12-4.51 (4H, m, Glc H-4, Glc H-6, Gal H-4,
H-4'), 4.57-4.66 (2H, m, Glc H-1, Glc H-¢), 4.75
(4.78%) (1H, d, J,, = 7.7 Hz, Gal H-1), 5.26-5.40 (3H,
m, Glc H-2, Gal H-2, CHPh), 5.81, 5.82 (IH, t,
Jip=J34=9.1Hz, Glc H-3), 7.23-7.62, 7.85-8.05
(25H, 2x m, 5x Ph); 13C NMR (75.5 MHz, CDCl;): §
20.2 (20.8%) (C-5"), 37.1 (37.6%) (C-3'), 38.8 (40.3*) (C-
2'), 47.5 (47.6%) (Gal C-3), 56.9 (57.0%) (OMe), 62.3
(62.4%) (Glc C-6), 68.1 (Gal C-6), 68.6 (68.8*) (Gal C-5),
69.2 (69.4%) (Gal C-2), 72.3 (72.4*) (Glc C-5), 72.8
(72.9%) (Glc C-2), 73.9, 74.0, 74.2, 75.2, 75.8, 76.5 (Glc
C-3, Glc C-4, Gal C-4, C-4'), 101.0 (CHPh), 101.5
(101.6%) (Glc C-1), 102.6 (Gal C-1), 128.1, 128.2, 128.3,
128.4, 128.5, 128.6, 128.8, 128.9, 129.5, 2x 129.7, 2x
129.9, 132.9, 133.1, 133.2, 133.3, 133.4 (5x Ph), 128.9,
129.0, 129.4, 129.5, 137.5 (5x ispoPh), 164.9, 165.0,
165.2, 165.4, 165.6, 165.8 (4x OC(O)Ph), 174.8 (175.6%)
(C-1'); LRMS 997 (M+Na, 100%).

4.21. Methyl 4,6-O-benzylidene-3-thio-3-(carboxymeth-
yl)-B-p-galactopyranosyl-(1,4)-O-p-p-glucopyranoside
(38)

To a stirred suspension of 31 (330 mg, 0.34 mmol) in
MeOH (7 mL) was added dropwise a 1 M solution of
NaOH (~1 mL) until a pH of ~13 was attained. The
mixture was left to stir for 24 h before being neutralised
with Amberlyte IR-120 (H"), the resin filtered, washed
with aqueous MeOH, and then the solvent was concen-
trated under reduced pressure. The residue was re-dis-
solved in H,O (20 mL), the pH adjusted to ~4 with
AcOH, washed with EtOAc (3x 30 mL) and the aqueous
phase freeze-dried to give 4',6’-O-benzylidenated lacto-
side (116 mg, quantitative) as a colourless solid: 'H
NMR (DzO) 0 2.97 (1H, dd, J3’2 = 111, J3’4 =3.0 HZ,
Gal H-3), 3.13 (IH, t, J5; =J>3=8.1 Hz, Glc H-2),
3.12 (2H, s, H-2'), 3.40" (3H, s, OMe), 3.40-3.52" (4H,

m, Glc H-3, Glc H-4, Glc H-5, Gal H-2), 3.67 (1H, s,
Gal H-5), 3.68 (1H, dd, Je¢ = 12.0, Js5s = 4.8 Hz, Glc
H-6), 3.85 (1H, appd, Jg = 12.0 Hz, Glc H-6"), 4.08
(2H, apps, Gal H-6, Gal H-6'), 4.65" (1H, d, J43=
3.0 Hz, Gal H-4), 4.68" (1H, d, J,, = 8.1 Hz, Glc H-1),
4.87 (1H, d, J,» = 7.7 Hz, Gal H-1), 6.00 (1H, s, CHPh),
7.74-7.83, 8.15-8.18 (5H, 2x m, CHPh); *C NMR
(75.5 MHz, D,0): § 36.8 (C-2'), 50.3 (OMe), 59.8 (Glc
C-6), 68.6 (Gal C-5), 68.9 (Gal C-6), 69.9, 72.7, 74.1,
74.7, 75.8, 78.5 (Glc C-2, Glc C-3, Glc C-4, Glc C-3,
Gal C-2, Gal C-4), 101.2 (CHPh), 103.0 (Glc C-1),
103.8 (Gal C-1), 126.1, 128.3, 128.6, 128.7, 131.2 (CHPh),
136.6 (ipsoPh), 177.7 (C-1"); LRMS 525 (M+Na, 100%).

The following were prepared in a similar manner:

4.22. Methyl 4,6-O-benzylidene-3-thio-3-[2’-(propanoic
acid)]-p-n-galactopyranosyl-(1,4)-O-p-p-glucopyranoside
(39

In 95% yield as a 2:1 mixture of diastereomers: 'H NMR
(D20): 6 1.33 (1.37*) (3H, d, Jyic = 7.2 Hz, H-3"), 3.12
(3.19%) (1H, dd, J;,=11.2, J34=3.2Hz, Gal H-3),
3.25-3.31 (1H, m, Glc H-2), 3.54" (3H, s, OMe), 3.54-
3.66" (4H, m, Glc H-3, Glc H-4, Glc H-5, H-2'), 3.80-
3.85 (2H, m, Glc H-6, Gal H-5), 4.00 (1H, appd,
Jos = 12.5Hz, Glc H-6'), 4.23 (2H, appts, Gal H-6,
Gal H-6), 433" (4.35%)" (1H, d, J45=3.2 Hz, Gal H-
4), 438" (1H, d, J,» = 8.0 Hz, Glc H-1), 4.59 (1H, d,
Ji2="1.8Hz, Gal H-1), 5.72 (5.74*) (1H, s, CHPh),
7.43-7.47, 7.49-7.53 (5H, 2x m, CHPh); >C NMR
(75.5 MHz, D,0): 6 18.0 (18.5%) (C-3'), 45.3 (46.2%)
(C-2"), 49.5 (50.0%) (Gal C-3), 57.2 (OMe), 59.9 (Glc
C-6), 68.6 (Gal C-5), 68.8 (68.9*) (Gal C-6), 69.5
(70.2%), 74.2, 74.7, 78.5 (Glc C-3, Glc C-4, Glc C-5,
Gal C-2), 72.7 (Glc C-2), 75.1 (76.3*) (Gal C-4), 101.2,
101.4 (CHPh), 103.0 (Glc C-1), 103.9 (Gal C-1), 2x
126.1 (126.2%), 2x 128.5 (128.6%), 129.6 (129.7%)
(CHPh), 136.6 (136.7*) (ipsoPh), 181.3 (181.4%) (C-1');
LRMS 555 (M+Na, 100%).

4.23. Methyl 4,6-O-benzylidene-3-thio-3-[2'-(butanoic
acid)]-p-p-galactopyranosyl-(1,4)-O-p-p-glucopyranoside
(40)

In 97% yield as a 1:1 mixture of diastereomers: '"H NMR
(D,0): 6 0.88 (0.90%) (3H, t, Jyic = 7.3 Hz, H-4), 1.63—
1.70 (2H, m, H-3'), 3.08 (3.16*) (1H, dd, Js,=11.1,
Js.4 = 3.1 Hz, Gal H-3), 3.24-3.41 (2H, m, Glc H-2, H-
2'), 3.51-3.64" (4H, m, Glc H-3, Glc H-4, Glc H-5,
Gal H-2), 3.53" (3H, s, OMe), 3.80" (1H, s, Gal H-5),
3.817 (1H, dd, Js ¢ = 12.1, Js 5 = 4.6 Hz, Glc H-6), 3.98
(IH, dd, Jg¢=12.1, Jos=1.7Hz, Glc H-6'), 4.21
(2H, appd, Gal H-6, Gal H-6), 4.31 (4.34%)" (I1H, d,
J43=3.1 Hz, Gal H-4), 437 (1H, d, J,, = 8.0 Hz, Glc
H-1), 4.57 (1H, d, J,, = 7.8 Hz, Gal H-1), 5.70 (5.73%)
(1H, s, CHPh), 7.41-7.45, 7.48-7.52 (5H, 2x m, CHPh);
3C NMR (75.5 MHz, D,0): 6 11.3 (11.4%) (C-4"), 25.8
(26.0%) (C-3"), 49.5 (50.0%) (C-2’), 51.9 (53.1*) (Gal C-
3), 57.1 (OMe), 59.9 (60.0%(Glc C-6), 68.6 (Gal C-5),
68.8 (68.9%) (Gal C-6), 69.3 (70.1%), 74.2, 74.7, 78.5
(Gle C-3, Glc C-4, Glc C-5, Gal C-2), 74.6 (76.4%)
(Gal C-4), 101.2 (101.5%) (CHPh), 103.0 (Glc C-1),
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103.9 (Gal C-1), 2x 126.0 (126.1%), 2x 128.5 (128.6%),
129.6 (129.7%) (CHPh), 136.5 (136.6%) (ipsoPh), 180.1
(180.7%) (C-1"); LRMS 569 (M + Na, 100%).

4.24. Methyl 4,6-O-benzylidene-3-thio-3-]2'-(valeroic acid)]-
p-p-galactopyranosyl-(1,4)-O-g-p-glucopyranoside (41)

In quantitative yield as a 1:1 mixture of diastereomers:
'"H NMR (D,0): 6 0.83 (0.84*) (3H, t, Ju;c = 7.3 Hz,
H-5'), 1.23-1.38 (2H, m, H-4'), 1.51-1.77 (2H, m, H-
3), 3.08 (3.18%) (1H, dd, J5, = 11.2, J34 = 3.2 Hz, Gal
H-3), 3.24-3.30 (1H, m, Glc H-2), 3.41 (3.48*%) (1H,
dd, J,;c=9.2, 7.1, 3.0 Hz, H-2'), 3.53" (3H, s, OMe),
3.53-3.64" (4H, m, Glc H-3, Glc H-4, Glc H-5, Gal H-
2), 3.80" (1H, s, Gal H-5), 3.817 (1H, dd, Js¢ = 12.1,
Jos=4.6Hz, Glc H-6), 3.98 (1H, dd, Jgc=12.1,
Je's = 2.1 Hz, Glc H-6'), 4.21 (2H, appd, Gal H-6, Gal
H-6), 431 (4.34%) (1H, d, J43=3.2Hz, Gal H-4),
4.37 (1H, d, J,, = 8.0 Hz, Glc H-1), 4.57 (4.58*(1H, d,
J12=17.7Hz, Gal H-1), 570 (5.74*) (1H, s, CHPh),
7.40-7.46, 7.48-7.53 (5H, 2x m, CHPh); *C NMR
(75.5 MHz, D,0): & 13.0 (C-5'), 20.2 (20.3%) (C-4),
34.6 (34.7%) (C-3'), 49.5 (49.8%) (Gal C-3), 50.0 (51.2%)
(C-2'), 57.2 (OMe), 59.8 (59.9%(Glc C-6), 68.6 (Gal C-
5), 68.8 (68.9%) (Gal C-6), 69.2 (70.2%), 74.2, 74.7, 78.5
(Glc C-3, Glc C-4, Glc C-5, Gal C-2), 74.4 (76.5%(Gal
C-4), 101.2 (101.5%) (CHPh), 103.0 (Glc C-1), 103.9
(Gal C-1), 2x 126.1 (126.2%), 2x 128.5 (128.6%), 129.6
(129.7%) (CH Ph), 136.5 (136.6*) (ipsoPh), 180.4
(181.0%) (C-1"); LRMS 583 (M+Na, 100%).

4.25. Methyl 4,6-O-benzylidene-3-thio-3-[2'-(2'-phenyl-
acetic acid)|-p-p-galactopyranosyl-(1,4)-O-g-p-glucopyr-
anoside (42)

In quantitative yield as a 1:1 mixture of diastereomers:
"H NMR (D,0): 6 2.83 (2.91%) (1H, dd, J3,=11.1,
J34=3.2Hz, Gal H-3), 3.17 (1H, t, J,; = J,3= 8.0 Hz,
Glc H-2), 3.45" (3H, s, OMe), 3.45-3.76" (5H, m, Gal
H-2, Gal H-5, Glc H-3, Glc H-4, Glc H-5), 3.86-3.93
(1H, m, Glc H-6), 4.02 (1H, d, J¢ ¢ =12.1 Hz, Glc H-
6'), 4.13 (2H, appd, Gal H-6, Gal H-6'), 4.19 (1H, d,
Js3 = 3.2 Hz, Gal H-4), 4.28 (1H, d, J;, =8.0 Hz, Glc
H-1), 4.42 (1H, d, J,, = 7.8 Hz, Gal H-1), 4.74 (4.77%)
(1H, s, H-2), 5.24 (5.64*) (1H, s, CHPh), 7.19-7.45
(5H, m, 2x Ph); 3*C NMR (75.5 MHz, D,0): 6 49.7
(49.8%) (Gal C-3), 55.7 (57.2%)" (C-2'), 57.2" (OMe),
59.9 (Glc C-6), 68.5 (68.6%) (Gal C-5), 68.8 (68.9*%) (Gal
C-6), 69.6 (69.7*), 74.2, 74.8, 78.5 (Gal C-2, Glc C-3,
Glc C+4, Glc C-5), 72.7 (Gle C-2), 75.2 (75.6%) (Gal C-
4), 101.3 (Gal C-1), 103.0 (Glc C-1), 103.8 (103.9%)
(CHPh), 126.2, 127.9, 128.1, 128.3, 2x 128.6, 128.8,
128.9, 129.7 (2x Ph), 136.5 (136.7*), 138.3 (139.6*) (2x
ipsoPh), 177.1 (177.6%)(C-1"); LRMS 617 (M+Na, 100%).

4.26. Methyl 4,6-O-benzylidene-3-thio-3-[2'-(4'-hydroxy-
butanoic acid)]-p-p-galactopyranosyl-(1,4)-O-p-p-gluco-
pyranoside (43)

In quantitative yield as a 1:1 mixture of diastereomers:
'H NMR (D,0): & 1.77-2.09 (2H, m, H-3'), 3.13
(3.21*) (1H, dd, J3,=11.5, J34=2.9Hz, Gal H-3),
328 (1H, t, Jo, =Jo3=8.2Hz Glc H-2), 3.47-3.70

(5H, m, Gal H-2, Glc H-3, Glc H-4, Glc H-5, H-2),
3.54" (3H, s, OMe), 3.817 (1H, s, Gal H-5), 3.827 (1H,
dd, Je ¢ =12.0, Js 5 = 4.6 Hz, Glc H-6), 4.0 (1H, appd,
Jo6 = 12.0 Hz, Glc H-6'), 4.21-4.39" (3H, m, Gal H-4,
Gal H-6, Gal H-6'), 4.38 (1H, d, J,, = 8.2 Hz, Glc H-
1), 459 (1H, d, J,,=7.8 Hz, Gal H-1), 5.71 (5.74*)
(1H, s, CHPh), 7.43-7.45, 7.50-7.54 (5H, 2x m, CH
Ph); 3C NMR (75.5 MHz, D,0): § 34.8 (34.9%) (C-3'),
46.8 (49.8%) (C-2'), 48.1 (50.3%) (Gal C-3), 57.2 (OMe),
59.3 (59.4%) (C-4"), 59.9 (Glc C-6), 68.7 (Gal C-5), 68.9
(69.0%) (Gal C-6), 69.3 (70.2%), 74.2, 74.8, 78.6 (Gal C-
2, Glc C-3, Glc C-4, Glc C-5), 72.7 (Glc C-2), 74.8
(76.5%) (Gal C-4), 101.3 (101.5%) (CHPh), 103.1 (Glc
C-1), 103.9 (Gal C-1), 2x 126.1 (126.2%), 2x 128.6,
129.7 (129.8%) (CH Ph), 136.6 (136.7*) (ipsoPh), 182.3
(182.4%) (C-1"); LRMS 585 (M+Na, 100%).

4.27. Methyl 4,6-O-benzylidene-3-thio-3-[2'-(4'-hydroxy-
valeroic acid)]-p-p-galactopyranosyl-(1,4)-O-B-p-gluco-
pyranoside (44)

In 88% yield as a mixture of diastereomers: 'H NMR
(D,0): 6 1.15-1.22 (3H, m, H-5"), 1.69-1.99 (2H, m,
H-3'), 3.11-3.25 (1H, m, Gal H-3), 3.32 (IH, t,
Jo3=J,1 =8.5Hz, Glc H-2), 3.48-3.70" (5H, m, Glc
H-3, Glc H-4, Glc H-5, Gal H-2, H-2'), 3.57" (3H, s,
OMe), 3.817 (1H, s, Gal H-5), 3.81-3.95" (1H, m, H-
4'), 3.86" (1H, dd, Je e = 12.3, Js5s = 4.5 Hz, Glc H-6),
4.02 (1H, appd, Jg¢=12.3 Hz, Glc H-6'), 423 (2H,
appd, Gal H-6, Gal H-6'), 4.34 (1H, apps, Gal H-4),
440 (1H, d, J,,=8.0Hz, Glc H-1), 461 (IH, d,
J12=17.7Hz, Gal H-1), 571 (5.74*) (1H, s, CHPh),
7.46-7.48, 7.53-7.53 (5H, 2x m, CHPh); >C NMR
(75.5 MHz, D,0): § 22.4 (22.7*, 22.8*, 22.9%) (C-5'),
41.8 (41.9%) (C-3'), 47.5 (49.1%) (C-2'), 51.8 (Gal C-3),
57.9 (OMe), 60.6 (Glc C-6), 66.0 (66.1*, 66.6%, 66.7%)
(C-4"), 69.2 (69.3%) (Gal C-5), 69.4 (69.5%) (Gal C-6),
69.8 (71.0%), 74.9, 75.4, 79.2 (Glc C-3, Glc C-4, Glc C-
5, Gal C-2), 75.0 (77.8%) (Gal C-4), 101.9 (102.0%)
(CHPh), 103.7 (Gle C-1), 104.5 (Gal C-1), 2x 126.7
(126.8%), 2x 129.2 (129.3%), 130.3 (130.4*) (CHPh),
137.2, (137.3%, 137.4%) (ipsoPh), 182.0 (182.0) (C-1').
LRMS 599 (M+Na, 100%).

4.28. Methyl 3-thio-3-(sodium carboxymethyl)-p-p-
galactopyranosyl-(1,4)-O-p-p-glucopyranoside (45)

A solution of the 4’,6’-O-benzylidenated lactoside 38
(170 mg, 0.33 mmol) in 10% aqueous TFA (10 mL)
was stirred at 0 °C for 8 h before being concentrated
in vacuo (cold work-up). The residue was dissolved in
H,O (5mL) and the pH adjusted to ~7.3 with 1 M
NaOH before being freeze-dried. Size exclusion chroma-
tography [G10 Sephadex column, H,O (EtOAc/MeOH/
H,0, 7:2:1, Ry 0.17)] and then HPLC purification (5%
CH;CN in H»,O, 3 mL/min, R; = 4.34 min) afforded 45
(99 mg, 67%) as a colourless solid: '"H NMR (D,0): §
3.00 (1H, dd, J5,=11.4, J;4=2.7 Hz, Gal H-3), 3.31
(1H, t, J,53=J,; = 8.1 Hz, Glc H-2), 3.37 (2H, s, H-
2%), 3.53 (1H, dd, J,3=11.4, J,, =7.7Hz, Gal H-2),
3.57 (3H, s, OMe), 3.59-3.68 (3H, m, Glc H-3, Glc H-
4, H-5), 3.71-3.85" (3H, m, H-5, H-6, H-6"), 3.82" (1H,
dd, Jee =12.3, Js5=4.8 Hz, H-6), 3.98-4.02 (2H, m,
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Gal H-4, H-6'), 4.41 (1H, d, J, » = 8.1 Hz, Glc H-1), 4.52
(1H, d, J,, = 7.7 Hz, Gal H-1); >*C NMR (75.5 MHz,
D,0): § 36.1 (C-2’), 52.9 (Gal C-3), 57.2 (OMe), 60.0,
61.2 (Glc C-6, Gal C-6), 67.8, 74.7, 78.2 (Glc C-3, Glc
C-4, C-5), 70.0 (Gal C-4), 72.7 (Gal C-2), 74.3 (Glc
C-2), 77.5 (C-5), 103.0 (Glc C-1), 103.9 (Gal C-1),
178.1 (C-1’); LRMS 453 (M+Na, 100%); Anal.
(C15H25N3012S4H20) C, H.

In a similar manner were prepared:

4.29. Methyl 3-thio-3-[2'-(sodium propanoate)]-p-n-
galactopyranosyl-(1,4)-O-p-p-glucopyranoside (46)

In 66% yield (HPLC, 5% CH;CN in H,O, 3 mL/min,
R, = 5.86 min) as a colourless solid: "H NMR (D,0): ¢
1.33 (1.33*) (3H, d, Jyic = 7.0 Hz, H-3'), 2.93 (2.98%)
(1H, dd, J5, =11.3, J34 = 2.7 Hz, Gal H-3), 3.25 (1H,
t, Jo3 =Jo1 = 8.3 Hz, Glc H-2), 3.38-3.48 (2H, m, Gal
H-2, H-2"), 3.52 (3H, s, OMe) 3.53-3.62 (3H, m, Glc
H-3, Glc H-4, H-5), 3.65-3.79" (3H, m, H-5, H-6, H-
6'), 3.76" (1H, dd, Jee =12.4, J6,5—48Hz H-6),
3.87-3.96 (2H, m, Gal H-4, H-6), 435 (1H, d,
J12=28.3 Hz, Gch 1), 446 (1H, d, J,,=7.6 Hz, Gal
H-1); >°C NMR (75.5 MHz, D,0): 6 18.1 (18.3*) (C-
37), 44.3 (46.0%) (C-2'), 51. 8 (52.7*%) (Gal C-3), 57.1
(OMe), 60.0, 61.2 (61.3*%) (Glc C-6, Gal C-6), 67.6
(68.3*) (Gal C-4), 69.4 (70.2%) (Gal C-2), 72.8 (Glc C-
2), 74.4, 74.7, 78.2 (78.3*%) (Glc C-3, Glc C-4, C-5),
77.6 (C-5), 103.1 (Glc C-1), 103.9 (Gal C-1), 181.0
(181.6%) (C-1"); LRMS 467 (M+Na, 100%); Anal.
(C16H27N301282H20) C, H.

4.30. Methyl 3-thio-3-[2'-(sodium butanoate)]-f-p-galac-
topyranosyl-(1,4)- O-p-p-glucopyranoside (47)

In 65% yield (HPLC, 1% CH;CN in H,O, 3 mL/min,
R, =8.29 min) as a colourless solid: '"H NMR (D,0): ¢
0.97" (2.64%)" (3H, t, Jy.=7.3Hz H-4), 1.64-1.87
(2H, m, H-3'), 2.97-3.06 (1H, m, Gal H-3), 3.30 (2H,
m, Glc H-2, H-2'), 3.44-3.52 (1H, m, Gal H-2), 3.59
(3H, s, OMe), 3.63-3.69 (3H, m, Glc H-3, Glc H-4, H-
5), 3.72-3.86" (3H, m, H-5, H-6, H-6"), 3.83" (1H, dd,
Jos = 12.3, Jo5s = 4.8 Hz, H-6), 3.95 (2H, m, Gal H-4,
H-6), 4.42 (1H, d, J;, = 8.0 Hz, Glc H-1), 4.53 (4.54%)
(1H, d, J,, = 7.7 Hz, Gal H-1); >*C NMR (75.5 MHz,
D,0): § 11.4 (C-4"), 26.0 (C-3), 51.5 (51.9%) (C-2'),
52.9 (53.2%) (Gal C-3), 57.2 (OMe), 60.0 (60.1%), 61.2
(61.3%) (Glc C-6, Gal C-6), 67.5 (68.4%) (Gal C-4), 69.5
(70.3%) (Gal C-2), 72.8 (Glc C-2), 74.4, 74.8, 78.3
(78.4%) (Glc C-3, Glc C-4, C-5), 77.6 (C-5), 103.1 (Glc
C-1), 104.0 (Gal C-1), 180.3 (181.0%) (C-1’); LRMS
481 (M+Na, 100%); Anal. (C;7H»oNaO,S3H,0) C, H.

4.31. Methyl 3-thio-3-[2'-(sodium valeroate)]--n-galac-
topyranosyl-(1,4)- O-p-p-glucopyranoside (48)

In 69% yield (HPLC, 3% CH;CN in H,O, 3 mL/min,
R, = 6.87 min) as a colourless solid: '"H NMR (D,0): ¢
0.92 (3H, t, Jyic = 7.3 Hz, H-5'), 1.33-1.43 (2H, m, H-
4, 1.58-1.84 (2H, m, H-3’), 3.01 (3.02*) (1H, dd,
Jip =114, J3,=25Hz, Gal H-3), 333 (IH, t,
Jr3=J1=82Hz, Glc H-2), 3.41-3.52 (2H, m, Gal

H-2, H-2), 3.59 (3H, s, OMe) 3.61-3.69 (3H, m, Glc
H-3, Glc H-4, H-5), 3.74-3.86" (3H, m, H-5, H-6, H-
6), 3.83" (1H, dd, Jee =12.3, J6,5—49Hz H-6),
3.94-4.04 (2H, m, Gal H-4, H-6'), 442 (1H, d,
Ji2=82Hz, Gle H-l), 453 (454% (IH, d,
Ji»=1.7Hz, Gal H-1); C NMR (75.5 MHz, D,0): 6
13.1 (C-5"), 20.3 (C-4'), 34.7 (34.8%) (C-3'), 49.5 (51.2%)
(C-2"), 52.0 (52.9%) (Gal C-3), 57.2 (OMe), 60.0
(60.1%), 61.2 (61.3*%) (Glc C-6, Gal C-6), 67.4 (68.6*)
(Gal C-4), 69.4 (70.4%) (Gal C-2), 72.8 (Glc C-2), 74.4,
74.8, 78.3 (78.4*(Glc C-3, Glc C-4, C-5), 77.6 (C-5),
103.1 (Glc C-1), 104.0 (Gal C-1), 180.4 (181.2%) (C-1');
LRMS 495 (M+Na, 100%), Anal. (C18H31N301251.
5H,0) C, H.

4.32. Methyl 3-thio-3-[2'-(sodium 2’-phenylacetate)]-f-n-
galactopyranosyl-(1,4)- O-p-p-glucopyranoside (49)

In 69% yield (HPLC, 3% CH3;CN in H,O, 3 mL/min,
= 8.64, 9.20 min) as a mixture of separable dlastereo-
mers One diastereomer of 49 as a colourless solid: 'H
NMR (D,0): § 2.77 (1H, dd, J5,=11.2, J34,=2.8 Hz,
Gal H- 3) 3.31 (lH t, J23—J21—80HZ Glc H2)
3.43 (1H, d, J34 = 2.8 Hz, Gal H-4), 3.54-3.67" (7H, m,
Glc H-3, Glc H-4, Glc H-5, Gal H-2, Gal H-5, H-6, H-
6), 3.59T (3H, s, OMe), 3.84 (1H, dd, Js¢ =124,
Jos=44Hz, H-6), 4.02 (1H, dd, Jgec=124,
Jes = 1.7Hz, H-6'), 4.42 (1H, d, J,, = 8.0 Hz, Glc H-
1), 446 (1H, d, J,, = 7.7 Hz, Gal H-1), 4.87 (1H, s, H-
2'), 7.35- 7.46, 7.51-7.54 (5H, 2x m, Ph); '*C NMR
(75.5 MHz, D,0O): 6 51.9 (Gal C-3), 57.1 (C-2), 57.2
(OMe), 60.1, 61.1 (Glc C-6, Gal C-6), 68.4 (Gal C-4),
70.5, 74.4, 74.7, 71.5, 78.4 (Glc C-3, Glc C-4, Glc C-5,
Gal C-2, Gal C-5), 103.1 (Glc C-1), 104.0 (Gal C-1),
127.9, 2x 128.3, 2x 128.9 (Ph), 139.4 (ipsoPh), 177.3 (C-
1’); LRMS 529 (M+Na, 100%); Anal. (C,;Hjyo
NaO;,S3H,0) C, H. Other diastereomer of 49 as a col-
ourless solid: 1H NMR (D,O): 6 2.77 (1H, dd,
J3,=113, J34=28Hz, Gal H-3), 330 (IH, t,
J23—J21—80HZ GlCHZ) 3.52 (lH dd J23—11 3
J>1 =7.7Hz, Gal H-2), 3.58 (3H, s, OMe), 3.60— 382T
(6H, Glc H-3, Glc H-4, Glc H-5, GalHS H-6, H-6"),
3.797 (1H, dd, Jeg = 12.5, Jss=4.7Hz, H-6), 3.95-
4.00 2H, m, Gal H-4, H-6), 4417 (I1H, d, J,»=
8.0 Hz, Glc H-1), 4.43" (1H, d, J, » = 7.7 Hz, Gal H-1),
4.86 (1H, s, H-2'), 7.35-7.51 (5H, m, Ph); '*C NMR
(75.5 MHz, D,0O): § 52.2 (Gal C-3), 55.5 (C-2), 57.2
(OMe), 60.0, 61.2 (Glc C-6, Gal C-6), 67.2 (Gal C-4),
69.7 (Gal C-2), 72.7 (Glc C-2), 74.4, 74.7, 77.5, 78.4
(Glc C-3, Glc C-4, Glc C-5, Gal C-5), 103.0, 103.9 (Glc
C-1, Gal C-1), 127.9, 2x 128.2, 2x 128.9 (Ph), 138.5 (ip-
soPh), 177.6 (C-1"). LRMS 529 (M+Na, 100%).

4.33. Methyl 3-thio-3-[2'-sodium (4'-hydroxy-butano-
ate)]-p-n-galactopyranosyl-(1,4)- O-p-p-glucopyranoside
(30)

In 70% yield (HPLC, 1% CH;CN in H,O, 3 mL/min,
R, =4.75 min) as a colourless solid: 'H NMR (D,0): ¢
1.81-2.08 (2H, m, H-3)), 3.03" (3.05%)" (1H, dd,
J3p=11.6, J34=27Hz, Gal H-3), 330 (1H, t,
Jr3=J>1=8.2Hz, Glc H-2), 3.42-3.53 (2H, m, Glc
H-2, H-2"), 3.57 (3H, s, OMe), 3.59- 383T(8HmGlc
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H-3, Glc H-4, Glc H-5, Gal H-5, H-6, H-6', H-4"), 3.817
(1H, dd, Jss = 12.6, Js5 = 4.9 Hz, H-6), 3.93-4.01 (2H,
m, Gal H-4, H-6'), 4.40 (1H, d, J, , = 8.2 Hz, Glc H-1),
4517 (4.52%)" (1H, d, J,, = 7.6 Hz, Gal H-1); '*C NMR
(75.5 MHz, D,0): 6 34.7 (34.9%) (C-3"), 46.1 (48.1%) (C-
2'), 52.0 (53.0%) (Gal C-3), 57.2 (OMe), 59.3 (C-4'), 60.0
(60.1%), 61.2 (61.3*%) (Glc C-6, Gal C-6), 67.4 (68.5%)
(Gal C-4), 69.3 (70.4%) (Gal C-2), 72.7 (Glc C-2), 74.4,
74.7, 71.6, 78.2 (78.3%) (Glc C-3, Glc C-4, Glc C-5,
Gal C-5), 103.0 (Glc C-1), 103.9 (Gal C-1), 179.7
(180.4%) (C-1'); LRMS 497 (M+Na, 100%); Anal.
(C17H29N3013S3. 5H20) C, H.

4.34. Methyl 3-thio-3-[2’-sodium (4’-hydroxy-valeroate)]-
p-p-galactopyranosyl-(1,4)-O-p-p-glucopyranoside (51)

In 68% yield (HPLC, 1% CH;CN in H,O, 4 mL/min,
R, =5.49 min) as a colourless solid: 'H NMR (D,0):
0 1.08-1.11 (3H, m, H-5), 1.59-1.92 (2H, m, H-3'),
3.20 (1H, t, J5;=J,3=83Hz, Glc H-2), 3.32-3.43
(2H, m, Gal H-2, H-2'), 3.47" (3H, s, OMe), 3.47-
3.57" 3H, m, Glc H-3/Gal H-5, Glc H-4, Glc H-5),
3.60-3.74 (4H, m, Glc H-3/Gal H-5, 2x H-6, H-6'),
3.83-3.91 (3H, m, Gal H-4, H-6', H-4'), 4.30 (IH,
d, J1,=83Hz, Glc H-1), 441 (4.42*% (1H, d,
Ji2=77Hz, Gal H-1); '3C NMR (75.5 MHz,
D,0): 6 21.7 (21.9*%, 22.1*, 22.3%) (C-5), 41.0
(41.3*%, 41.4%, 41.5%) (C-3'), 46.0 (46.2*%, 48.3*) (C-
2, 52.0 (53.0%, 53.1*) (Gal C-3), 57.2 (OMe), 60.0
(60.1*%), 61.2 (61.3*) (Gal C-6, Glc C-6), 653
(65.4*%, 66.0*%, 66.1%), 67.3 (67.4%, 68.5*%, 68.6%) (Gal
C-4, C-4%), 69.1 (69.2*%, 70.4* 70.5%) (Gal C-2), 72.7
(Gle C-2), 74.4, 74.7, 77.6, 78.2 (78.3*, 78.4*%) (Glc
C-3, Glc C4, Glc C-5, Gal C-5), 103.0 (Glc C-1),
103.9 (Gal C-1), 179.7 (179.9*%, 180.4*, 180.6*) (C-
1'); LRMS 511 (M + Na, 100%);  Anal.
(C18H31N3013S4H20) C, H.

5. Biological evaluation
5.1. Cells

MA104 cells (an African Green Monkey kidney cell line)
were used to cultivate rotaviruses of two different sero-
types, namely RRV (rhesus) and a strain that affects hu-
mans (Wa). MAI104 cells were grown at 37°C in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% foetal calf serum (FCS), 20 mM
Hepes, 26.6 pg/mL gentamicin and 2 pg/mL fungizone.

5.2. Virus

Virus infectivity was activated with 10 ug/mL porcine
trypsin (type IX; Sigma) for 30 min at 37 °C before inoc-
ulation onto confluent cell monolayers grown in 75 cm?
plastic cell culture flasks (NUNC, Denmark) at a multi-
plicity of infection (m.o.1.) of 10 fluorescent cell forming
units/cell. After 60 min at 37 °C, the inoculum was re-
moved and infected cells were incubated in DMEM con-
taining 1 pg/mL porcine trypsin until extensive
cytopathic effect (c.p.e.) was evident. Cell lysates were
frozen and thawed twice, centrifuged (3000g, 10 min),

and the supernatants were stored at —70 °C. Virus
stocks were activated prior to use by treatment of cell ly-
sates with 10 pg/mL porcine trypsin for 30 min at 37 °C.

5.3. Neutralisation assays

For use in neutralisation assays, the virus was titrated
to determine a dilution which gave ~200 fluorescent fo-
cus forming units/well of the 96-well microtitre tray
(NUNC). Sialylmimetics were dissolved in DMEM,
brought to pH 7.5 by addition of a small volume of
sodium carbonate and incubated for 1 h at 37 °C with
trypsin-activated virus. The sialylmimetic-virus mixture
was then added to confluent monolayers of MA104
cells grown in 96-well microtitre trays and incubated
for 1h at 37°C. The inoculum was then removed
and replaced with DMEM and the cells were incubated
for 16 h at 37 °C in a 5% CO, environment. Virus-in-
fected cells were detected by indirect immunofluores-
cent staining. Rotavirus-infected cell monolayers were
fixed and permeabilised in 80% acetone for 10 min.
The cells were then washed three times with PBS and
covered with 50 pL of hyper-immune rabbit anti-
RRYV serum diluted 1 in 2000 in PBS and incubated
at 37 °C for 30 min. Following this, cells were stained
with 30 pL of fluorescein isothiocyanate-conjugated
sheep anti-rabbit immunoglobulin (Silenus, Australia)
diluted 1 in 100 in PBS. After 30 min at 37 °C, cells
were washed three times with PBS and viewed through
a fluorescent microscope. Inhibition of virus infection
was measured by determining the percentage reduction
in the number of rotavirus-infected cells at 10 mM con-
centration of the sialylmimetic, compared with the
number of infected cells in the absence of any sialylmi-
metic. For those sialylmimetics that showed inhibition
at 10 mM, the inhibition studies were repeated with
the compound at 5 mM, 2.5mM, and 1.25 mM con-
centrations. The percentage inhibition of rotavirus
infectivity by the sialylmimetics at 5 mM is also record-
ed in the results if it were statistically significant. Statis-
tical analysis was determined using the ¢ test, with
significance set at p = 0.05.
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Abstract—Polymorphic RNA conformations may serve as potential targets for structure specific antiviral agents. As an initial step
in the development of such drugs, the interaction of a wide variety of compounds which are characterized to bind to DNA through
classical or partial intercalation or by mechanism of groove binding, with the A-form and the protonated form of poly(rC)-poly(rG),
been evaluated by multifaceted spectroscopic and viscometric techniques. Results of this study suggest that (i) ethidium intercalates
to the A-form of RNA, but does not intercalate to the protonated form, (ii) methylene blue intercalates to the protonated form of
the RNA but does not intercalate to the A-form, (iii) actinomycin D does not bind to either conformations of the RNA, and (iv)
berberine binds to the protonated form by partial intercalation process, while its binding to the A-form is very weak. The DNA
groove binder distamycin A has much higher affinity to the protonated form of the RNA compared to the A-form and binds to
both structures by non-intercalative mechanism. We conclude that the binding affinity characteristics of these DNA binding mol-
ecules to the RNA conformations are vastly different and may serve as data for the development of RNA based antiviral drugs.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, there have been extensive studies on
elucidating factors that govern the affinity and specific-
ity of binding of many small molecules to DNA.!-?
This has led to the discovery of a series of molecules
that bind to DNA by different mechanisms and exert
their biological activities. Among the different types
of non-covalent DNA interacting small molecules,
intercalating and groove binding molecules are impor-
tant tools in molecular biology and many are clinically
useful in the treatment of cancer.®* Intercalators are
typically planar fused aromatic cations that slide be-
tween the base pairs of DNA and effectively fill the
space formed between base pairs when the helix is
locally elongated and partially unwound. Molecules

Keywords: A-form RNA; Protonated form RNA; Intercalators;

Groove binders; RNA-ligand interaction.
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that bind in the minor groove on the other hand con-
tain arc-shaped unfused aromatic systems with terminal
base functions. Intercalated molecules interact with
adjacent base pairs through van der Waals forces cou-
pled with electrostatic stabilization, while the groove
binding molecules form hydrogen bonds with base
pairs. Our present knowledge on the molecular nature
of these two common DNA binding modes is largely
derived from detailed X-ray crystallographic and
molecular modeling studies apart from extensive
NMR and physicochemical data.>® In contrast with
DNA, relatively scanty high resolution conformational
information on one hand and the complex structural
diversity on the other hand have hindered the develop-
ment of small molecules that can specifically target
RNA molecules. Nevertheless, ever since the knowl-
edge that several serious diseases are indeed caused
by RNA viruses and after the emergence of RNA
viruses like HIV, and Hepatitis C virus (HCV) partic-
ularly, there have been concerted efforts to develop
new antiviral compounds that can specifically bind to
RNA molecules.® A rational design of RNA binding
compounds, however, requires a detailed understand-
ing of their mode and mechanism of action. RNAs
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are versatile molecules that can fold into diverse struc-
tures and conformations, and these structures can serve
as receptors for specific drug recognition sites.!%!!
Studies so far have identified different classes of
RNA binding drugs. Among them, heterocyclic inter-
calating compounds, aromatic diamidines,'? aminogly-
coside antibiotics,'>!* etc., are the most important.
One approach in the development of RNA targeted
drugs has been to study the interaction of already
known DNA binding compounds that have been fairly
well characterized to gather information as to how they
can selectively recognize different RNA conformations.
One of the earliest approaches in this direction has
been that of Wilson and co-workers'>'® who per-
formed studies with a wide variety of DNA binding
compounds with synthetic RNA molecules and corre-
lated the RNA binding property of arylquinones and
its HIV activity. Binding of DNA intercalators like
ethidium,!®?° methylene blue,?!??> acridine orange,>3>*
sanguinarine,>>2® berberine,?”-?® quinoxaline deriva-
tives,? and groove binding molecules like DAPI,!7-30
Hoechst,?! berenil,3? etc., with few natural and syn-
thetic single, and double stranded RNA polymers were
also investigated. Studies of many of the DNA inter-
calating compounds were also investigated with
RNA triplexes as part of antigene strategy to target
specific molecules to control the gene expression.?
Our interest toward the goal of developing RNA bind-
ing molecules has been to enhance the fundamental
data base by studying the binding of some DNA inter-
calating and groove binding molecules with two con-
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formations of the hitherto less investigated synthetic
RNA poly(rC)-poly(rG) in the A-form and the proton-
ated form. We have chosen ethidium bromide (EB),
methylene blue (MB), actinomycin D (AMD), berber-
ine (BER), and distamycin A (DA) as the ligands; the
structures of these molecules are given in Figure 1.
Structurally, the EB molecule is composed of the pla-
nar tricyclic phenanthridium ring and a secondary
phenyl group perpendicular to the primary ring sys-
tem. MB belongs to the phenothiazinium dye having
planar conjugated system, while AMD has a planar
phenoxazinone chromophore with two pentapeptide
lactones. BER with its partial saturation in one of
the rings is slightly buckled, while DA has an isoheli-
cal structure compatible to groove binding. EB, MB,
and AMD are characterized to bind DNA through
intercalative mode, while BER is a partial intercalator
and DA is a classical groove binding molecule.
Sequences of CG are important and have been found
to abundantly occur in the genome of several RNA
viruses. Structurally this RNA adopts an A-form con-
formation under physiological conditions that under-
goes conformational changes under the influence of
protonation.”> At pH 4.3 it adopts a protonated struc-
ture that is significantly different from the canonical
A-conformation. In this communication, we report
the binding characteristics of the above-described
DNA interacting compounds with the two aforesaid
structures of poly(rC)poly(rG) in order to gain in-
sights into the binding aspects of these molecules to
RNA conformations.
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Figure 1. Chemical structures of ethidium, methylene blue, actinomycin D, berberine, and distamycin A.
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2. Results

2.1. Spectral characteristics of the A-form and protonated
form of poly(rC)-poly(rG)

The circular dichroic (CD) and absorption spectral char-
acteristics of the double stranded poly(rC)-poly(rG) in
the A-form and the protonated form are shown in Fig-
ure 2. At pH 7.0, the A-form structure of the RNA is
characterized by a typical CD spectrum with a peak
around 270 nm followed by a characteristic hump in
the 255 nm region and a large negative peak the around
210 nm region (curve 1). On protonation, the positive
peak ellipticity enhances and red shifts, while the hump
slowly disappears. The protonated structure of the poly-
mer at pH 4.3 has a CD spectrum (curve 2) with a higher
ellipticity for the positive peak. The two spectra exhibit-
ed two isodichroic points at 238 and 264 nm, and ob-
served in the series of spectra (not shown) undergoing
pH-dependent transition.>> The absorption spectral
characteristics of these two structures are presented in
the inset of Figure 2. At pH 7.0, the A-form structure
has absorption maximum at 259 nm (curve 1, inset),
while the protonated form exhibited peak at the same
wavelength with lower molar extinction coefficient
(curve 2, inset). A single sharp isosbestic point observed
around 280 nm indicates the equilibrium between the
two structural forms. This result is in conformity with
our earlier observation.?> It was also observed that both
the UV and CD changes were completely reversible
when the protonated polymer was transferred to neutral
pH indicating the duplex nature of the protonated
structure.

Absorbance

) L
200 280 360
Wavelength (nm)

2 U i

[6] X 104 ( deg. cm2. dmole! )

-4 1 1 1
200 250 300 350 400

Wavelength (nm)

Figure 2. CD spectra of A-form (curve 1) and protonated form (curve
2) of poly(rC)-poly(rG) (45 uM) in 10 mM CP buffer, pH 7.0, and 4.3
at 20 °C, respectively. Inset: UV spectra of A-form (curve 1) and
protonated form (curve 2) of 40.3 uM poly(rC)-poly(rG) under
identical conditions.

Temperature dependent thermal melting studies on both
A-form and protonated form indicated that the struc-
tures are thermally stable up to 99.5 °C and no strand
separation was observed (not shown). Similarly in circu-
lar dichroic studies at different temperature, no confor-
mational changes in the protonated structure were
observed up to 50 °C.

2.2. Absorption spectral study

The effect of progressively increasing the concentration
of A-form and protonated form of poly(rC)-poly(rG)
on the absorption spectra of various ligands is presented
in Figure 3. The characteristic hypochromism and
bathochromism, and also sharp isosbestic points indi-
cated clearly the equilibrium in binding phenomenon
in all the cases, except for the A-form RNA-DA com-
plex (Fig. 3G). The spectrum of EB in solution at both
pH is identical with an absorbance maximum at
480 nm. In presence of either conformation of the
RNA, hypochromicity changes and red shift of the
wavelength maximum are observed (Fig. 3A and B).
In the case A-form, a hypochromicity of about 48%
and a bathochromic shift of about 20 nm were observed
at the saturation P/D (nucleotide phosphate/drug molar
ratio) of 24 with a sharp isosbestic point at 519 nm,
while with the protonated form there were significantly
large differences in both the hypochromism, bathochro-
mism and the location of the isosbestic point at the sat-
uration P/D of 48. The protonated form effected a
hypochromic change of about 65% with a red shift of
the wavelength maximum by 39 nm with the isosbestic
point being centered around 522 nm.

The absorption spectral titration of MB with the two
forms of the RNA is presented in Figure 3C and D.
MB has an absorption spectrum with a wavelength max-
imum at 664 nm and is invariant with pH. Titration with
the A-form polymer induces hypochromic effects and
bathochromic shifts (A4 = 5.5 nm) with the presence of
an isosbestic point around 684 nm. With the protonated
structure, MB spectra showed significantly larger hypo-
chromic effects but lower bathochromic effects (Table 1).

BER, on the other hand, has two wavelength maxima in
the visible region with a strong absorbance band with
wavelength maximum around 344 nm and a weak but
broad band around 420 nm. Berberine also does not
exhibit any pH dependent absorbance changes in the
pH range studied here. Both A-form and the protonated
form of the RNA induced moderate hypochromic
change and bathochromic shifts in the 344 nm and
420 nm peaks of the alkaloid with three characteristic
isosbestic points centered around 357, 382, and
448 nm, respectively (Fig. 3E and F). But in this system
also the wavelength shift and the percentage hypo-
chromicity change at saturation were higher at 42% with
the protonated form compared to the A-form at 33%.

DA has a single absorption peak around 303 nm that
underwent continuous decrease on binding to the A-
form with no saturation effects, while with the protonat-
ed form a hypochromic and bathochromic effect of the
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Figure 3. Representative absorption spectra in 10 mM CP buffer of (A) EB (17.70 uM) treated with 0, 47.26, 94.87, 141.60, 188.51, 235.23, 282.67,
325.86, 374.00, and 420.02 uM (curves 1-10) of A form of poly(rC)-poly(rG); (B) EB (17.50 uM) treated with 0, 87.38, 173.64, 259.64, 345.09, 430.01,
514.39, 598.24, 681.57, 764.38, and 846.68 UM (curves 1-11) of protonated form of poly(rC)-poly(rG); (C) MB (4.32 uM) treated with 0, 42.17, 84.00,
125.50, 156.33, 187.15, 227.83, 268.22, and 288.29 uM (curves 1-9) of A form of poly(rC)-poly(rG); (D) MB (4.44 uM) treated with 0, 8.88, 16.27,
26.64, 32.49, 48.66, 65.19, 80.84, and 96.85 uM (curves 1-9) of protonated form of poly(rC)-poly(rG); (E) BER (7.33 uM) treated with 0, 204.68,
406.9, 672.9, 1046.16, 1446.42, 1820.02, 2064.40, and 2305.15 pM (curves 1-9) of A form of poly(rC)-poly(rG); (F) BER (7.20 uM) treated with 0,
69.47, 138.67, 207.50, 276.24, 310.43, 344.62, 412.73, and 480.58 uM (curves 1-9) of protonated form of poly(rC)-poly(rG); (G) DA (3.43 uM) treated
with 0, 36.98, 73.82, 110.51, 147.05, 183.45, 219.71, and 253.50 uM (curves 1-8) of A-form poly(rC)-poly(rG) (H) DA (3.40 uM) treated with 0, 23.35,
46.59, 69.71, 92.69, 115.64, 138.44, 161.13, 183.71, and 206.19 uM (curves 1-10) of protonated form of poly(rC)poly(rG). All experiments were
performed at 20 °C in, respective buffers. Inset: representative Scatchard plot of each complexation. The solid lines represent the non-linear least
square best-fit of the experimental points to the neighbor exclusion model obtained using the computer programme SCATPLOT.* The best-fit data
are in the range of 30% (lower limit) and 90% (upper limit). Values of ‘K’ and ‘n’ are presented in Table 3.
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Table 1. Absorption and emission maxima and molar extinction coefficients of the drugs employed in this study

Compounds Absorption max 4 (nm) Emission max A (nm) M 'em™) Reference
Ethidium (EB) 480 605 5680 54
Actinomycin D (AMD) 440 470 25,200 56
Methylene blue (MB) 664 685 76,000 22
Berberine (BER) 344 530 22,500 66
Distamycin A (DA) 303 nf 37,000 71

nf: non-fluorescent.

peak was observed with a sharp isosbestic point at
342 nm (Fig. 3G and H). The characteristic features of
the wavelength maximum for each of these molecules
and the data on their hypochromic and bathochromic
behavior in the presence of either form of the RNA
are presented in Table 2.

AMD has an absorption spectrum in the range 300—
600 nm with a single wavelength maximum around
440 nm, the intensity of which decreased linearly with
increasing concentration of both forms of RNA without
achieving any saturation. No bathochromic effect or
isosbestic points were observed in the series of spectra
(not shown).

The presence of isosbestic points in the spectral titration
enabled the calculation of the binding affinity of these
molecules from absorption spectral changes in all cases,
except for AMD and DA-A-form systems. The results
of absorption spectral titration were converted to Scat-
chard plots (inset of Fig. 3). The binding isotherm in
each case is non-linear and concave upward, suggesting

the involvement of more than one type of binding site.
Since we found no sign of sigmoidal behavior for the
occurrence of cooperativity in our systems, we analyzed
the data according to the neighbor exclusion model*
using the SCATPLOT program?® for non-cooperative
binding phenomenon to fit our experimental data. Such
a model has been observed to adequately fit our experi-
mental data within the region of Scatchard plots corre-
sponding to the range of 30% (lower) and 90% (upper)
of each A-form and protonated form structure. The
binding parameters of these compounds to the two
forms of RNA are presented in Table 3. The data clearly
reveal that the binding affinity of EB to A-form of the
RNA is higher, while the affinity of MB to the proton-
ated form is much higher in comparison with the A-
form. The binding affinity of BER to the protonated
form is higher compared to the same with the A-form,
while DA also binds to the protonated form with higher
affinity. Binding affinity of AMD to both the forms of
RNA and DA to the A-form structure could not be
ascertained due to the non-equilibrium in the binding
process.

Table 2. Absorption spectral characteristics of various ligand interaction with A-form and protonated form of poly(rC)poly(rG)*

Compounds A-form Protonated form
Ainitial  inat A4 Isosbestic points % Hypochromicity — Ainiiat  Afinat = A4 Isosbestic points % Hypochromicity
EB 480 500 20 519 48 480 519 39 522 65
AMD 440 440 nil  nil ns 440 440 nil  nil ns
MB 664 670 6 684 43 664 664 nil 698 67
BER 344 347 3 357, 382, 448 33 344 350 6 357, 382, 448 42
DA 303 303 nil  nil ns 303 313 10 342 52

ns: saturation could not be attained in these cases.

Table 3. Binding parameters for the interaction of EB, MB, BER, and DA with A-form and protonated from of poly(rC)-poly(rG) obtained form

spectrophotometric and spectrofluorimetric analysis®

Compound Spectrophotometry Spectrofluorimetry
A-form® Protonated form® A-form Protonated form
K x10* n Kx10* n Kx10* n Kx10* n
EB 12.0 5.8 5 17 11.0 6.5 3.2 26
MB 10.0 23 70 5.8 9.0 23.5 52 10
BER 0.8 70 12 21 ns — 20 17
DA ns — 28 25 nd — nd —

ns: saturation could not be attained in these cases.
nd as the sample is non-fluorescent.

# Average of four determinations in each case.

®In 10 mM citrate—phosphate buffer, pH 7.0.

°In 10 mM citrate-phosphate buffer, pH 4.3.
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Figure 4. Representative steady state fluorescence emission spectrum in 10 mM CP buffer of (A) EB (9.65 uM, curve 1) treated with 18.15, 36.22,
54.22, 72.15, 90.01, 107.80, 125.52, 143.16, 160.74, and 178.25 uM (curves 2—-11) of A form of poly(rC)-poly(rG); (B) EB (9.57 uM, curve 1) treated
with 49.63, 99.25, 148.88, 210.91, 285.35, 359.79, 434.23, 508.67, 583.11, and 657.55 uM (curves 2—11) of protonated form of poly(rC)-poly(rG); (C)
AMD (0.95 uM, curve 1) treated with 6.53, 13.04, 19.52, 25.97, 32.40, 38.81, 45.19, 51.54, 57.87, and 64.17 uM (curves 2-11) of A-form of
poly(rC)poly(rG); (D) AMD (0.95 uM, curve 1) treated with 6.55, 13.09, 19.64, 26.18, 32.73, 39.27, 45.82, 52.36, 58.91, and 65.45 uM (curves 2—-11)
of protonated form of poly(rC)poly(rG); (E) MB (4.78 uM, curve 1) treated with 24.10, 48.13, 80.05, 119.78, 159.32, 198.65, 237.80, 276.65, 315.51,
354.08, and 392.46 uM (curves 2-12) of A form of poly(rC)-poly(rG); (F) MB (4.78 uM, curve 1) treated with 16.09, 40.23, 64.36, 96.55, 136.77,
185.05, 241.36, and 321.82 uM (curves 2-9) of protonated form of poly(rC)-poly(rG); (G) BER (9.80 uM, curve 1) treated with 53.64, 142.76, 231.52,
319.94, 408.01, 495.72, 617.94, 739.49, and 843.15 uM (curves 2—-10) of A-form of poly(rC)-poly(rG); (H) BER (9.57 uM, curve 1) treated with 67.70,
108.20, 135.13, 175.46, 215.70, 242.41, and 269.20 uM (curves 2-8) of protonated form of poly(rC)-poly(rG). All experiments were done in 10 mM CP
buffer of pH 7.0 for A-form and pH 4.3 for protonated form at 20 °C. Inset: representative Scatchard plot of each complexation. The solid lines
represent the non-linear- least-squares best-fit of the experimental points to the neighbor exclusion model obtained using the computer program
SCATPLOT.* The best-fit data are in the range of 30% (lower limit) and 90% (upper limit). Values of ‘K’ and ‘n’ are presented in Table 3.
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2.3. Fluorescence spectral study

The binding of the fluorescent compounds, EB, AMD,
MB, and BER, to the A-form and the protonated form
of poly(rC)-poly(rG) structures was studied by spectro-
fluorimetry. The result of such study is presented in Fig-
ure 4. EB has a very strong fluorescence spectrum in the
520-700 nm region with an emission maximum at
605 nm when excited at 510 nm. With increasing concen-
trations of either form of RNA, a progressive enhance-
ment of fluorescence intensity was observed until
saturation was reached (Fig. 4A and B). In both the
cases, a gradual blue shift in the emission peak maxi-
mum was observed as the binding progressed. At satura-
tion, the A-form RNA-EB complex had a slightly
higher fluorescence intensity but at a lower P/D ratio
compared to the protonated form-EB complex; but
the band maximum in both cases was located at around
595 nm.

AMD has a weak fluorescence in aqueous buffers with
an emission maximum around 470 nm when excited at
390 nm. Figures 4C and D show that with increasing
concentrations of either A-form or protonated form of
poly(rC)-poly(rG) no significant change in the fluores-
cent spectral patterns was observed.

MB has fluorescence emission in the 620-750 nm region
with emission maximum at 685 nm on excitation at
610 nm. It does not show any pH dependent fluorescence
properties. In presence of both the A-form and the pro-
tonated form of the RNA, progressive quenching of the
MB fluorescence was observed (Fig. 4E and F). Satura-
tion was achieved at a P/D of 82 in the MB-A-form fluo-
rescence, while in the case of MB-protonated form it was
achieved at a P/D of around 65. Complexation with both
structures blue shifted the emission maximum of MB
fluorescence by about 3 nm. Further, the residual fluo-
rescence of the saturated A-form—MB complex was sig-
nificantly higher than that of the protonated complex.

In aqueous buffers at both pH 7.0 and 4.3, BER has a
very weak fluorescence that gives an emission spectrum
in the region 450-650 nm with a maximum at 530 nm
when excited at 350 nm. Binding to both A-form and
the protonated form of the RNA polymer enhanced
the fluorescence intensity of berberine (Fig. 4G and H)
with negligible shift in the emission maximum. It can
be seen that the enhancement of fluorescence of binding
of BER was much higher with the protonated form com-
pared to the A-form, suggesting clear differences in the
nature of orientation or environment of bound BER
molecules on these structures.

The results of fluorescence titration data were also con-
verted to Scatchard plots that were further analyzed
according to an excluded site model** using SCAT-
PLOT program?® for non-cooperative binding phenom-
enon to fit our experimental data. The binding isotherm
of each system obtained from the fluorimetric data is
illustrated in the inset of Figure 4. The data of ‘K* and
‘n’ obtained from the analysis of the Scatchard plots
are also presented in Table 3.

2.4. Quantum yield

The quantitative data on fluorescence quantum yield of
EB, MB, and BER complexes with the A-form and the
protonated form of poly(rC)-poly(rG) are depicted in
Figure 5A and B, respectively. It can be seen that with
the A-form, the relative quantum yield of EB enhances
and levels off at saturation. The ¢/¢py for MB-A-form
decreases with increasing P/D values until saturation is
reached. On the other hand, with the protonated form,
the ¢/¢y values of EB and BER increased with the P/
D, the latter to a larger extent until saturation was
achieved, while for MB, the decrease in ¢/¢y value
was more pronounced (Fig. 5B) compared to the A-
form.

2.5. Fluorescence polarization anisotropy

Fluorescence polarization anisotropy (FPA) measure-
ments also provide evidences for the binding of these
molecules to the A-form and protonated form struc-
tures. It has been found that the fluorescence polariza-
tion upon binding of EB to the A-form of RNA
shows a value of 0.2 at saturation against a value of
0.03 for free EB under identical condition. A similar
FPA value is obtained for protonated form RNA-MB
complex. The FPA value of berberine complexation to
both the A-form and the protonated form of RNA
was significantly lower, indicating that BER has weak
binding to both the structures of the RNA.

2.6. Circular dichroism

Circular dichroic spectral studies of the A-form and pro-
tonated form of the RNA in the spectral region 210
400 nm were employed to monitor the drug induced
conformational changes of the host nucleic acid struc-
ture. Figure 6 shows the intrinsic CD spectral changes
of the A-form and protonated form of the RNA on
the interaction with several ligands. The characteristic
A-form and protonated form spectra of poly(rC)-po-
ly(rG) undergo CD spectral changes in presence of each
of the ligands with either increase or decrease in molar

A B
1 1 ] 1
= J24.0
10.0 | -
s H16.0
o -28.0
5.0 :f’ - { 450
=4 ‘,u‘#ﬂam <
S~ S~
< 1.0 e 410 &
05} 4 } Jo5
0 1 1 [ 0
0 40 80 120 0 40 80 120

P/D

Figure 5. Plots of the relative quantum yield ¢/¢o versus P/D for
interaction of EB (O-O); MB (O-0); BER (V-V) with A-form (A)
and protonated form (B) of poly(rC)-poly(rG).
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Figure 6. Representative CD spectra resulting from the interaction of various drugs with A-form (panels A, C, E, and G) and protonated form
(panels B, D, F, and H) of poly(rC)-poly(rG) (30.04 uM) in 10 mM CP buffer of pH 7.0 or 4.3 at 20 °C. Curves (1-9) in each complex denote 0, 3.00,
6.01,9.01, 12.02, 15.02, 18.02, 21.03, and 24.03 uM EB (panels A and B), MB (panels C and D), BER (panels E and F), and DA (panels G and H) for
the complexation with A-form and with protonated form, respectively. The expressed molar ellipticity is based on the RNA concentration.

ellipticity value with increasing concentrations of each
ligand shift of the band maximum of the 270 nm band
followed by further marginal changes. In case of EB,
the A-form spectrum (Fig. 6A) undergoes enhancement
in the 270 nm positive peak that eventually reached sat-
uration. Two isoelliptic points centered around 232 nm
and 254 nm characterize the interaction and this also im-
plies that a single type of drug complex is formed in this
system. Concomitant with the CD changes there was the
development of a strong induced CD band for the
bound EB molecules in the 320 nm region. On the other
hand, the changes with the protonated form showed an

initial red shift of the band maxima of the 270 nm band
followed by further marginal changes on further bind-
ing. But the negative band ellipticity showed reduction
in its intensity as the binding progressed. It is significant
to note that in this case no induced CD band was devel-
oped for the bound EB in the 320 nm region.

The CD spectral data on the interaction of MB with the
two forms of RNA are presented in Figure 6C and D.
With the A-form, there was a small decrease in the po-
sitive peak with the concomitant development of a small
negative induced CD in the 320 nm region for bound
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MB molecules. With the protonated form, there was an
initial red shift of the positive band maximum followed
by a decrease in the peak intensity on further binding of
MB molecules. A sharp negative extrinsic CD band also
is apparent here in the 300-330 nm region.

The binding of BER to the A-form resulted in only mar-
ginal changes in the CD spectra (Fig. 6E), while the pro-
tonated form showed a small red shift and further
enhancement in the intensity of the peak (Fig. 6F).

The CD spectral changes on the interaction of DA
with the two conformations of poly(rC)-poly(rG) are
depicted in Figure 6G and H, respectively. With the
A-form, a decrease in the peak ellipticity was apparent
with the concomitant formation of a negative extrinsic
CD band around 310 nm that increased in intensity as
the binding progressed. With the protonated form, the
CD changes showed gradual red shift and enhance-
ment in ellipticity with an isoelliptic point around
275nm. The development of large negative CD in
the 310 nm for the bound DA molecules characterizes
the strong binding of DA to the protonated confor-
mation of the RNA.

The binding of AMD was also studied by similarly mon-
itoring circular dichroic changes. It was found that
AMD did not perturb the CD spectra of either form
of the RNA.

2.7. Viscometric titrations

The viscometric technique is a well-established method
for investigating the extension of DNA or RNA helix
associated with intercalation. The effect of these ligands
on the viscosity of linear rod-like RNA duplex in both A
and protonated forms was studied. The relative length
increase (L/L,) against r was dependent on r,, of each
complex (not shown). The extent of length enhancement
of the A-form or protonated form of the RNA duplex
was estimated with respect to a standard value of
p =2 corresponding to a length enhancement of
0.34 nm. The f values for EB-A-form poly(rC)-poly(rG)
and MB-protonated form poly(rC)-poly(rG) systems
showed values 1.95 and 1.86, respectively. Again, in case
of DA-protonated form system, considerable enhance-
ment of the helix was observed with a f§ value of around
1.12. Binding of MB to the A-form, and BER to the
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protonated form of the RNA caused small changes in
the 5 values, while no appreciable viscosity changes were
observed on EB binding to protonated form, and BER
and DA binding to the A-form of the RNA. Table 4
illustrates the f values, the helix length enhancement
(AL), and the percentage of helix length increment at
Fmax (Lp, %) for the binding of these molecules to A-
form and protonated form of the RNA polymer.

3. Discussion

Although intercalation and minor groove binding
modes of several organic molecules with B-form DNA
have been well documented, less study is available on
similar complexes with RNA. In order to strengthen this
area of research and with the long range objective of
developing drugs that can selectively target RNA, we
have studied the interaction of five DNA binding mole-
cules with two different conformations of poly(rC)-po-
ly(rG) structures. poly(rC)poly(rG) has been
previously shown?> from our laboratory to exist in two
conformations depending on the pH of the solution;
the A-form at physiological pH and the protonated
form at pH 4.3. These two conformations have been
characterized to have clearly defined but distinctly differ-
ent CD and UV spectral characteristics. But none of
these forms exhibited any thermal melting profiles with-
in 99.5 °C, indicating that both these structures are ther-
mally stable up to a temperature of 99.5 °C under the
conditions of our study. Protonation of nucleic acid
bases could result in base pair reorientation that could
lead to structural alterations. Although there is consen-
sus that the first protonation sites in DNA are the GC
base pairs, there is still controversy as to whether the
guanines or the cytosines are protonated first. Based
on the fact that cytosine possesses the highest pK
amongst the four bases, earlier studies led to the sugges-
tion that the N3 of cytosine is the initial site of proton-
ation.?® Contrary to this, Guschulbauer and Courtois®’
proposed the initial protonation sites to be the N7 of
guanine. This would result in an interesting consequence
resulting in the subsequent swinging around of a GC
base pair to syn conformation and sharing the protons
with the N3 of cytosine. It was argued that the N7 of
guanines lie in the major groove and is thus easily acces-
sible to protons, while the N3 of cytosine is involved in
base pair hydrogen bonding. Later studies using

Table 4. Viscometric properties of the binding of the ligands with A-form and protonated form of poly(rC)-poly(rG)*

Compound A-form Protonated form

B L (nm)® LS (%) B L (nm) L, (%)
EB 1.95 0.33 19.5 nd nd nd
MB 1.01 0.17 3.0 1.86 0.32 19.0
BER nd nd nd 0.76 0.13 2.5
DA nd nd nd 1.12 0.19 12.0

nd: not detected as the specific viscosity enhancement is very low in each case.

4 Data presented from the average of five determinations in each case.

® Length enhancement per intercalation site, L = 0.34 nm corresponds to the standard value of f§ = 2.
“Percent helix length enhancement at ry,ax of each polymer (L, %). Relative length enhancement (AL/L,) is given by AL/L, = fir and hence L, is

calculated from (ALpyax/Lo) X 100 = frmax X 100.
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NMR %3 have however supported the former model of
initial cytosine protonation. Studies from our laborato-
ry**#2 on protonation of natural DNAs and synthetic
alternating GC polymer have proposed specific confor-
mational changes to left-handed structures that resulted
from Hoogsteen base pairing formation in the GC pairs.
But in the DNA GC homopolymer, such left-handed
conformation with Hoogsteen base pairing was not
formed.*> Studies on the protonated structures of
RNA polymers are still scanty. Poly(rC) and poly(rG)
have been associated at low pH to form poly (rC*)-poly
(rG)-poly(rC) triplex with the poly (rC) strand lying in
the major groove. Similarly, acid titration of poly(rC)--
poly(rG) duplex has been suggested to lead to triplex
formation.*> Single stranded ribonucleic acids of
poly(rG) and poly(rC) have also been reported to form
alternate structures under protonation like double
stranded and quadruplex structures.** Protonation of
single stranded poly(rA) would result in the formation
of a parallel stranded duplex structure resulting from
the base pairing of protonated adenine residues.* In
the RNA homopolymer of GC studied here, proton-
ation resulted in the formation of a duplex structure
having clearly different CD and UV characteristics com-
pared to its A-form. But from thermal melting studies,
we found no evidence for the formation of Hoogsteen
base pairing in this conformation at pH 4.3 with which
studies on the interaction of the drugs were performed.

3.1. Ethidium—RNA interaction

Ethidium bromide (EB) is a phenanthrinic drug that
forms soluble metachromatic complexes with nucleic
acids. The molecule also was reported to have potent
antiviral activity and has the ability to inhibit retroviral
reverse transcription.*® The mechanism of EB-nucleic
acid interaction, particularly with DNA, has been exten-
sively studied and it has been consensually proposed that
EB binds primarily to DNA by classical intercalation
mode,*” while secondary binding could occur by a stack-
ing mechanism. Our studies indicate hypochromic and
bathochromic effects on the absorption band of ethidium
on addition of both A-form and protonated form struc-
tures, but the changes were more rapidly pronounced in
the A-form structure. Similarly, the enhancement of the
fluorescence although pronounced in both cases, the
changes were more rapid and achieved saturation at low-
er P/D values with the A-form structure when compared
with the protonated form. The binding data derived in
terms of affinity and the excluded sites from both the
spectrofluorimetric and spectrophotometric data again
substantiate that EB strongly binds to the A-form of
RNA polymer. We have obtained binding affinity values
of 12x 10*M~"and 11 x 10* M, respectively, by spec-
trophotometric and spectrofluorimetric experiments for
the binding of EB to the A-form RNA while the same
for the protonated form was much lower (Table 3). Pre-
vious studies by Quadrifoglio and colleagues'® have eval-
uated a binding constant of 0.8x10°M~! for EB
binding to A-form of poly(rC)-poly(rG) at 100 mM
[Na*]. Bresslof and Crothers®® studied the binding of
EB to several synthetic RNA and RNA-DNA hybrids
and reported a higher binding affinity for EB to RNA

and RNA hybrids relative to DNA in the poly[AU(T)]
series. Nelson and Tinoco*® in oligonucleotides and Bag-
uli and Falkenhaug® in synthetic polynucleotides also
observed higher binding affinity of EB to AU sequences
of RNA. Crystal structures of EB intercalated complex
in both DNA and RNA have similar geometries. Our
data reveal that the binding of EB to the A-form of
RNA is stronger than that to the protonated form. This
has been further substantiated from the quantum yield
data of EB-A-form system that was higher and achieving
saturation more rapidly at lower P/D values compared to
that with the protonated form. In CD, changes in the
intrinsic CD of the polymer and the emergence of extrin-
sic CD for the bound EB molecules (Fig. 6A) when com-
pared to lower changes with the protonated form and the
total absence of extrinsic CD bands with the protonated
system again underscore the intercalative binding of EB
to the A-form structure of poly(rC)-poly(rG). The typical
induced CD bands with low amplitude similar to that
seen here (Fig. 6A) with the A-form RNA were suggested
to be the result of direct interaction of EB molecules
bound intercalated in neighboring binding sites.>® Bind-
ing of EB to ribosomal RNA by spectroscopic tech-
niques has suggested the intercalation of the
phenanthridinium ring in the double stranded regions
of RNA resulting in increased dye—dye interactions com-
pared to DNA.5! EB was also shown to intercalate to the
A-form alternating GC RNA, but did not have any affin-
ity with the Z-form of the same polymer.>? In this con-
text, it is worth noting that EB has been shown to
convert all altered forms of DNA like Z-form, H"-form,
etc., back to the B-form.>3>* In our studies, the diagnos-
tic proof of intercalation came from the viscosity data
(Table 4) which clearly showed that the viscosity of the
rod like A-form RNA only has been enhanced by the
intercalation of EB resulting in a helix extension value
(B) of 1.95 in agreement with the previous results,!?-?°
while none or only marginal changes were observed with
the protonated form. Thus, from the data on EB, it is
clear that EB binds to the A-form RNA by intercalative
binding, while with the protonated form only either
external and/or stacking interaction is revealed.

3.2. Actinomycin D-RNA interaction

Actinomycin D is one of the best-known and most wide-
ly used antibiotics. AMD is an antitumor agent, specific
inhibitor that specifically inhibits the elongation phase
of transcription. The mode of action of the drug is asso-
ciated with binding to DNA that occurs by intercalation
with its cyclic pentapeptide rings snugly fitting into the
minor groove of DNA. The structure of AMD-DNA
complex has been examined at the nucleotide level by
different methods such as chemical footprinting,
NMR, and X-ray crystallography.>> AMD and several
of its derivatives have also been shown to bind with high
affinity to selected single stranded DNA, single stranded
RNA, poly(I), but with low affinity to poly(dG) and r-
RNA.3® Our present results indicate that the binding
of AMD to both the forms of RNA is non-specific as re-
vealed from the results of UV titration, absence of
changes in the fluorescence, and CD spectra and above
all no enhancement in the viscosity of the rod like RNA.
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3.3. Methylene blue—-RNA interaction

Methylene blue is a polyaromatic cationic dye of the
phenothiazine group used in staining of nucleic acids.
MB has been shown to inactivate viruses in human plas-
ma on exposure to light.>” MB is an extensively used
photosensitizing agent for photodynamic inactivation
of RNA viruses including HIV, hepatitis B, virus and
hepatitis C virus in plasma.® Very recently, inactivation
of dengue virus by MB/narrow bandwidth light system
has been reported.’® Most biophysical studies on the
interaction of MB with nucleic acids were performed
with DNA. 6! MB has been shown to bind to DNA
predominantly in intercalative mode with a 100-fold
higher GC base pair specificity compared to AT base
pairs. MB has also a weak affinity mostly due to electro-
static interaction to single stranded DNA, poly(rA) and
poly(rG).%? Binding of MB to t-RNA was shown to have
pronounced effect on the aminoacylation activity.®® The
interaction of MB with A-form and protonated form of
the RNA studied here indicated that the effect on the
protonated form was more drastically pronounced in
both absorbance and fluorescence compared to the A-
form. In absorbance, more hypochromic effects of the
visible absorption bands were manifested in presence
of the protonated form (Table 2). Again, in fluorescence
a more effective quenching of the intrinsic MB fluores-
cence was effected by the protonated form of the RNA
rather than the A-form. Significantly, while DNA has
been shown to cause red shift in the fluorescence of
MB,* with RNA here we find a blue shift in the MB
fluorescence spectrum. The binding parameters obtained
from both absorbance and fluorescence experiments fur-
ther revealed a stronger binding of MB molecules to the
protonated conformation (Table 3). The data of binding
affinity of MB to protonated form obtained from absor-
bance and fluorescence spectral data were about seven
and five times higher than that with the A-form under
identical conditions. In CD, more pronounced changes
were achieved within the protonated form-MB system
in terms of the perturbations in the RNA structure. Fur-
thermore, the extrinsic CD of the bound MB molecules
arising out of the coupling of the ligand transitions with
RNA bases were more effective in the protonated form
as evidenced by larger ellipticity values. Similar extrinsic
CD was also reported on the binding of MB to t-
RNA 2! Viscosity experiments showed that the relative
specific viscosity of the rod like protonated form RNA
molecules was enhanced more effectively on binding to
MB, the f§ value was found to be 1.86 against a value
of 1.01 with the A-form establishing that MB molecules
bound to the protonated form by intercalative mecha-
nism. Spectroscopic studies also indicated that MB can
intercalate to t-RNA and partially intercalate to poly(-
rA) chains.?!?? Intercalation of MB to double stranded
RNA has been shown to mediate RNA-protein cross-
links by MB molecules.®

3.4. Berberine—RNA interaction
Berberine is an isoquinoline plant alkaloid that partially

intercalates to DNA.%%:%7 Previous studies form our lab-
oratory have shown that the alkaloid has a higher

affinity for single stranded poly(rA) chains, compared
to DNA, t-RNA, and several other single stranded syn-
thetic RNA molecules.?” The binding affinity of this
alkaloid to both the conformations of RNA has been
weak in comparison to MB or EB. Between the two con-
formations, the binding to the protonated form has been
higher than that with the A-conformation. This has been
substantiated from the results of absorbance and fluo-
rescence studies. The binding data both from absor-
bance and fluorescence data showed higher binding
affinity of the alkaloid to the protonated form. The cir-
cular dichroic change however does not indicate any
major structural changes in the structure of the RNA
conformations on binding of berberine. The binding
mode determination by viscosity studies revealed that
berberine does not intercalate into the A-form or pro-
tonated form of the RNA. With the protonated form
a f value of 0.76 was observed (Table 3) signifying a
weak and partial intercalation of berberine molecules
to the protonated structure.

3.5. Distamycin A—RNA interaction

Distamycin A is one of the best-known antiviral antibi-
otics that binds to double stranded DNA in the minor
groove by replacing the spine of hydration and strongly
favoring AT rich regions as its binding site. The crystal
structure of DA with oligonucleotides has clearly eluci-
dated the specificity of DA to AT sequences in the minor
groove of DNA.% Not many studies however, are avail-
able on the nature of interaction of this molecule with
RNA. Recently, the binding of DA and some of its
derivatives with structured RNA of HIV-1 TAR RNA
reported that DA by itself was ineffective in binding to
RNA.® On binding to RNA in the A-form, there was
only a hypochromic shift with no evidence of batho-
chromism or isosbestic points. In this circumstances, at-
tempts to determine a binding constant for DA-A-form
poly(rC)-poly(rG) were unsuccessful. Thus, the DA-A-
form RNA could not be properly quantified. The circu-
lar dichroic spectral data nevertheless appear to favor an
interaction of DA with the A-form structure with the
formation of an extrinsic CD band in the 310 nm for
the bound DA molecules. The binding of DA to DNA
has been known to generate positive extrinsic CD in
the 340 nm region. Note, however, that the extrinsic
CD observed in the case of RNA is negative in magni-
tude and centered around 310 nm.”® Viscosity studies
indicated a small increment of the relative viscosity. A
remarkably different picture was apparent for the inter-
action of DA with the protonated form of RNA. We
found a hypochromic and bathochromic shift in the
absorption band of the DA molecules in presence of
increasing concentration of the protonated form with a
single sharp isosbestic point around 342 nm showing
equilibrium between bound and free DA molecules. This
enabled the quantification of the binding and the Scat-
chard binding isotherm indicated non-cooperative bind-
ing phenomenon yielding as association constant (K) of
2.8 10° M~! (Table 3). This value is comparable to a
value of 5.7x10°M~' reported by Waring and co-
workers’! for DA binding to CT DNA under similar
conditions. Viscosity studies show that f value is 1.12
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with protonated form RNA on interaction of DA, indi-
cating that it binds to this structure in a non-intercala-
tive manner. However, electric linear dichroism studies
with classical minor groove binding ligands like Hoechst
33258, berenil, and DAPI with TAR RNA have suggest-
ed the involvement of intercalation to the A-form
RNA.”

4. Conclusions

The results presented in this paper on the interaction of
several DNA binding molecules to two conformations
of the synthetic RNA advance several new information
regarding the RNA binding aspects of these molecules.
Results from spectrophotometric, spectrofluorimetric,
circular dichroism, and viscosity experiments indicate
that (i) binding of EB to A-from RNA proceeds by
intercalation similar to that observed for DNAs. It ap-
pears that the intercalated geometry of the EB mole-
cules on the A-form RNA is similar to the DNA
intercalation sites. This result is in agreement with the
binding of EB to several other RNA models.’° EB, on
the other hand binds weakly with the protonated form,
the structure of which is conformationally different from
that of the A-form. (ii) MB molecules bind to the pro-
tonated form by intercalation, but its binding to A-form
structure is presumably by some other mechanism
which could not be established from the present study.
The binding affinity is higher with the protonated form
than the A-form structure. (iii) AMD-RNA interaction
data reveal that this molecule does not bind to both the
conformations of RNA. (iv) The partial intercalator
BER binds to both A-and protonated form relatively
weakly and apparently weaker than its binding to
DNA, (v) The DNA groove binder DA on the other
hand binds strongly in the minor groove of the proton-
ated forms, while the binding to the A-form is also in
the minor groove and is electrostatic in nature. The
binding to the protonated form of CG sequences may
be more facilitated in the absence of steric hindrance
by the 2-NH, group of guanine. In contrast to DNA,
the minor groove of A-form RNA has significantly dif-
ferent characteristics in terms of steric and chemical
characteristics being more shallow, wide, and electro-
statically positive and due to features such as the 2'-
OH group in the RNA minor groove and the different
relative molecular potentials.”> The protonated form
of the RNA may further differ from the A-form due
to the protonation of the guanine and cytosine bases.
X-ray diffraction data on the intercalation complexes
of dinucleotides and modeling studies with intercalators
in segments of RNA and DNA have indicated similar
geometry of the intercalation sites in A-form RNA
and B-form DNA.7 At present, our data cannot differ-
entiate the different geometries of the binding of the
molecules studied here with A-form and protonated
RNA, but it appears that the molecular disposition of
the sites in these two conformations is quite different
as being probed by both intercalators and groove bind-
ers. EB, MB, and BER are structurally different: EB has
a planar structure with a phenolic group attached; MB
is planar and linear, while BER with its partial satura-

tion in one of the ring has a slightly buckled structure.
Further, the minor and major grooves of the protonated
structure of poly(rC)-poly(rG) are significantly different
from that of its A-form. Binding of these drugs to the
two forms of the RNA depends on the electrostatic
interaction as well as their acceptability to the geometry
of the minor groove for intercalation or partial interca-
lation. The relatively higher affinity of cationic MB and
BER to the protonated form in comparison to the A-
form of the RNA observed here is due to the higher
adaptability in the minor groove of the protonated
structure. Thus, depending on the structure of these li-
gands and local variations in the conformation, binding
may be stronger to protonated RNA than A-form
RNA. To conclude, from the standpoint of the design
of potential RNA targeted drugs, and the diverse con-
formational variations possible for the RNA, our data
present significant insights into the nature of binding
of these DNA binding molecules to two forms of
RNA helix.

5. Materials and methods

Poly(rC)poly(rG) was purchased from Sigma Chemi-
cal Co., St. Louis, MO, USA, and was checked for
its purity and nativeness before use. The concentration
of this polymer was estimated spectrophotometrically
using a molar extinction coefficient (¢) of
7700 M~ em™! at 259 nm in buffer of neutral pH.2
EB, AMD, BER, and DA were products of Sigma
Chemical Company (St. Louis, MO, USA). MB was
from Qualigens (India). The molar extinction coeffi-
cients of these compounds and their optical properties
are collated in Table 1. The purity of these com-
pounds was confirmed by thin layer chromatography,
melting point determination, UV-vis spectroscopy,
and '"H NMR. Drug solutions were prepared freshly
each day by dissolving appropriate amount in buffer
of pH 7.0 and were always kept protected in dark to
prevent from any light induced changes. All these
compounds obeyed Beer’s law in the concentration
range used here. Studies were carried out in citrate—
phosphate (CP) buffer containing 5 mM Na,HPO,42-
H,O as described previously.**#> The pH was adjust-
ed by the addition of citric acid. This buffer provides
constant [Na'] molarity of 10 mM. Analytical grade
reagents and glass distilled deionized water were used
throughout. All the buffer solutions were passed
through Millipore filters of 0.45 um.

5.1. Formation of protonated structure of
poly(rC)-poly(rG)

Protonated form of the RNA was prepared by slowly
adding the A-form structure to CP buffer of pH 4.3 un-
der stirring maintained at 15 °C. The formation of the
structure was confirmed by CD measurements before
further study. Although the formation of the structure
appeared to follow fast kinetics, as revealed from CD,
in practice a 30 min incubation time was allowed for
the stabilization of the protonated structure before fur-
ther measurements.
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5.2. Absorption and fluorescence spectroscopy

All Absorbance and fluorescence measurements were
recorded with a Shimadzu Pharmaspec 1700 spectro-
photometer (Shimadzu Corporation, Japan) and a Hit-
achi F 4010 spectrofluorimeter (Hitachi Ltd, Tokyo,
Japan), respectively, in quartz cells of 1 cm path length
at 20 = 1 °C. Ultraviolet thermal melting studies were
performed on a Shimadzu UV260 spectrophotometer
equipped with a thermoprogrammer (KPC-5) and tem-
perature controller (SPR-5) in stoppered quartz cuvettes
of 1 cm path length, monitoring the absorbance change
at the absorption maximum of the polymer.

5.3. Analysis of binding data

Results from absorbance and fluorimetric titration were
cast into the form of Scatchard plots of r/C; versus r, in
the case of EB, MB, and BER, where r is the number of
molecules of ligand bound per mole of nucleotide and Cy
is the molar concentration of the free ligand. The
parameters  and Cr were determined from the change
in absorbance or fluorescence emission intensity. If
Ar(Ig), Ag(lg), and A(I) represent, respectively, the
absorbance (or fluorescence) of the initially, finally,
and partially titrated ligands, then the fraction of the
bound ligand molecules o, would be given by

o, = Ap(Ir) — A1) /Ax(Ir) — Ap(Ip) (1)

The molar concentration of free (Cy) and bound (Cy) li-
gand molecules and r could be evaluated from the fol-
lowing equations where D and P represent the total
input ligand and DNA phosphate concentrations,
respectively.

Cf = (1 — OCb)D
Cb = O(bD (2)

Non-linear binding isotherms were observed in each
case and the data were further fitted to a theoretical
curve drawn for non-linear non-cooperative ligand bind-
ing phenomena using McGhee and von Hippel equation

r/Cf:K(l—nr)[(l—nr)/{]_(n_l)r}](nfl) (3)

where ‘K is the intrinsic binding constant to an isolated
binding site and ‘»’ is the number of nucleotides occlud-
ed by the binding of a single ligand molecule. Binding
data were analyzed using the computer program SCAT-
PLOT?> version 1.2 that works on an algorithm that
determines the best-fit parameters to Eq. 3 as described
earlier.””

5.4. Fluorescence quantum yield

Steady state fluorescence quantum yield was calculated
using the following equation as described previously:’®

¢s = (Fsgch/FqSSCS)O.SS (4)

where F denotes the integral area of the fluorescence in
arbitrary units, ¢ represents the molar extinction coeffi-
cient at the wavelength of excitation, C represents the

molar concentration of the sample (s) and quinine sulfate
(q), respectively. Quinine sulfate in 0.1 N H,SO,4 was tak-
en as reference standard for quantum yield
measurements.

5.5. Fluorescence polarization anisotropy

Fluorescence polarization anisotropy of a ligand and its
complexes with A-form or protonated form RNA was
carried out as described by Larsson et al.”’

A= Iy —InG)/(Iy + 2[4G) (5)
where G is the ratio I, /I, used for instrumental
correction. I, Iy, Iy, and I, represent the fluores-
cence signal for excitation and emission with the
polarizer set at (0°,0°), (0°,90°), (90°,0°) and
(90°,90°) respectively. The molecular weight of ribo-

nucleic acid used in the study was in the range of
260 + 50 base pairs.

5.6. Circular dichroism

Circular dichroic (CD) spectra were acquired on a JAS-
CO J720 spectropolarimeter (Japan Spectroscopic Co.
Ltd, Japan) at 20 £ 1 °C as described previously.”®”°
Titrations were carried out keeping a fixed concentra-
tion of the RNA and incrementally adding aliquots of
the drugs in 1 cm path length cell. In practice, samples
were equilibrated for at least 5 min before the initiation
of the spectral accumulations. Each spectrum was the
average of four successive accumulations, and was base
line corrected and smoothed within permissible limits
using builtin software. The spectra presented are nor-
malized to nucleotide concentration and the molar ellip-
ticity (0) is expressed in deg cm*/dmol.

5.7. Solution viscosity measurements

Viscosity experiments were conducted using a Can-
non—-Manning semi-micro size 75 capillary viscometer
that was immersed in a thermostated bath (Cannon
Instruments Co., State College, PA, USA) maintained
at 20 £0.5°C. RNA duplexes were sonicated to an
average molecular weight of 260 + 50 base pairs using
a Labsonic 2000 sonicator (B. Braun Swiss) with a
needle probe of 4 mm diameter as describer earlier.®°
After sonication, the polymer was extensively dialyzed
under sterile conditions. Flow times were measured in
triplicate to an accuracy of *£0.01 s with an electronic
stopwatch Casio Model HS-30W (Casio Computer
Co. Ltd, Japan). Relative viscosities for RNA in either
the presence or absence of the drugs were calculated
from the relation

- to)/to}/{(tcontrol - to)/to} (6)

where 1, and 5, are specific viscosities of the alkaloid—
RNA complex and the RNA, respectively, fcompiexs fcon-
wol, and 7, are the average flow times for the RNA—drug
complex, free RNA, and buffer, respectively. The rela-
tive increase in length L/L, can be obtained from a

ﬂ;p/ﬂsp = {(tcomplex
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corresponding increase in relative viscosity with the use
of the following equation:®!

L/Ly = (n/no)'"* =1+ pr (7)

where L and L, are the contour lengths of RNA in pres-
ence and absence of the ligands, and 5 and #, are the
corresponding values of intrinsic viscosity (approximat-
ed by the reduced viscosity y = #,,/C where C is the
RNA concentration) and f is the slope when L/L, is
plotted against r.
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Abstract—Grape-seed proanthocyanidins (GSPs) are catechin polymers that are predicted to form helices in their global minimum-
energy conformation and to have a mean degree of polymerization of seven (mDP = 7). The highly polymerized GSP-H fraction
(mDP = 10) was found to impair degranulation in RBL-2H3 cells after stimulation with an antigen (Ag) and treatment with the
Ca-ATPase inhibitor thapsigargin (Tg). In addition, GSP-H affected actin cytoskeleton and inhibited membrane ruffling in these
cells, resulting in the suppression of exocytosis. By contrast, monomeric epicatechin, the dimeric procyanidins PA-1, PA-2, and
PB-2, and the oligomerized GSP-L (mDP = 3) had no effect on membrane ruffling and degranulation. These findings indicate that
the molecular size and length of GSP-H are needed for the inhibition of membrane ruffling and degranulation in RBL-2H3 mast-cell

lines.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Proanthocyanidins are a mixture of monomers, oligo-
mers, and polymers of flavan-3-ols (known as catechins),
which are ubiquitous in plants. Proanthocyanidins act as
antioxidants scavenging free radicals' > and are thought
to prevent ischemia/reperfusion damage caused by reac-
tive oxygen species such as superoxides and peroxyni-
trites.* Green tea antioxidants have recently been shown
to block neutrophil-mediated angiogenesis in vivo and
to inhibit chemokine-induced neutrophil chemotaxis in vi-
tro. Dimeric procyanidins inhibit phorbol myristate ace-
tate-induced nuclear factor-kB activation in Jurkat T
cells, which regulates immune response.® They have also
been shown to suppress estrogen biosynthesis in vitro
and in vivo.® More recently, Nomoto et al. demonstrated
that grape-seed procyanidins prevent colorectal cancer
and increase apoptosis in cancer cells.” These findings
highlight the diverse biological activities of oligomeric
and polymeric procyanidins. In addition, studies on the
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absorption, metabolism, and excretion of dietary procy-
anidins in rats have shown that dimeric procyanidins
are present in the plasma.®® Fujimura et al. previously
reported inhibitory effects of (—)-epigallocatechin gallate
on high-affinity IgE receptor (FceRI) expression and his-
tamine release in human basophilic KU812 cells.'® Mae-
da-Yamamoto et al. recently report that O-methylated
catechins inhibit protein kinases in mast cells.!! Kanda
et al. reported that apple proanthocyanidins attenuate
the release of histamine release from mast cells.!? Howev-
er, to our knowledge, relationships between degrees of
polymerization of catechin polymers and suppression
of exocytosis in mast cells, and mechanisms by which
procyanidins inhibit degranulation in mast cells have
not been investigated. In addition, proanthocyanidin
exerts diverse biological activities such as anti-cancer
and anti-allergy activities. No target molecule of procy-
anidins has been discovered so far. Finding a target
molecule of procyanidins is a challenging study. There-
fore, we investigated the effects of grape-seed proantho-
cyanidins (GSPs) on mast-cell signaling and exocytosis
and on the actin cytoskeleton in RBL-2H3 cells.

FceRIs are composed of three subunits: an IgE-binding
o subunit, a four-transmembrane signal-amplifying (-
subunit, and a disulfide-bonded y-subunit.'*'> The
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cross-linking of FceRIs by antigen (Ag) activates the Src
protein tyrosine kinase Lyn, resulting in Syk phosphory-
lation. The activation of Syk in turn induces the phos-
phorylation of downstream signaling molecules such as
phospholipase C-y1 (PLC-y1) and PLC-y2 via Btk. This
leads to the release of two second messengers: inositol
1-, 4-, 5-triphosphate (IP3), and diacylglycerol (DAG).
IP3 mobilizes Ca’" from intracellular stores, resulting in
an influx of Ca®" through store-operated calcium chan-
nels (SOCCs). DAG activates protein kinase C (PKC).
Both Ca®* and PKC are required for mast-cell degranula-
tion.'*1® More recently, Paumet et al. and Martin-Ver-
deaux et al. demonstrated the role of soluble N-ethyl-
maleimide-sensitive fusion factor-attachment protein
receptors in mast cells.!”'® Cofilin/ADF binds to actin
and the dephosphorylation of cofilin at Ser” activates its
actin depolymerizing/severing activities.!*2! In response
to various stimuli such as epidermal growth factor
(EGF), cofilin is dephosphorylated and becomes active.??

In the present study, we investigated in detail the effects
of GSPs on IgE-mediated signaling, exocytosis, and the
actin cytoskeleton in RBL-2H3 cells in addition to
the relationships between the molecular structures and
the activities of monomeric catechin, dimeric, and
polymeric procyanidins.

2. Results and discussion

2.1. Proanthocyanidins (GSP-H) impair mast-cell
degranulation

The structure of GSP is shown in Figure 1A. The GSP-
H and GSP-L fractions were separated using membrane
filters. The mean degree of polymerization numbers
(mDP) for GSP, GSP-L, and GSP-H were 7, 3, and
10, corresponding to molecular weights of 2170, 1018,
and 3034, respectively. The acid hydrolysis experiment
revealed that GSP is mostly comprised of catechin
and epicatechin, and not of gallocatechin or epigalloca-
techin (data not shown). The global minimum-energy
conformation of a nanomeric procyanidin built from
epicatechin as a model was optimized using the Macro-
Model (ver. 8.1; MonteCarlo; AMBER) program. The
predicted global minimum-energy conformation indi-
cated that the nanomeric procyanidin has a helical
structure and an externally oriented B-ring (Fig. 1B).
Each 360° turn of the helix requires four catechins.
Mass spectrometry analyses revealed that GSP contains
non- or galloylated oligomers and polymers (Fig. 1C).
Flamini has recently reported mass spectra analysis of
grapes and wine.>> Hayasaka et al. characterized the
proanthocyanidins in grape seeds through extensive
studies using electrospray ionization (ESI) mass spec-
trometry.>* Our results of the mass analysis for GSP
are in agreement with these reports. Epicatechin (EC),
and the dimeric procyanidins PA-1, PA-2, and PB-2
are shown in Figure 1D.

The effects of GSP on degranulation in rat basophilic
leukemia (RBL-2H3) cells were first examined using
DNP;p-HSA as a multivalent antigen (Ag stimulation)

and the Ca-ATPase inhibitor thapsigargin (Tg stimu-
lation) to activate the cells. The activity of B-hexosa-
minidase released from the secretory granules was
measured as an index of degranulation. Figure 2A
shows that after FceRI cross-linking, GSP inhibited
mast-cell degranulation in a dose-dependent manner.
GSP-L and GSP-H were fractionated from GSP to
clarify active compounds. Although exocytosis was
not inhibited by GSP-L, GSP-H markedly impaired
exocytosis by 64% at a concentration of 25 ug/ml
(equal to 8.7 uM) and 78% at a concentration of
50 pg/ml (17.4 pM) as shown in Figure 2B. Similar re-
sults were obtained in the presence of Ca*" (3 or
5mM) (data not shown). Based on this, the inhibito-
ry effect of GSP-H on exocytosis was not affected by
increasing the extracellular Ca®* concentration. This
strongly indicates that GSP-H alters mast-cell
function rather than trapping Ca®* ions. Similarly,
GSP-H impaired exocytosis after thapsigargin (Tg)
stimulation (Fig. 2C), suggesting that GSP-H affects
downstream signaling after Ca>" mobilization. Tg
can directly induce [Ca®*]i. Furthermore, histamine
released from the cells stimulated with Ag was mea-
sured, and a similar result was obtained as shown
in Figure 2D. The inhibition ratio of GSP-H in both
assay systems was almost the same. This indicates
that GSP-H indeed abolish mast-cell degranulation
rather than inhibiting the enzyme activity in the pB-
hexosaminidase assay.

The inhibitory effect of GSP-H (10 mg/mouse) was con-
firmed in an in vivo ear-thickness assay 1 h after hapten
administration to Balb/c mice, which had been trans-
planted with IGELa2 hybridoma cells that produce
TNP-IgE (Fig. 2E). Whether mechanisms of in vivo
and in vitro activities are the same or not remains un-
known. There has been no evidence for the absorption
of higher degrees of polymerization of procyanidins
due to the lack of a detection method for high molecular
weight procyanidins.

Epicatechin (EC) and dimeric PA-1, PA-2, and PB-2 did
not show any inhibitory effect on degranulation, which
suggests a higher degree of polymerization is essential
for this activity (Figs. 2F and G). Epigallocatechin gal-
late also demonstrated a far weaker activity in this assay
(data not shown). Epicatechin (EC), and dimeric procy-
anidins PA-1, PA-2, and PB-1 also had no effect. Obvi-
ously a molecular size or length more than that of GSP
(heptamer) is needed to inhibit exocytosis in RBL-2H3
cells.

2.2. GSP-H does not activate mast cells without
stimulation

To investigate the mode of action of GSP-H against
RBL-2H3 mast-cell line, GSP-H alone was challenged
to the cells. GSP-H, the active fraction of GSP, did
not induce degranulation in RBL-2H3 cells without
Ag or Tg stimulation (Fig. 3A). By contrast, GSP-H
triggered a transient increase in [Ca®*]i as shown in
Figure 3B. Degranulation did not occur because a sus-
tained increase in [Ca®*]i is known to be required for
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Figure 1. Structure of GSP. (A) GSP was extracted from Vitis vinifera L. The mean degrees of polymerization for GSP, GSP-L, and GSP-H were
estimated as 7, 3, and 10, respectively. (B) The global minimum-energy conformation of a nanomeric procyanidin as a model was calculated using
MacroModel (MonteCarlo; AMBER). The nanomeric procyanidin formed a helical structure with its B-ring oriented externally. Red bonds indicate
the phenolic hydroxyl groups in the wire-frame image. The gallate moiety is excluded for simplicity. (C) Electrospray mass spectrum of GSP. These
proanthocyanidins include galloylated oligomers. (D) Structures of epicatechin (EC) and dimeric procyanidins PA-1, PA-2, and PB-2.

degranulation. However, this [Ca®*]i experiment shows
that GSP-H does induce some cell signaling. To exam-
ine the IgE-mediated signaling at the moment GSP-H
is added to RBL cells, a cell suspension was stimu-
lated with Ag followed by the addition of cold lysis
buffer. As shown in Figure 3C, GSP-H did not acti-
vate the Syk protein. FceRI-Syk-PLCy activation is
necessary for [Ca®']li. This transient increase in
[Ca®*li by GSP-H may be independent of FceRI
pathway.

Effect of GSP-H on cell adherence was next examined.
In a passage culture of RBL-2H3 cells in the presence
of GSP-H, the cells did not attach to the culture plate,
resulting in cell death in a dose-dependent manner

(Fig. 3D). These results suggest that GSP-H binds to a
specific molecule related to adhesion molecules such as
an integrin.

To investigate a target molecule of GSP-H, the cell
surface proteins were stained with biotin using sulfo-
NHS-biotin, and these biotin-labeled proteins were
analyzed on immunoblotting by visualizing with strep-
tavidin-alkaline phosphatase. These experiments were
repeated three times (exp 1-3). A protein(s) at
150 kDa from the GSP-H treated cells was not stained
with biotin (Fig. 3E). The disappearance of this band
by GSP-H was dose dependent and the results were
highly reproducible. These results strongly suggest that
GSP-H binds to a protein at 150 kDa. Tachibana
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Figure 2. Effects of GSP-H and GSP-L on degranulation. (A) The activity of f-hexosaminidase released into the culture media from RBL-2H3 cells
treated with GSP was measured when stimulated with DNP3,-HSA (Ag). (B) The activity of f-hexosaminidase from RBL-2H3 cells treated with
GSP-H and GSP-L was measured when stimulated with Ag. (C) B-Hexosaminidase assay was performed when stimulated with Tg instead of Ag. The
results are the percentage of the total B-hexosaminidase released in the supernatant after Ag stimulation and are means + SD of three or four
independent experiments. (n = 3 or 4; *, p <0.05; **, p <0.01). (D) Histamine release assay. The same experiment as in A and B was done using
DNP3(-HSA. Histamine released from RBL cells was measured to ensure that GSP-H, rather than the enzyme reaction (-hexosaminidase), inhibited
degranulation. The results are given as the inhibition rate (%) (n = 2). (E) The ear-swelling response was tested in Balb/c mice (SLC, Japan) in order
to determine the effects of GSP-H on the immediate-hypersensitivity reaction. Hybridoma cells (IGELa2) were injected subcutaneously into the back
of the neck of each animal. After 10 days, ear thickness was measured. The ear-swelling response was then initiated by picryl-chloride challenge to the
ventral side of the neck. Ear thickness was measured 1 h after the challenge. Ketotifen (0.2 mg/ml) was used as a positive control. GSP-H (10 mg/
mouse) was orally administered to the mice before antigen stimulation. (F) Effect of epicatechin (EC) on degranulation. (G) Effects of three dimeric
procyanidins (PA-1, PA-2, and PB-2) on degranulation.

et al. recently reported that green tea polyphenols can bind to adherent molecules such as integrins and lam-
bind to the 67-kDa laminin receptor and inhibit carci- inin receptors.

nogenesis.>> Edelson et al. have demonstrated that

mast-cell-mediated inflammatory responses require The transient increase in [Ca®']i was not observed

the o2pB1 integrin.?® Therefore, GSP-H is expected to when RBL cells were treated with GSP-L, EC, PA-2,
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Figure 3. Effect of GSP-H on IgE-mediated signaling and cell
adherence. (A) B-Hexosaminidase assay was carried out using GSP-
H alone. GSP-H does not induce exocytosis without Ag stimulation.
(B) GSP-H triggers a transient increase in [Ca']i. [Ca®']i was
monitored using fluo-3 when Ag or GSP-H was challenged into cells.
(C) GSP-H does not induce Syk phosphorylation. Ag or GSP-H was
added to a cell suspension and followed immediately by the addition of
cold lysis buffer. Phosphorylated proteins were analyzed by immuno-
blotting using 4G10 mAb. (D) GSP-H inhibits the adherence of RBL-
2H3 cells to the culture plate. (E) GSP-H treated cells lack 150 kDa
band, which might be the band of a target protein of GSP-H. This
result was highly reproducible (n = 3, exp 1-3).

and PB-2 (data not shown). Again molecules with a
molecular size or length similar to that of GSP-H
may be required to induce this response.

2.3. FceRI-induced activation of Syk, PLCy1, and PLCy2
is not inhibited by GSP-H

The effects of GSP-H on the FceRI-mediated tyrosine
phosphorylation of several key molecules were investigat-
ed to clarify the influence of the proanthocyanidins on
mast-cell signaling. After RBL-2H3 cells were sensitized
with IgE (0.5 pg/ml) overnight, the cells were treated with
GSP-H and then stimulated with Ag for the indicated
time. The Syk proteins were phosphorylated, reaching
the maximal phosphorylation 5-15min after FceRI
aggregation. The level of phosphorylation of the Syk pro-
teins in GSP-H treated cells was similar (Fig. 4A).

We also examined the tyrosine phosphorylation of
PLCyl and PLCy2, which leads to the formatlon of
IP3 and DAG, resulting in an increase in [Ca>*]i and
the activation of PKC. Like Syk, PLCy2 reached the
maximal phosphorylation 5-15 min after Ag stimulation
as shown in Figure 4A. The antigen triggered (DNP3¢-
HSA, 0.2 pg/ml) PLCy2 phosphorylation was not affect-
ed by GSP-H. No detectable changes in PLCyl were
observed between the control and GSP-H-treated cells.
These findings indicate that GSP-H act on signaling
pathway downstream of PLCy.

2.4. Effect of GSP-H on Fak, paxillin, and cofilin

We next investigated the effects of GSP-H on cytoskeletal
related proteins. Fak is a non-receptor tyrosine kinase
that co-localizes with integrins that bind to extracellular
matrix proteins, such as fibronectin and laminin. Hama-
wy and co-workers reported that FceRI cross-linking re-
sults in the tyrosine phosphorylation of Fak.?”?% In the
present study, the phosphorylation of Fak was examined
in the presence and absence of GSP-H. Fak was partly
phosphorylated in adherent RBL-2H3 cells and the phos-
phorylation of Fak increased immediately after FceRI
aggregation. The difference in the level of Fak phosphor-
ylation between the control and GSP-H treated cells in-
creased only after 30-min Ag stimulation. GSP-H
inhibited by 40% Fak (Tyr*’) phosphorylation 30 min
after Ag stimulation (Fig. 4B).

We then investigated paxillin, which associates with Fak
and links to actin filaments. Paxillin is a protein that asso-
ciates with Fak at focal adhesion sites and is phosphory-
lated after FceRI aggregation.?® Within 5Smin of
aggregation of FceRI, the highest level of phosphoryla-
tion was observed, after which the phosphorylation of
paxillin gradually decreased to baseline levels (Fig. 4B).
When RBL-2H3 cells were treated with GSP-H, the phos-
phorylation of paxillin was partially impaired from 5 to
30 min after Ag stimulation. The maximum phosphoryla-
tion of paxillin in the GSP-H treated cells was two-thirds
that of the control (band intensity, 15.4 vs 22.8).

To clarify functions of GSP-H, which shows a protec-
tive effect on degranulation, the activation of cofilin
was finally investigated. Cofilin regulates actin remodel-
ing, associated with IgE-induced mast-cell degranula—
tion. Cofilin was phosphorylated at the Ser® site in
resting cells, and the activation of FceRI resulted in
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Figure 4. Effect of GSP-H on IgE-mediated signaling. (A) FceRI-induced activation of Syk, PLCyl, and PLCy2 is not inhibited by GSP-H. RBL
cells were sensitized with IgE (0.5 pg/ml) overnight and then incubated with DNP3,-HSA (0.2 pg/ml) for the indicated time (0.5, 5, 15, or 30 min)
after GSP-H (50 pg/ml) or buffer treatment for 10 min. Cold lysis buffer was added to the cells in a 10-cm culture dish to prepared cell lysates. For Syk
phosphorylation, cell lysates were immunoprecipitated with anti-Syk (N-19), followed by protein A—agarose at 4 °C under gentle rotation. The
immunoblot was probed with anti-phosphotyrosine Ab (4G10). For the phosphorylation of PLCyl and PLCy2, immunoblots were prepared from
whole cell lysates and probed with polyclonal anti-PLCy1 (Tyr’®) and PLCy2 (Tyr'?'7). These results are representative of three experiments, all of
which yielded similar results. (B) Effects of GSP-H on Fak, paxillin, and cofilin. The inhibition of FceRI-induced activation of adherent-related
molecules by GSP-H was analyzed by immunoblotting using anti-phosphospecific Fak (Tyr*’), Paxillin (Tyr''®), and cofilin (Ser’). The same cell
lysates were probed with Abs against Fak, paxillin, and cofilin to show an equal amount of proteins in each lane. The experimental procedures were
the same as those described in A. These results are representative of three experiments. Fak and paxillin become active when phosphorylated. Cofilin

becomes active when dephosphorylated.

the dephosphorylation of cofilin within 5 min, which was
active. The phosphorylation of cofilin recovered rapidly.
GSP-H markedly inhibited the dephosphorylation of
cofilin induced by FceRI aggregation as shown in Figure
4B (third panel). The band intensity of phosphorylated
cofilin after 5 min-Ag stimulation changed from 8.9 in
the control cells to 18.7 in the GSP-H treated cells.
Dephosphorylated cofilin increases the turnover of actin
filaments?® and activates actin-depolymerizing/severing
abilities.”! Holst et al. demonstrated that the peak rate
of Ag-induced granule mediator release was 2.5 min.3°
Our result of cofilin activation is consistent with this re-
port. Active cofilin has actin-depolymerizing/severing
activity, and activated cofilin depolymerizes and severes
F-actin. In addition, cofilin promotes actin polymeriza-
tion.3! New polymerizing nuclei form after being severed
by active cofilin. The data presented here specifically sug-
gest that activated cofilin induces actin depolymeriza-
tion, severing, and polymerization, all of which result
in membrane ruffling. Mast-cell degranulation through
FceRI aggregation is associated with membrane ruffling,
which is the result of dynamic actin remodeling. Grape-
seed procyanidins (GSP-H) may inhibit membrane ruf-
fling by inactivating cofilin, resulting in the suppression
of degranulation.

2.5. Effects of GSP-H on FceRI-induced remodeling of
the actin cytoskeleton

To investigate the link between mast-cell degranulation,
actin remodeling, and the molecular structure of GSP,

RBL-2H3 cells were sensitized with IgE (0.5 pg/ml)
overnight and treated with either GSP-H or GSP-L be-
fore FceRI aggregation. F-actin of permeabilized RBL-
2H3 cells was stained with Texas red-labeled phalloidin
to visualize the actin cytoskeleton.

F-actin was located exclusively around the cell periphery
in resting cells (Fig. 5, blank). FceRI aggregation in-
duced membrane ruffling on the dorsal surface within
Smin (Fig. 5, Ag). By contrast, GSP-H treated cells
showed different morphological changes on the dorsal
surface of the cells after Ag stimulation (Fig. 5, GSP-
H + Ag); Although actin remodeling occurred, mem-
brane ruffling was markedly inhibited and large actin
plaques formed on the dorsal surfaces of the cells as
shown in Figure 5. Similar large actin plaque formation
(actin accumulation) in localized areas was observed
when cells were stimulated with GSP-H alone (Fig. 5,
GSP-H), which indicates that GSP-H itself induces this
actin remodeling different from that in the control cells.
GSP-L-treated cells (Fig. 5, GSP-L) and cells treated
with the dimeric procyanidins (PA-1, PA-2, and PB-2;
data not shown) did not show any morphological chang-
es. Given the results in Figure 3, the attachment of GSP-
H to the 150 kDa-protein on the surface of RBL-2H3
cells might trigger actin remodeling to form the large
plaques observed in these cells.

Apple proanthocyanidins are known not to have a gallate
moiety.3>33 By contrast, grape-seed proanthocyanidins
do have gallate moieties. Grape-seed proanthocyanidins
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Figure 5. The inhibition of IgE-induced membrane ruffling by GSP-H.
RBL-2H3 cells were sensitized with IgE (0.5 pg/ml) overnight. After
being treated with GSP-H (50 pg/ml) at 37 °C for 10 min, the cells were
stimulated with DNP3,-HSA (0.2 pg/ml) at 37 °C for 5 min. After Ag
stimulation, the cells were fixed, permeabilized, and stained with Texas
red-labeled phalloidin (F-actin). blank, no stimulation; Ag, DNP3(-
HSA stimulation alone; GSP-H + Ag, DNP3,-HSA stimulation after
GSP-H treatment; GSP-H alone, GSP-H treatment alone. The F-actin
was located around the cell periphery in resting cells (blank). FceRI
aggregation induced membrane ruffling and the actin remodeling was
observed (Ag). FceRI-induced membrane ruffling was impaired by
GSP-H (GSP-H + Ag). GSP-L resulted in no morphological changes
(GSP-L). The arrow indicates F-actin accumulation.

GSP-H+Ag

exhibited a similar effect on degranulation as apple pro-
anthocyanidins.'? This suggests that the gallate moiety
might not be involved in the inhibition of exocytosis in
mast cells. Furthermore, longer procyanidins such as
GSP and GSP-H may be required to induce this activity.

Because there is no evidence for GSP absorption in cir-
cular, potential of GSP to mast cells in vivo still remains
unclear. However, GSP binds to target molecules and
these molecules are most likely on the cell surface. Pro-
anthocyanidins would have a wide variety of three-
dimensional conformations because of their complexity.
However, only compounds that have a specific confor-
mation would exert a biological activity like that ob-
served here at a lower concentration.

There was no evidence to suggest that GSP-H has cyto-
toxicity in the in vitro study at any concentration
between 12.5 and 100 uM (data not shown). Safety stud-
ies have revealed that the GSP we used in the present
study has no acute or subchronic oral toxicities or any
mutagenicity.>* Thus, GSP-H could be a potential agent
against various diseases including allergy.

3. Conclusion

In conclusion, the present study demonstrated novel and
important findings. Polymeric proanthocyanidins are
predicted to form a helical structure with externally ori-
ented B-rings. Only polymeric GSP-H (ca. 38 A long)
inhibits mast-cell membrane ruffling and degranulation.

Monomeric epicatechin and the dimeric procyanidins
A-1, A-2, and B-1 have no effect on the ruffling and
exocytosis. The present study strongly indicates that
GSP-H may bind to a specific molecule (ca. 150 Da)
on the cell surface of RBL-2H3 cells.

4. Experimental
4.1. Characteristics of GSPs

Proanthocyanidins were extracted from grape (Vitis
vinifera L.) seeds with water and ethanol, and highly
purified (GSP, >99% polyphenols, >94% procyanidins,
and 5% monomers; brown powder) as described else-
where.3* The purity of GSP was determined by the van-
illin-HCI method of Broadhurst and Jones.*> The mean
degree of polymerization was estimated as seven
(mDP = 7) using thiolysis and the '*C NMR (Brucker
digital NMR AVANCE 500, 125 MHz) method de-
scribed by Porter and Newman.® The acid hydrolysis
of GSP (40 mg) was done using 5% HCI in n-BuOH at
100 °C for 2 h (data not shown). Electrospray ionization
mass analysis revealed that GSP contained gallate moi-
ety. MALDI-TOF mass analysis showed that the degree
of polymerization ranged up to 15 was observed (data
not shown). The proanthocyanidins were separated into
two fractions, GSP-H (N =10) and GSP-L (N = 3),
using a membrane filter (Millipore, Billerica, MA).
The three procyanidins used in the present study were
from the same batch.

4.2. Calculation

The structure of a nanomeric procyanidin was optimized
by a conformational search in aqueous conditions
(MacroModel ver. 8.1, Schrodinger Inc., Jersy City,
NIJ; MonteCarlo; AMBER force field). The global min-
imum-energy conformation of the nanomeric procyani-
din was calculated from 10,000 initial conformations.

4.3. Reagents

Fluo-3 AM was purchased from Dojindo Laboratories
(Kumamoto, Japan). Calcium calibration buffer was ob-
tained from Molecular Probes, Inc. (Eugene, OR).
Thapsigargin (Tg), human dinitrophenyl human serum
albumin (DNP3,-HSA), anti-DNP monoclonal IgE anti-
body (clone SPE-7), and protease-inhibitor cocktail
were obtained from Sigma (St. Louis, MO). Fetal bo-
vine serum (FBS) was obtained from Invitrogen (Carls-
bad, CA). All of the chemicals used in these experiments
were of the highest grade. The PIPES buffer consisted of
140 mM NaCl, 5SmM KCIl, 0.6 mM MgCl,, 1 mM
CaCl,, 5.5 mM glucose, 0.1% (w/v) BSA, and 10 mM
PIPES (pH 7.2).

4.4. Antibodies

The monoclonal anti-phosphotyrosine (4G10), anti-Fak
(clone 4.47), and anti-phospho-Fak (Tyr*?) used in the
immunoblotting analysis were purchased from Upstate
Biotechnology (Lake Placid, NY). Anti-Syk (N-19),
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anti-PLCyl (1269), and anti-PLCy2 (Q-20) were ob-
tained from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies for phospho-ERK, phospho-JNK,
phospho-p38, phospho-PLCyl (Tyr’ 32, phospho-
PLCY2 (Tyr'?'7), phospho-paxillin (Tyr''®), and phos-
pho-cofilin (Ser®) were obtained from Cell Signaling
(Beverly, MA).

4.5. Cell culture

RBL-2H3 cells were maintained in culture in Dulbecco’s
Modified Eagle’s medium supplemented with 10% (v/v)
heat-inactivated FBS, 10 mM HEPES buffer, and peni-
cillin-streptomycin—glutamine at 37 °C in a humidified
5% CO, incubator.

4.6. Hexosaminidase assay

The activity of B-hexosaminidase was measured using
the method described by Akasaka et al.’’ Briefly,
RBL-2H3 cells were preincubated overnight at 37 °C
in a 24-well tissue-culture plate (3 x 10° cells/well). The
supernatant was discarded after sensitization with anti-
DNP3-IgE for 1 h at 37 °C. The cells were then washed
three times with PIPES buffer. Next, 400 pl of the sam-
ple solution was added to the cells, which were incubat-
ed for 10 min at 37 °C. Finally, 100 pl of DNP3;-HSA
(0.2 pg/ml) was challenged, and the cells were incubated
for 40 min at 37 °C. A 200-ul sample of citrate buffer
containing p-nitrophenyl-2-acetamide-2-deoxy-f-gluco-
pyranoside was added to 50 pl of the supernatant, and
the mixture was then incubated at 37 °C for 60 min.
The reaction was terminated by the addition of 500 pl
of cold glycine (pH 10.0) followed by measurement of
absorbance at 405 nm. To quantify the enzyme activity
in the cells, 100 ul of 0.2% (v/v) Triton X-100 was added,
and the extract was analyzed as described above.

4.7. Ear-swelling response in Balb/c mice

The ear-swelling response was tested in Balb/c mice
(SLC, Japan) in order to determine the effects of GSP-
H on the immediate-hypersensitivity reaction. Briefly,
hybridoma cells (IGELa2 from ATCC TIB142) were
injected subcutaneously into the back of the neck of
each animal. After 10 days, the ear thickness was mea-
sured using an upright thickness gauge (Ozaki MFG,
Japan). The ear-swelling response was then initiated by
picryl-chloride challenge to the ventral side of the neck.
Ear thickness was measured 1h after the addition.
Ketotifen (0.2 mg/mouse) was used as a positive control.
GSP-H (10 mg/mouse) was orally administered to the
mice before antigen stimulation.

4.8. Measurement of intracellular calcium concentration

RBL-2H3 cells were suspended at a concentration of
2% 10° cells/ml and sensitized with IgE (1 pg/ml) for
30 min at 37 °C. The cells were then loaded with fluo-3
(5 uM) for 15 min at room temperature. After washing
three times with PIPES bulffer, the cells were resuspend-
ed (1 x 10° cells/ml) and treated with GSP-H. The intra-
cellular calcium concentration ([Ca**]i) was measured in

a cuvette with stirring at 37 °C using a Hitachi F-2500
spectrofluorophotometer. [Ca>']i was estimated using
the method described by Grynkiewicz et al.®

4.9. Immunoblotting and immunoprecipitation

The IgE-sensitized RBL-2H3 cells cultured on 10-cm
dishes were washed with PBS and incubated for
10 min in PIPES buffer in the presence or absence of
GSP-H and GSP-L. After DNP3,-HSA challenge, the
RBL cells were incubated for 0.5, 5, 15, or 30 min at
37 °C. The cells were then washed with cold PBS three
times, followed by the addition of ice-cold lysis buffer
containing 1% Triton-X100, 150 mM NaCl, 1 mM sodi-
um orthovanadate, 100 mM NaF, 1 mM EDTA, and
protease-inhibitor cocktail. The cell lysates were either
analyzed directly using SDS-PAGE or immunoprecipi-
tated prior to analysis. Isolated proteins were trans-
ferred to PVDF membranes (ATTO, Japan), which
were visualized using colorimetric-blotting substrates
(Bio-Rad, Carlsbad, CA). Immunoprecipitation was
carried out on the lysates. The cell lysates were incubat-
ed with 3-6 pg of a specific primary antibody at 4 °C
overnight under gentle rotation and then with protein
A-agarose (Santa Cruz, CA) or protein G-Sepharose
(Amersham Biosciences, Piscataway, NJ) at 4 °C for
1 h under gentle rotation. For biotin staining, after
treatment with GSP samples for 10 min at room temper-
ature, 0.2 pg/ml DNP-HSA was added to RBL-2H3 cells
seeded in a 10 cm-dish and incubated for appropriate
time of 30 min. After washing the cells three times with
cold DPBS to remove any contaminating proteins, 5 mg
of sulfo-NHS-LC-biotin/10 ml DPBS (pH 8.0) was add-
ed to the cells in each dish, which were then allowed to
stand at room temperature for 30 min. The cells were
washed three times with cold DPBS to remove any
remaining biotiylation reagent and cell lysates were pre-
pared. The band intensities on immunomembranes were
measured using Scion Image software ver. 4.02 (Scion
Corp, Frederick, Maryland).

4.10. Cell adherent test

A cell suspension (5 x 10° cells/ml) was seeded on a 75-
ml plate and cultured for 18 h in the absence and
presence of GSP-H. Live and dead cells were counted
to determine adherent cells.

4.11. Immunofluorescence staining of the actin
cytoskeleton

RBL cells treated with or without GSP-H were fixed in
3.7% formaldehyde for 10 min and then permeabilized
with 0.2% Triton X-100 for 5 min. After blocking with
5% bovine serum albumin (BSA), the cells were stained
with Texas red-labeled phalloidin for F-actin staining
and Hoechst 33342 for nuclear staining. Finally, the
cells were washed with PBS three times and MilliQ water
two times, and then mounted onto coverslips using
mounting media (ProLong Antifade Kit; Molecular
Probes Inc.). The cells were observed using a fluores-
cence microscope (Olympus IX-71, Japan) equipped
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with oil immersion 60x objective lenses, coupled with a
cooled CCD camera (Olympus, DP70, Japan).
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Abstract—(R)- and (S)-Goniothalamin (1) and analogues 2-9 were efficiently prepared in high overall yield and enantiomeric purity,
and their cytotoxic activities were evaluated against eight human cancer cell lines. A structure—activity relationship study (SAR)
allowed us to establish the relevant structural features for the cytotoxic activity of goniothalamin analogues. In addition, we have
identified non-natural form of goniothalamin (S)-1 and analogue 5 as the highest and more selective cytotoxic compounds against
kidney cancer cell growth (786-0) with ICsy = 4 and 5 nM, respectively, and compound 8 (ICsy = 4 nM) as the more potent against
breast cancer cells with resistance phenotype for adryamycin (NCI.ADR).

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Small exogenous molecules can exert powerful effects on
cell functions making them useful for understanding life
processes and treating life-threatening diseases. In the
center of such scientific endeavor is the molecule which
needs to be made. A lead structure may be inspired
either from nature (target-oriented approach) or from
diversity-oriented synthesis. In both cases, an additional
dimension is provided by the chirality of the compounds
which may significantly influence the biological activity
of such chemical entities.

The styryl-lactones are a group of secondary metabolites
commonly isolated from the genus Goniothalamus,! and
recent studies have demonstrated that these compounds
display cytotoxic and antitumor properties.>”’ Among
them, (R)-goniothalamin (1) (Fig. 1) has shown in vitro
cytotoxic effects especially by inducing apoptosis on dif-
ferent cancer cell lines [cervical carcinoma (Hela), gastric
carcinoma (HGC-27), breast carcinoma (MCF-7, T47D,
and MDA-MB-231), leukemia carcinoma (HL-60), and
ovarian carcinoma (Caov-3)].%%'2 This cytotoxic activity
was observed on cancer cell lines but was shown to be

Keywords: (R)- and (S)-Goniothalamin; Styryl lactones; Cytotoxic

activity; Cancer cell lines.
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(R-Goniothalamin [(R)-1]

Figure 1. Structure of (R)-goniothalamin [(R)-1].

minimal on non-malignant cells. In vivo studies have
shown that (R)-1 displays tumoricidal and tumoristatic
effects on Sprague—Dawley rats with 7,12-dimethylbenz-
anthracene (DMBA )-induced mammary tumors.!3> We
have previously reported on the cytotoxic activity of
(R)-goniothalamin (1) against eight different human can-
cer cell lines.'* Previous studies about the mechanism of
action of (R)-1 showed that this compound induces apop-
tosis in Jurkat T-cells and MCF-7 cells by activation of
caspases-3 and -7.%11:12 Subsequent studies with HL-60
cells demonstrated that (R)-1-induced apoptosis occurs
via the loss of mitochondrial membrane potential
(Aym) and activation of initiator caspase-9.° Chien'!
and Azimahtol'? showed that (R)-1 was able to modulate
the Bax expression increasing pro-apoptotic protein
(Bax) levels without affecting the anti-apoptotic Bcl-2
expression. It was also demonstrated in vivo that p53 tu-
mor suppressor protein accumulation was more pro-
nounced in rat tumor treated with (R)-1.!* In spite of
biological activities exhibited by (R)-1, no studies on the
cytotoxic activity of its enantiomer, (S)-goniothalamin
[(S)-1] or derivatives have been reported yet.
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Figure 2. The p-oxo bis (binaphthoxy)(isopropoxy)titanium complexes
(5.,5)-A developed by Maruoka and co-workers.?>

Several asymmetric syntheses of (R)-1 have been pub-
lished,'>?! including the non-natural enantiomer, (S)-
1.2224 Recently, we have reported a highly enantioselec-
tive synthesis of (R)-1 in three steps, 73% overall yield
and 96% enantiomeric excess from trans-cinnamalde-
hyde (2).'%!” This methodology was employed to pro-
vide (S)-1 and analogues (S)-2 to (S)-9 to evaluate
their cytotoxic activity on various cancer cell lines and
to carry out a structure-activity relationship (SAR)
study aiming to identify the pharmacophoric groups.
Bis(binaphthoxy)(isopropoxy)titanium oxide catalysts
(R,R)- or (S,5)-A (Fig. 2), described by Maruoka and
co-workers?>26 for the enantioselective allylation of cin-
namaldehyde, were employed for the total syntheses of
(R)- and (S)-1, respectively.!6->*

2. Results and discussion

Since it is well known that different cell lines display dif-
ferent sensitivities toward a cytotoxic compound, in the
present study we have used cell lines of various histolog-
ical origin {MCF-7 (breast), NCI.ADR (breast express-
ing the resistance phenotype for adryamycin), NCI.460
(lung, non-small cells), UACC.62 (melanoma), 786-0
(kidney), OVCARO3 (ovarian), PCO.3 (prostate), and
HT-29 (colon), which were grown in vitro [cell lines were
kindly provided by Frederick MA, National Cancer
Institute/USA]} for the initial evaluation of the cytotox-
icity of (R)- and (S)-goniothalamin [(R)- and (S)-1]. Cell
proliferation was determined by spectrophotometric as-
say using sulforhodamine B as protein-binding dye.?” 2°
(R)- and (S)-1 were used at 0.25-250 pg/mL and doxoru-
bicin (DOX, at the same concentration range), as posi-
tive control (see Section 4 for details). Concentration
that elicits 50% inhibition of cell growth (ICsq) was
determined after 48 h of cell treatment.

Both enantiomers of goniothalamin (1) displayed anti-
proliferative activity in a concentration-dependent way
against the cancer cell lines tested (Fig. 3). ICso (uM) for
(R)- and (S)-1 as well as DOX are summarized in Table 1.

It is noteworthy that goniothalamin (1) enantiomers dis-
played higher potency against 786-0 cell line (kidney tu-
mor) and NCIL.ADR (breast expressing the resistance
phenotype for adryamycin) than DOX. While for breast
resistant cancer cell line (NCI.ADR), (R)-1 showed to be
10 and 20 times more powerful than (S)-1 and DOX,
respectively, for kidney cells (786-0), we found (S)-1
(IC50 =4 nM) to be 1, 600-fold more potent than (R)-1
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Figure 3. Percentage growth of cancer cells for 48 h with different
concentrations (0.25, 2.5, 25, and 250 pg/mL) of (R)- or (S)-gonio-
thalamin [(R)- or (S)-1]. A, (S)-goniothalamin [(S)-1]; B, (R)-gonio-
thalamin [(R)-1]. Positive values in relation to y axis correspond to
cytostatic activity, while the others refer to cytotoxic activity of
compounds analyzed. The experiments were done in triplicate as
described in Section 4 using a panel of NCI human tumoral cells.

(ICs50 = 6.4 uM). Additionally, the ICsy values for (S)-1
against ovarian (OVCARO3) and prostate (PCO.3) were
lower than the ones found for natural goniothalamin
[(R)-1]. Additionally, both enantiomers presented simi-
lar ICsq values for breast cancer cell line (MCF-7) with
natural goniothalamin [(R)-1] being two times more po-
tent than (S)-1 against lung (NCI.460) and colon (HT-
29) cancer cell lines and slightly more active for melano-
ma (UACC.62).

The extremely high antiproliferative activity (Table 1)
and selectivity (Fig. 3A) presented by (S)-1 for 786-0 cell
line (ICsp 4 nM) prompted us to synthesize analogues 2—
9 (Fig. 4) to identify the pharmacophoric groups respon-
sible for this activity.

The synthesis of 2 was carried out from (S)-1 by selective
reduction of the conjugated double bond of the pyra-
none ring using Stryker’s reagent [(Ph;P)CuH]¢** 33 in
benzene (63% yield, Scheme 1), while catalytic hydroge-
nation (10% Pd/C, 1 atm of H,) provided 3 in 79% yield

(Scheme 1).

Maruoka’s catalyst [(S,S)-A] also performed well in the
asymmetric allylation of substituted aromatic and ali-
phatic aldehydes 11-16 thus extending the scope of this
methodology (Table 2). As observed in Table 2,
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Table 1. ICs, values, given in uM, for (R)- and (S)-goniothalamin [(R)- and (S)-1] and doxorubicin (DOX) necessary for inhibiting tumor cell

proliferation®
Compound MCF-7 NCI.ADR NCI.460 UACC.62 786-0 OVCARO03 PCO.3 HT-29
(R)-(1) 10.5 23 6.4 6.4 39.0 >100 11.2
(S)-(1) 9.4 23.5 14.6 0.004 17.0 24.3 22.5
DOX® 33 48.7 1.8 >100 11.7 18.6 53

# Concentration that elicits inhibition by 50% of cell growth (ICs) was determined from non-linear regression analysis using the GraphPad Prism

software (12 > 0.9).
® Doxorubicin (DOX) was the positive control.
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Figure 4. Structures of analogues 2-9 of (S)-goniothalamin [(S)-1].

Pth CuH]g, CeHe, Pd-C (10/ ), EtOH,
20 min (63%) rt (79%).

S)-goniotalamin [(S) (S)-3

OaN ® F Q)

Scheme 1. Syntheses of analogues 2 and 3 from (S)-goniothalamin

((5)-1].

Table 2. Total syntheses of (S)-goniothalamin [(S)-1] and analogues 4-9

excellent enantiomeric excesses were observed in all
cases. While the presence of electron-withdrawing
groups in the aromatic ring did not affect either the yield
or the enantiomeric excess in the allylation reaction (en-
tries 3 and 4, Table 2), electron-donating groups as in
aldehydes 14 and 15 slowed down the reaction rate
probably due to additional complexation sites for the
catalyst and only provided good yields (61-79%) when
20 mol% of (S,S)-A was employed. However, similar
enantioselectivity in the allylation reaction was observed
when 10 or 20 mol% (entries 5 and 6, Table 2) of (S,S)-A
was used. Aldehyde 16 furnished the corresponding
homoallylic alcohol in excellent enantiomeric excess
and good yield (entry 7, Table 2).

The next step involved acylation of homoallylic alcohols

17-23 with acryloyl chloride and ring closing metathesis
reaction catalyzed by Grubbs’ ruthenium complex

o o)

a OH b OM c o |
e O U — .

(10-16) (17-23) (24-30) [(S)-1 and 4-9]
Entry R Product (yield, enantiomeric excess)
Step a Step b Step ¢
N
1 m 17 (94%, 96% ee)® 24 (80%) (S)-1 (98%)
2 m 18 (98%, 99% ee)° 25 (86%) 4 (99%)
X
3 (12) 19 (94%, 95% ee)® 26 (89%) 6 (77%)
O,N
X
4 (13) 20 (82%, 96% ee)® 27 (85%) 7 (88%)
F
X
5 (14) 21 (61%", 94% ee)® 28 (84%) 8 (78%)
MeO
o) A
6 < (5) 22 (79%", 92% ee)® 29 (79%) 9 (80%)
7 W 23 (64%, 99% ee)® 30 (85%) 5 (94%)

Reagents and conditions: (a) (S,S)-A [(S)-BINOL (10 mol%), Ti(O'Pr), (15 mol%), TiCl, (5 mol%), Ag,0O (10 mol%)], allyltributyltin (1.1 equiv),
CH,Cl,, —20°C, 24 h; (b) acryloyl chloride (1.8 equiv), Et3N (3.6 equiv), CH,Cl,,

CH,CL,.
420 mol% of (S,S)-A was used.

0°C; (c) Grubbs’ catalyst [(PCy3),ClLRu=CHPh] (10 mol%),

®The enantiomeric excess was determined by chiral GC analysis (CP-Chirasil-Dex-CB) or 'H NMR or '°’F NMR analysis of the correspondent

Mosher esters derived from alcohols 17-23 (see Supplementary Material for details).
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Table 3. ICs, values, given in uM, for analogues 2-9 and doxorubicin (DOX) necessary for inhibiting tumor cell proliferation®

625

Compound MCEF-7 NCIL.ADR NCIL.460 UACC.62 786-0 OVCARO3 PCO.3 HT-29
2 12.5 0.1 11.0 5.5 19.0 3.5 >100 8.5
3 >100 >100 >100 >100 >100 >100 >100 1.9
4 20.0 6.0 18.3 23.7 20.8 16.3 20.8 28.7
5 4.8 19.4 16.5 24 0.005 1.5 15.5 >100

6 16.5 11.2 273 13.0 2.2 9.4 26.5 9.4
7 14.4 18.7 53.2 23.8 9.6 26.1 243 34.8
8 6.5 0.004 16.9 5.9 7.4 20.8 14.8 28.2
9 40.1 23.7 38.1 26.8 319 24.6 21.7 23.7
DOX" 33 48.7 1.8 9.8 >100 11.7 18.6 5.3

# Concentration that elicits inhibition of 50% of cell growth (ICsp) was determined from non-linear regression analysis using the GraphPad Prism

software (° > 0.9).
®DOX was employed as positive control.

PhCH=RuCl,(PCy3),** (Table 2). This approach fur-
nished analogues 4-9 in 3 steps, good overall yields
(40-83%) and enantiomeric excesses (92-99% ee): (R)-
or (S)-1 (73%, 96% ee), 4 (83%, 99% ee), 5 (51%, 99%
ee), 6 (64%, 95% ee), 7 (61%, 96% ee), 8 (40%, 94%
ee), and 9 (50%, 92% ee). At this point, our efforts were
directed to evaluate the antiproliferative activity of 2-9
against the cancer cell panel described above (see Sec-
tion 4 for details). ICsy values (uM) for analogues 2-9
and DOX are summarized in Table 3.

(S)-1 was 4, 750- and 5200-fold more potent in inhibit-
ing proliferation of kidney cancer cells (786-0) than
analogues 2 and 4, respectively (Tables 1 and 3).
Remarkably, (S)-5 with a cyclohexyl substituent con-
served the same cytotoxic activity as (S)-goniothalamin
(1) against kidney cancer cells (786-0) being active at
the nanomolar level (ICsy = 5 nM). No antiproliferative
activity was found for analogue 3 under our experi-
mental conditions. These results demonstrated that
the endo and exo double bonds in the pyranone ring
are essential for the activity of (S)-1 against kidney
cancer cell line (786-0). It is noteworthy that analogues
(S5)-2, (S5)-3, and (S)-4 lacking either one or both dou-
ble bonds had much lower activity than (S)-1. Recent-
ly, the importance of the E-configuration of the styryl
moiet in (R)-1 for its antiproliferative activity was
shown!4 and the o,B-unsaturated lactone group has al-
ready been implicated in the biological activity of other
natural lactones such as cytostatin® and fostriecin.3®
This behavior is most probably due to its possible role
as a Michael acceptor for nucleophilic amino acid res-
idues (cysteine, lysine, serine or threonine) present in
the natural receptors which interact with these
compounds.

Interestingly, (R)-2 and (R)-3 were shown to be the main
metabolites detected and identified in urine and blood
samples of (R)-1-treated Sprague-Dawley rats thus sig-
naling the double bond reduction in (R)-1 as a potential
detoxification route by this species.’” Moreover, the re-
sults obtained from the treatment of kidney cancer cells
with pyranones (S)-5 to (S)-9 demonstrated that elec-
tron-donating or electron-withdrawing groups in the
aromatic ring decreased their potency when compared
to (S)-1. Overall, the findings for kidney cancer cell line
(786-0) suggest that aromatic ring or cyclohexyl in (S)-1

Critical for activity

Michael acceptor:
essential for activity

Hydrophobic tail
binding to substrate

Absolute S configuration
is essential
Goniothalamin (1)
Figure 5. Pharmacophoric groups of goniothalamin (1) identified by
their cytotoxic activity against kidney cancer cell line (786-0).

and (S)-5, respectively, likely interacts with a hydropho-
bic domain of a biomolecule present in the cancer cell
since these compounds were shown to be the most active
in inhibiting cell proliferation at nanomolar concentra-
tions. From all these results, we have identified the phar-
macophoric groups of goniothalamin (1) as presented in
Figure 5.

Even though the most expressive activity of (S)-gonio-
thalamin [(S)-1] was against kidney cancer cells, very
promising results were also obtained for other cancer
cell cultures. All analogues evaluated in this study were
more potent than DOX against breast expressing the
resistance phenotype for adryamycin (NCI.ADR), par-
ticularly compound (5)-8 which displayed ICsy = 4 nM.
For melanoma cell line (UACC.62), (R)-1 was more po-
tent than (S)-1, although analogues (5)-2, (S)-5, and (S)-
8 were 3-, 7- and 3-fold more potent, respectively, than
(R)-1 (Tables 1 and 3). For breast cancer cells (MCF-
7), the substitution of the aromatic group for a cyclohex-
yl group (compound 5) or the addition of a 4-OMe
group in the aromatic ring [compound (S)-8] enhanced
the potency originally displayed by (S)-1. Similarly,
compounds (S)-5 and (S)-8 were more potent than (S)-
1 and significantly more than (R)-1 in inhibiting prostate
cancer cell (PCO.3) proliferation (Tables 1 and 3). In the
case of ovarian cancer cells (OVCARO03), the analogues
2 and 5 were 5- and 7-fold more potent than (S)-1,
respectively, while colon cancer cells (HT-29) were more
sensitive to analogue (S)-3 [ICso = 190 nM]. As to the
cytotoxic activity against lung cancer cell line
(NCI.460), none of the compounds evaluated displayed
better activity than (R)-1 (Tables 1 and 3). In our stud-
ies, doxorubicin (DOX, an anticancer drug used as a po-
sitive control with ICsy=9.8 uM) presented lower
activity for melanoma cancer cells (UACC.62) than ana-
logues (S)-Z [IC50 =5.5 H.M], (S)-S [IC50 =24 HM], and
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()-8 [IC50 =5.9 uM]. On ovarian cancer cells (OV-
CARO03), the analogues (S)-2 [ICso=3.5uM], (S)-5
[ICs0 = 1.5 uM], and (S)-6 [ICsy = 9.4 uM] were more
potent than DOX [ICso = 11.7 uM], while roughly the
same values were observed for compounds (S)-5 and
(S)-8 for prostate cancer cells (Table 3).

Analogues (S)-2 and (S)-3 presented very low antiprolif-
erative activity, independently of the cancer cell line
when compared with (R)- or (S)-1. Since the difference
in the kidney cancer cell (786-0) viability was greatest
for (R)- or (S)-1 and analogue (S)-2, we have taken
phase-contrast microscopic pictures from 786-0 cells
treated with (R)- or (S)-1 or analogue (S)-2 for 48 h
(Fig. 6).

As shown in Figure 6A, untreated kidney cancer cells
(786-0) exhibited typical growth patterns. After 48 h,
significant morphological modifications were observed
for 786-0 cancer cells treated with (R)- or (S)-1 at
2.5 ug/mL (Figs. 6B and C). Under these conditions,
(R)-1 caused decrease of cancer cell growth by 43%,
while (S)-1 triggered 100% of death (Fig. 6B, arrows
‘a’). At 2.5 pg/mL of (R)-1, cancer cells came about to
present irregular shape with lamellipodia elongation
and many detached cells (Fig. 6C, arrows ‘b’). The
apparent lamellipodia elongation of the (S)-1-treated
cells may have led to the disruption of cell adhesion
and consequent cell detachment from the substratum
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as from their neighbors. Moreover, at 250 pg/mL, the
analogue (S)-2 only inhibited the growth of kidney can-
cer cells (786-0) by 9% (Fig. 6D) and similar morpholog-
ical features are observed between untreated and treated
cells (Figs. 6A and D). Overall, our results show that
o,B-unsaturated lactone group is essential for antiprolif-
erative activity observed for (S)-1.

3. Conclusion

In conclusion, we have applied our previously described
approach to (R)-goniothalamin (1) to the preparation of
(S)-goniothalamin (1) and analogues (S)-2 to (S)-9 in
high overall yields and enantiomeric purities. Our stud-
ies demonstrated that Maruoka’s catalyst (S,S)-A was
efficient for the stereoselective addition of allyltributyl-
tin not only to aromatic aldehydes 11-15 related to
trans-cinnamaldehyde but also to aliphatic aldehyde
16. In addition, we have identified (S)-1 and analogue
(S)-5 as the highest and more selective cytotoxic com-
pounds against kidney cancer cell growth (786-0) with
IC50 =4 and 5 nM, respectively, and compound (S)-8
(IC50 =4nM) as the more potent against breast
cancer cells with resistance phenotype for adryamycin
(NCILADR). A structure-activity relationship study
(SAR) allowed us to establish the relevant structural
features for cytotoxic activity of goniothalamin ana-
logues. Studies are underway to prepare and evaluate
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Figure 6. Morphological observation of kidney cancer cell line (786-0) after administration of (R)-, (S)-goniothalamin [(R)- or (S)-1] or analogue 2.
A, Confluent untreated 786-0 cells at 48 h showed normal morphology. Typical phase-contrast microscopic images of 786-0 cells following treatment
with: B, (S)-goniothalamin [(S)-1] (2.5 pg/mL; a, cells died); C, (R)-goniothalamin [(R)-1] (2.5 pg/mL, b, cells became irregularly shaped with
elongated lamellipodia), and D, analogue 2 (250 pg/mL). Magnification = original x 200.
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the cytotoxic activity of other goniothalamin derivatives
as well as to probe its mode of action.

4. Experimental
4.1. Chemistry

4.1.1. General procedures. Reagents and solvents are
commercial grade and were used as supplied, except
dichloromethane and triethylamine which were distilled
from calcium hydride. Chromatography separations
were performed using 70-230 mesh silica gel. Thin-layer
chromatography was carried out on Merck silica plates
(0.25 mm layer thickness). IR spectra were obtained on
Nicolet Impact 410 FT (film) and ThermoNlcolet
IR200 spectrometer (neat tablet). 'H NMR and '*C
NMR data were recorded on a Varian Gemini 2000
(7.0 T) or Varian Inova 500 (11 7 T) spectrometer.
Chemical shlfts are reported in ¢ [p]i)m relative to
(CH3)4Si] for "H NMR and CDCI; for *C NMR. For
"H NMR, the chemical shifts were followed by multi-
plicity (s, single; sl, large single; d, doublet; dd, double
doublet; ddd, double double doublet; t, triplet; dt,
double triplet; q, quartet; dq, double quartet; m, multi-
plet) and coupling constant J reported in Hertz
(Hz). High-solution mass spectra (HRMS) were
measured on a VG Autospec-Micromass spectrometer.
Chiral GC analyses were performed with a capillary
column CP-Chirasil-DEX CB fused silica WCOT
(25m x 0.25 mm x 0.25 um) on Agilent 6890 series GC
system. Optical rotations were measured at 25 °C with
Perkin—Elmer 241 or Perkin—Elmer 341 instruments.

4.1.2. General procedure for catalytic asymmetric allyla-
tion. To a stirred solution of TiCl, (0.12 mmol) in CH»Cl,
(1.0 mL for each 1.0 mmol of the aldehyde) was added Ti
(O'Pr)4 (0.36 mmol) at 0 °C under argon. The solution
was allowed to warm to room temperature. After 1 h,
recently prepared Ag,O (0.24 mmol) was added at room
temperature, and the whole mixture was stirred for 5 h un-
der exclusion of direct light. The mixture was diluted with
CH,Cl, (2.0 mL for each 1.0 mmol of the aldehyde) and
treated with (S)-BINOL (0.48 mmol) at room tempera-
ture for 2 h. After cooling this mixture to —15 °C, it was
treated sequentially with aldehyde (2.4 mmol) and allyl-
tributyltin (2.7 mmol). After 24 h, the whole mixture
was quenched with satd aqueous NaHCO; and extracted
with ether. The organic extracts were dried over MgSOy.
Evaporation of solvents and purification of this residue by
column chromatography on silica gel furnished the corre-
sponding homoallylic alcohol.

4.1.3. Homoallylic alcohol 17. Viscous colorless liquid.
IR (film): 3381, 3078, 3026, 2978, 2927, 2870 1641,
1493, 1446, 1030, 966, 916, 692 cm". '"H NMR
(500 MHz, CDCI_) 0 7.41-7.24 (m, 5H), 6.63 (d, 1H,
J=16.0 Hz), 6.27 (dd, 1H, J=16.0 and 6.2 Hz), 5.92—
5.84 (m, 1H), 5.23-5.17 (m, 2H), 4.40-4.36 (m, 1H),
2.49-2.37 (m, 2H), 2.00 (sl, 1H). '*C NMR (125 MHz,
CDCly): 6 136.6, 134.0, 131.5, 130.3 (2C), 128.5, 127.6,
126.4 (2C) 118.4,71.6,41.9. [« ]25 =+22.2 (¢ 2.0, CHCl3)
for R isomer and [o ]2 =-224 (¢ 2.0, CHCl;) for S

isomer. HRMS (EI) m/z calculated for M" = 174.10447;
found: 174.10496. The enantiomeric purity of 17 was
determined to be 96% by chiral GC analysis (CP-Chira-
sil-Dex-CB) and comparing with racemic standard (see
page S5 of Supporting Information for details).

4.1.4. Homoallylic alcohol 18. White solid. Mp: 37.8-
38.6 °C IR (neat tablet): 3559, 3360, 3063, 3026, 2930,
2860, 1648, 1595, 1495, 1453, 1048, 992, 915,
701 cm~'. '"H NMR (300 MHz, CDCly): 6 7.30-7.15
(m, 5H), 5.88-5.74 (m, 1H), 5.16-5.11 (m, 1H), 3.72—
3.62 (m, 1H), 2.85-2.63 (m, 2H), 2.36-2.13 (m, 2H),
1.85-1.61 (m, 2H). *C NMR (75 MHz, CDCl,): &
141.8, 134.4, 128. 3 (22C) 128.2 (2C), 125.7, 118.1, 69.9,
42.1, 38.5, 32.1. o]y = +23.5 (¢ 2.2, CHCly). HRMS
(EI) mlz calculated for  M* = 176. 12012; found:
176.11543. The enantiomeric purity of 18 was deter-
mined to be 99% by chiral GC analysis (CP-Chirasil-
Dex-CB) and comparing with racemic standard (see
page S6 of Supporting Information for details).

4.1.5. Homoallylic alcohol 19. Viscous yellow liquid. IR
(film): 3320, 3206, 3073, 2976, 2933, 2906, 1641, 1594,
1513, 1338, 1109, 1086, 973, 916, 871, 746cm™'. ' H
NMR (300 MHz, CDCl;): ¢ 8.19 (d, 2H, J=8.9 Hz),
7.52 (d, 2H, J=89Hz), 6.72 (d, 1H, J=16.1 Hz),
6.44 (dd, 1H, J=16.1 and 5.5 Hz), 5.93-5.79 (m, 1H),
5.25-5.20 (m, 2H), 4.45-4.41 (m, 1H), 2.54-2.34 (m,
3H). '*C NMR (75 MHz, CDCly): 6 146.9, 143.2,
136.4, 133 4 (2C), 127.9, 126.9, 123.9 (20), 119.1, 70.9,
41.8. [ ]D =—45.0 (c 1. 0 CHCI3). HRMS (EI) mlz cal’
culated for M™ =219.08954; found: 219.08669. The
enantlomerlc purity of 19 was determined to be 95%
by '"H NMR analy51s after their conversion to Mosher
ester and comparing with racemic standard (see page
S7 of Supporting Information for details).

4.1.6. Homoallylic alcohol 20. Viscous colorless liquid.
IR (film): 3363, 3076, 2978, 2927, 2860, 1641, 1601,
1508, 1230, 1157, 968, 918, 850, 816cm ™ '. 'H NMR
(300 MHz, CDCls3): 6 7.35-7.28 (m, 2H), 7.01-6.95 (m,
2H), 6.55 (d, 1H, J =159 Hz), 6.15 (dd, 1H, J=15.9
and 6.4 Hz), 591-5.77 (m, 1H), 5.20-5.14 (m, 2H),
4.36-4.29 (m, 1H), 2.47-2.31 (m, 2H), 2.05 (sl, 1H).
13 NMR (75MHz, CDCly): ¢ 1622 (d,
J =246.6 Hz), 133.8, 132.7, 131.1, 129.1, 127.8 (d, 2C,
J=79Hz), 118.5, 1154 (d, 2C J= 219Hz) 71.6,
42.1. [o]3) = =29.5 (¢ 1.2, CHCl). HRMS (EI) m/= cal-
culated for M =192.09504; found: 192.09303. The
enantlomerlc purity of 20 was determined to be 96%
by 'H NMR analys1s after their conversion to Mosher
ester and comparing with racemic standard (see page
S8 of Supporting Information for details).

4.1.7. Homoallylic alcohol 21. Viscous colorless liquid.
IR (film): 3400, 3074, 2929, 2910, 2835, 1639, 1606,
1510, 1300, 1248, 1174, 1034, 968, 814 cm™'. '"H NMR
(300 MHz, CDCl): § 7.39-7.25 (m, 2H), 6.87-6.82 (m,
2H), 6.53 (d, 1H, J=15.9 Hz), 6.10 (dd, 1H, J=15.9
and 6.6 Hz), 5.92-5.78 (m, 1H), 5.20-5.15 (m, 2H),
4.28-4.38 (m, 1H), 3.80 (s, 3H), 2.48-2.31 (m, 2H),
1.78 (d, 1H, J = 3.7 Hz). 13C NMR (125 MHz, CDCl5):
5 159.3, 134.1, 130.0, 129.4 (2C), 129.3, 127.6, 118.4,





628 A. de Fdtima et al. | Bioorg. Med. Chem. 14 (2006) 622—631

114.0 (2C), 71.9, 55.3, 42.1. [:x]%)5 = —29.8 (¢ 1.6, CHCly).
HRMS (EI) m/z calculated for M" = 204.11503; found:
204.11298. The enantiomeric purity of 21 was deter-
mined to be 94% by '’F NMR analysis after their con-
version to Mosher ester and comparing with racemic
standard (see page S9 of Supporting Information for
details).

4.1.8. Homoallylic alcohol 22. Viscous colorless liquid. IR
(film): 3556, 3384, 3074, 2978, 2777, 1847, 1639, 1606,
1504, 1489, 1444, 1245, 1190, 1039, 928, 800 cm ™ '. 'H
NMR (300 MHz, CDCls): 6 7.12-6.93 (m, 3H), 6.71 (d,
1H, J=15.7Hz), 6.25 (dd, 1H, J=15.7 and 6.2 Hz),
6.15 (s, 2H), 6.12-5.98 (m, 1H), 5.41-5.34 (m, 2H), 4.52
(q, 1H, J = 6.2 Hz), 2.66-2.56 (m, 2H), 2.05 (s, 1H). '*C
NMR (75 MHz, CDCls): 6 147.9, 147.1, 134.0, 131.0,
130.0, 129.7, 121.1, 118.2, 108.2, 105.7, 101.0, 71.7, 42.0.
[oc]f)5 = —33.1(c1.11, CHCl3). HRMS (EI) m/z calculated
for M = 218.09427; found: 218.09430. The enantiomer-
ic purity of 22 was determined to be 92% by '"F NMR
analysis after their conversion to Mosher ester and com-
paring with racemic standard (see page S10 of Supporting
Information for details).

4.1.9. Homoallylic alcohol 23. Viscous colorless liquid.
IR (film): 3348, 3075, 2923, 2850, 1641, 1447, 1029,
967, 911 cm™'. '"H NMR (300 MHz, CDCls): d 5.87—
5.73 (m, 1H), 5.62 (dd, 1H, /=154 and 6.6 Hz), 5.43
(ddd, 1H, J=154, 6.6, and 1.1 Hz); 5.17-5.10 (m,
2H), 4.14-4.08 (m, 1H), 2.32-2.22 (m, 2H), 1.97-1.91
(m, 2H), 1.73-1.63 (m, 5H), 1.34-0.87 (m, 5H). "*C
NMR (75 MHz, CDCls): 6 137.9, 134.4, 129.5, 117.9,
719, 42.0, 40.2, 388 (20), 26.1, 26.0 (2C).
[oc]zD5 = —12.0 (¢ 1.5, CHCl3). HRMS (EI) m/z calculated
for M =180.15141; found: 180.15515. The enantio-
meric purity of 23 was determined to be 99% by 'H
NMR analysis after their conversion to Mosher ester
and comparing with racemic standard (see page S11 of
Supporting Information for details).

4.1.10. General procedure for acylation. To a solution of
homoallylic alcohol (2.0 mmol), obtained as described
above, in CH,Cl, (1.0 mL/1.0 mmol of the homoallylic
alcohol) and cooled to 0 °C were added acryloyl chloride
(3.5mmol) and Et;N (7.0 mmol). The mixture was
warmed to room temperature and stirred for 2-4 h.
The resulting mixture was filtered through a short pad
of Celite, poured into water, and then the product was
extracted with CH,Cl,. Solvent evaporation under re-
duced pressure and purification of this residue by col-
umn chromatography on silica gel furnished the
corresponding acrylic esters.

4.1.11. Acrylic ester 24. Viscous yellow liquid. IR (film):
3080, 3060, 3026, 2979, 2939, 2848, 1722, 1637, 1495,
1404, 1265, 1188, 1043, 964, 918, 750, 692cm '. 'H
NMR (500 MHz, CDCls): 6 7.41-7.25 (m, 5H), 6.66 (d,
1H, J=16.6 Hz), 6.46 (dd, 1H, J=16.6 and 1.5 Hz),
6.19 (ddd, 2H, J = 17.5, 11.9, and 8.8 Hz), 5.86 (dd, 1H,
J=10.4 and 1.5 Hz), 5.85-5.78 (m, 1H), 5.61-5.56 (m,
1H), 5.19-5.11 (m, 2H), 2.61-2.51 (m, 2H). '3C NMR
(125 MHz, CDCl,): ¢ 165.3, 136.2, 132.9, 132.7, 130.7,
128.6, 128.5 (2C), 127.9, 126.8 (2C), 126.5, 118.1, 73.9,

39.0. [«]p = +82.8 (it ¢ 1.2, CHCIs) for R isomer and
()5 = —80.7 (¢ 1.2, CHCl;) for S isomer. HRMS (EI)
miz calculated for M+ = 228.11503; found: 228.11981.

4.1.12. Acrylic ester 25. Viscous colorless liquid. IR (film):
3078, 3026, 2951, 2860, 1940, 1722, 1651, 1469, 1406,
1269, 1196, 1047, 985, 808, 700cm '. 'H NMR
(300 MHz, CDCl3): 6 7.29-7.14 (m, 5H), 6.40 (dd, 1H,
J=17.2 and 1.5Hz), 6.13 (dd, 1H, J=17.2 and
10.2 Hz), 5.82 (dd, 1H, J=10.2 and 1.5 Hz), 5.78-5.69
(m, 1H), 5.11-5.00 (m, 3H), 2.73-2.55 (m, 2H), 2.38 (t,
2H, J = 7.0 Hz), 1.99-1.87 (m, 2H). '*C NMR (75 MHz,
CDCl3): § 165.8, 141.4, 133.3, 130.5, 128.7, 128.4 (2C),
128.3 (20), 125.9, 117.9, 73.0, 38.6, 35.3, 31.6.
[oc]fjs =+10 (¢ 2.2, CHCl3). HRESI-MS = 231.13851 mi/z
calculated for [M+H]" = 231.1385; found: 231.1385.

4.1.13. Acrylic ester 26. Yellow solid. Mp: 53.3-54.0 °C.
IR (neat tablet): 3079, 2919, 2850, 1721, 1597, 1516,
1405, 1342, 1265, 1186, 1110, 1044, 970, 919, 863, 808,
746 cm~'. '"H NMR (300 MHz, CDCls): . 8.18 (d, 2H,
J=88Hz), 7.51 (d, 2H, J=8.8Hz), 6.69 (d, 1H,
J=159Hz), 6.46 (dd, 1H, J=17.4 and 1.5Hz), 6.36
(dd, 1H, J=15.9 and 6.6 Hz), 6.17 (dd, 1H, J=17.4
and 10.4 Hz), 5.89 (dd, 1H, J=10.4 and 1.5 Hz), 5.85-
5.73 (m, 1H), 5.59 (ddd, 1H, J = 12.8, 6.6, and 0.9 Hz),
5.20-5.13 (m, 2H), 2.56 (td, 2H, J = 6.6 and 0.9 Hz)."*C
NMR (75 MHz, CDCl5):  165.0, 147.0, 142.5, 132.3,
131.8, 131.1, 130. 1 (2C), 128.2, 127.0, 123.8 (2C), 118.5,
73.2, 38.9. [«]p = —70.6 (¢ 0.92, CHCl3). HRMS (EI) m/
z calculated for M = 273.10011; found: 273.09830.

4.1.14. Acrylic ester 27. Viscous colorless liquid. IR
(film): 3078, 3039, 2981, 2941, 1722, 1601, 1510, 1404,
1267, 1230, 1190, 1043, 966, 810cm~'. 'H NMR
(500 MHz, CDCl;): o. 7.36-7.32 (m, 2H), 7.02-6.97
(m, 2H), 6.60 (d, 1H, J=16.6Hz), 6.43 (dd, 1H,
J=16.6 and 1.4 Hz), 6.17-6.07 (m, 2H), 5.85-5.75 (m,
2H), 5.56-5.52 (m, 1H), 5.16-5.09 (m, 2H), 2.57-2.48
(m, 2H).">’C NMR (125 MHz, CDCl5): § 165.3, 162.5
(d, J=247.1 Hz), 1329, 132.6 (d, J=3.1 Hz), 131.6,
130.8, 128.6, 128.1 (d, 2C, J=8.3Hz), 126.6 (d,
J=21Hz), 1182, 1154 (d, 2C, J=21.8 Hz), 73.8,
39.0. [oc]lz)5 = —66.0 (¢ 2.03, CHCl3). HRMS (EI) m/z cal-
culated for M+ = 246.10561; found: 246.10285.

4.1.15. Acrylic ester 28. Viscous colorless liquid. IR
(film): 3076, 3035, 3003, 2955, 2910, 2837, 1720, 1606,
1512, 1404, 1252, 1190, 1036, 966, 808 cm '. 'H
NMR (300 MHz, CDCly): 6 7.32-7.29 (m, 2H), 7.25-
6.81 (m, 2H), 6.58 (d, 1H, J = 15.7 Hz), 6.42 (dd, 1H,
J=172¢ 1.5Hz), 6.15 (dd, 1H, J = 17.2 and 10.2 Hz),
6.04 (dd, 1H, J=15.7 and 7.3 Hz), 5.86-5.72 (m, 2H),
5.53 (q, 1H, J=6.6 Hz), 5.16-5.06 (m, 2H), 3.79 (s,
3H), 2.54-2.49 (m, 2H). *C NMR (75 MHz, CDCls):
6 165.2, 159.3, 133.0, 132.3, 130.5, 128.9 (2C), 128.6,
127.7, 124.6, 1179, 1139 (2C), 74.2, 55.3, 39.2.
(0] = —88.5 (¢ 1.15, CHCl3). HRMS (EI) m/z calculat-
ed for M* =258.12559; found: 258.12450.

4.1.16. Acrylic ester 29. Viscous colorless liquid. IR
(film): 3076, 2979, 2900, 2779, 1720, 1653, 1504, 1489,
1446, 1404, 1252, 1188, 1039, 964, 930, 808 cm™'. 'H
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NMR (300 MHz, CDCl5): 6 6.92-6.74 (m, 3H), 6.56 (d,
1H, J = 16.1 Hz), 6.46-6.39 (m, 1H), 6.19-6.09 (m, 1H),
6.02 (dd, 1H, J=16.1 and 6.6 Hz), 5.95 (s, 2H), 5.87-
5.65 (m, 2H), 5.53 (q, 1H, J=6.6 Hz), 5.17-5.04 (m,
2H), 2.73-2.47 (m, 2H). 3C NMR (75 MHz, CDCl,):
5 165.4, 147.9, 147.5, 133.0, 132.5, 130.7, 130.6, 128.6,
125.1, 121.5, 118.1, 108.2, 105.7, 101.0, 74.0, 39.1.
(o] = —74.8 (¢ 0.65, CHCl3). HRMS (EI) m/z calculat-
ed for M* =272.10486; found: 272.10490.

4.1.17. Acrylic ester 30. Viscous colorless liquid. IR
(film): 2925, 2852, 1724, 1637, 1448, 1403, 1294, 1265,
1187, 1043, 968, 916, 808 cm~'. 'H NMR (300 MHz,
CDCl;): 6 6.39 (dd, 1H, J=17.4 and 1.6 Hz), 6.11
(dd, 1H, J=17.4 and 10.3 Hz), 5.80 (dd, 1H, J=10.3
and 1.5Hz), 5.77-5.65 (m, 2H), 5.43-5.30 (m, 2H),
5.12-5.04 (m, 2H), 2.49-2.34 (m, 2H), 2.00-1.91 (m,
1H), 1.73-1.63 (m, 5H), 1.44-1.00 (m, 5H). '*C NMR
(75 MHz, CDCls): 6 165.2, 140.1, 133.3, 130.2, 128.8,
1249, 117. 6, 74.2, 40.3, 39.2, 32.6 (2C), 26.2, 26.0
(20). [oc]f)5 = —36.0 (¢ 1.6, CHCIls). HRMS (EI) m/z cal-
culated for M+ =234.16198; found: 234.15814.

4.1.18. General procedure for ring closing metathesis. To a
stirred solution of Grubbs’ catalyst ([P(C¢H;;)3J,RuCl,
CHPh, 10 mol%) in dichloromethane (1.0 mL/1.0 mmol
of the acrylic ester) at 55-60 °C was added the acrylic ester
(0.7 mmol), obtained as described above, dissolved in
dichloromethane (65 mL). The resulting mixture was
heated for 12-18 h. After this period, the mixture was
cooled at room temperature and evaporated under re-
duced pressure. The residue was purified by column chro-
matography on silica gel to give the analogues of
goniothalamin.

4.1.19. (S)-goniothalamin [(S)-1]. White solid. Mp: 81—
82 °C, (Ref. 38: 85°C). IR (neat tablet): 3024, 2924,
2854, 1720, 1381, 1246, 1018, 968, 814, 748, 694 cm .
'"H NMR (300 MHz, CDCls): § 7.41-7.25 (m, SH),
692 (dt, 1H, J=9.5 and 4.0Hz), 6.72 (d, 1H,
J=159Hz), 6.27 (dd, 1H, J=15.9 and 6.2 Hz), 6.08
(d, 1H, J=9.5Hz), 5.10 (q, 1H, J=6.9 Hz), 2.56-2.52
(m, 2H). '*C NMR (75 MHz, CDCl5): § 163.5, 144.5,
135.5, 132.8, 128.5 (2C), 128.1 (2C), 126.4, 125.5,
121.4, 77.8, 29. 8 [oc]zD5 = —170 (c 1.7, CHCIy); Ref. 21:
[cx]ZDS = —178.5, (¢ 0.2, CHCI3). HRMS (EI) m/z calculat-
ed for M =200.08373; found: 200.07891.

4.1.20. Analogue 4. White solid. Mp: 45.2-45.8 °C. IR
(neat tablet): 3060, 3026, 2937, 2866, 1716, 1495, 1454,
1387, 1248, 1146, 1036, 958, 816, 752, 702 cm '. 'H
NMR (300 MHz, CDCls): 6 7.31-7.16 (m, 5H), 6.88—
6.26 (m, 1H), 6.01 (dt, 1H, J=9.9 and 1.8 Hz), 4.45-
435 (m, 1H), 2.93-2.71 (m, 2H), 2.35-2.30 (m, 2H),
2.19-2.06 (m, 1H), 1.99-1.87 (m, 1H). 3C NMR
(75 MHz, CDCl5): § 164.3, 144.9, 140.7, 128.4 (2C),
128.3 (2C), 126.0, 121.3, 76.5, 36.4, 30.8, 29.3. [o]3) =
=50 (¢ 1.5, CHCl;). HRMS (EI) m/z calculated for
M™ = 202.09938; found: 202.09229.

4.1.21. Analogue 5. White solid. Mp: 45.0-46.1 °C. IR
(neat tablet): 2925, 2852, 1708, 1675, 1448, 1384, 1247,
1160, 1054, 1022, 977, 829 cm~'. '"H NMR (300 MHz,

CDCly): 4. 6.88 (dt, 1H, J=9.7 and 4.4 Hz), 6.04 (dt,
1H, J=9.7 and 1.8 Hz), 5.79 (dd, 1H, J=15.4 and
6.8 Hz), 5.53 (ddd, 1H, J =15.4, 6.8, and 1.5 Hz), 4.86
(q, 1H, J=7.3 Hz), 2.45-2.40 (m, 2H), 2.00-1.95 (m,
1H), 1.74-1.62 (m, 5H), 1.35-1.01 (m, 5H). '* C NMR
(75 MHz, DCly): 6 164.0, 144.6, 141.1, 124.1, 121.5,
78.5, 40.3, 32.5, 32.4, 30.0, 26.1, 25.9 (2C). [«]p = —53
(¢ 1.24, CHCl;). HRMS (EI) m/z calculated for
M™ = 206.13068; found: 206.13208.

4.1.22. Analogue 6. Yellow solid. Mp: 125.8-127.6 °C.
IR (neat tablet): 3062, 3034, 1719, 1593, 1510, 1383,
1336, 1254, 1106, 1085, 971, 823, 742cm™'. '"H NMR
(300 MHz, CDCly): d. 8.21 (d, 2H, J=8.8 Hz), 7.54
(d, 2H, J=8.8 Hz), 6.95 (ddd, 1H, J =84, 5.3, and
32 Hz), 684 (d, 1H, J=16.1Hz), 6.44 (dd, 1H,
J=16.1 and 5.4 Hz), 6.13 (ddd, 1H, J=3.2, 1.8, and
1.4 Hz), 5.20-5.13 (m, 1H), 2.66-2.55 (m, 2H). 3C
NMR (125 MHz, CDCl5): 6 163.3, 147.4, 144.3, 142.1,
130.5 (2C), 130.2 (2C), 127.2, 124.0, 121.7, 76.9, 29.6.
[o]3 = —205.0 (¢ 1.0, CHCl3). HRMS (EI) m/z calculat-
ed for M, =245.06881; found: 245.06891.

4.1.23. Analogue 7. White solid. Mp: 125.4-126.5 °C. IR
(neat tablet): 3066, 2958, 2925, 1702, 1598, 1508, 1428,
1384, 1249, 1228, 1056, 1010, 966, 860, 815cm'. 'H
NMR (300 MHz, CDCly): 6. 7.39-7.35 (m, 2H), 7.07-
6.99 (m, 2H), 6.96-6.90 (m, 1H), 6.70 (d, 1H,
J =159 Hz), 6.20 (dd, 1H, J=159 and 6.2 Hz), 6.10
(dt, 1H, /=99 and 1.8 Hz), 5.13-5.06 (m, 1H), 2.57-
2.52 (m, 2H). '*C NMR (75 MHz, CDCls): 6 163.6,
162.6 (d, J=247.8 Hz); 144.3, 131.8, 128.2 (d, 2C,
J=8.5Hz), 128.1, 125.3é 121.6, 115.6 (d, 2C,
J=20.7Hz), 77.8, 29.9. [oc]DS = —158.0 (¢ 1.0, CHCI,).
HRMS (EI) m/z calculated for M = 218.07431; found:
218.07497.

4.1.24. Analogue 8. White solid. Mp: 102.5-102.8 °C. IR
(neat tablet): 2962, 2933, 2838, 1708, 1604, 1511, 1245,
1178, 1024, 968, 848, 809 cm~'. '"H NMR (300 MHz,
CDCl;): & 7.35-7.30 (m, 2H), 6.94-6.84 (m, 3H), 6.65
(d, 1H, J=159Hz), 6.14 (dd, 1H, J=159 and
6.6 Hz), 6.08 (dt, 1H, J=9.5 and 1.8 Hz), 5.11-5.03
(m, 1H), 3.81 (s, 3H), 2.55-2.51 (m, 2H). *C NMR
(75 MHz, CDCly): & 163.8, 159.6, 144.4, 132.7, 128.4
(20), 1278, 123.3, 121.6, 114.0 (2C), 78.2, 55.3, 30.0.
(o] = —133.7 (¢ 1.02, CHCl3). HRMS (EI) m/z calculat-
ed for M* =230.09430; found: 230.09428.

4.1.25. Analogue 9. White solid. Mp: 86.2-87.5 °C. IR
(neat tablet): 3072, 2962, 2915, 1704, 1650, 1504, 1444,
1376, 1243, 1097, 1037, 1008, 968, 933, 809 cm . 'H
NMR (300 MHz, CDCly): 6 7.18-6.80 (m, 5SH); 6.33—
6.26 (m, 2H); 6.16 (s, 2H); 5.26 (dq, 1H, 13 J=7.3
and 1.1 Hz); 2.90-2.65 (m, 2H). '*C NMR (75 MHz,
CDCl;): 6 163.8, 148.1, 147.8, 144.5, 132.9, 130.1,
123.8, 121.7, 121.6, 108.3, 105.8, 101.2, 78.0, 29.9.
[oz]g5 = —141.7 (¢ 0.93, CHCl3). HRMS (EI) m/z calculat-
ed for M* = 244.07356; found: 244.07358.

4.1.26. Synthesis of analogue (5)-2 from (S)-1. To a solu-
tion of (S)-goniothalamin [(S)-1] (0.060 g 0.30 mmol) in
degassed benzene (17 mL) under argon atmosphere was
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added Stryker’s reagent, {[(Ph;)CuH]s, 0.178 g,
0.090 mmol}. After 20 min, the mixture was exposed
to air for 2 h, quenched with satd aqueous NaHCO;,
and extracted with ether. The organic extracts were
dried over MgSO,. Evaporation of solvents and purifi-
cation of this residue by column chromatography on sil-
ica gel (hexanes/ethyl acetate, 7:3) furnished (S)-2
(0.039 g, 0.19 mmol) in 63% yield. White solid. Mp:
74.6-76.0 °C. 1V (neat tablet): 3024, 2951, 2879, 1736,
1493, 1331, 1236, 1186, 1034, 968, 928, 748, 694 cm '
'"H NMR (300 MHz, CDCls): § 7.40-7.23 (m, 5H),
6.67 (d, 1H, J=15.8 Hz), 6.20 (dd, 1H, J=15.8 and
6.0 Hz), 5.02-4.96 (m, 1H), 2.69-2.47 (m, 2H), 2.11-
1.69 (m, 4H). '*C NMR (75 MHz, CDCl;): 6 171.9,
135.9, 132.1, 128.6 (ZZC), 128.1, 127.0, 126.6 (2C), 80.3,
29.6, 28.5, 18.3. [oc]DS = —-5.5 (¢ 1.45, CHCl;). HRMS
(EI) m/z calculated for M" =202.09938; found:
202.09840.

4.1.27. Synthesis (S)-3 from (S)-1. To a solution of (S)-
goniothalamin [(S)-1] (0.050 g, 0.25 mmol) in 2.0 mL of
ethanol under H, atmosphere (1 atm) was added 10%
Pd/C (5 mg). After 2 h, the solvent was removed under re-
duced pressure. The residue was purified by column chro-
matography on silica gel (hexanes/ethyl acetate, 7:3) to
give (S)-3 in 87% yield (0.036 g, 0.18 mmol). Viscous col-
orless liquid. IR (film): 3024, 2930, 2858, 1728, 1495, 1452,
1388, 1240, 1178, 1047, 930, 748cm~'. 'H NMR
(300 MHz, CDCl;): 6 7.31-7.18 (m, 5H), 4.30-4.22 (m,
1H), 2.91-2.69 (m, 2H), 2.64-2.40 (m, 2H), 2.09-1.76
(m, 5H), 1.64-1.52 (m, 1H). >*C NMR (75 MHz, CDCl5):
0 171.8, 141.05, 128.4 (4C), 126.0, 79.3, 37.4, 31.0, 29.4,
27.8,18.4. [oz]zD = +49 (¢ 1.0, CHCls). HRMS (EI) m/z cal-
culated for M = 204.11503; found: 204.11466.

4.2. Biological assay

4.2.1. Cell lines. The human tumoral MCF-7 (breast),
NCI.ADR (breast expressing the resistance phenotype
for adryamycin), NCIL.460 (lung, non-small cells),
UACC.62 (melanoma), 786-0 (kidney), OVCARO3
(ovarian), PCO.3 (prostate), and HT-29 (colon) were
obtained from the Frederick MA, National Cancer
Institute/USA.

4.2.2. Cell culture. The cells were maintained in RPMI-
1640 medium (Sigma Chemical Co., St. Louis, MO,
USA), supplemented with 10% fetal calf serum (FCS:
Nutricell Nutrientes Celulares, Campinas, SP, Brazil)
at 37 °C with 5% CO,. The medium was changed every
2 days until the cells reached confluence, at which point
they were subcultured.

4.2.3. Antiproliferative assay. The adherent cell lines
were detached from the culture flasks by adding
0.5 mL trypsin solution 0.025% (Nutricell). The trypsin
was inactivated by adding 5 mL of 5% FCS in RPMI-
1640 medium. Single-cell suspensions were obtained by
a gentle pipetting acton. After counting, the cells were
diluted to appropriate seeding densities and transferred
to 96-well microtiter plates (Nunc Brand Products) in
a fixed volume of 100 uM per well. The seeding densities
were as follows: 6.5 x 10* (MCF-7), 5 x 10* (NCI.ADR,

786-0, HT-29), 4x10* (NCL460, PCO.3), 3x10*
(UACC.62), and 7 x 10* (OVCARO03) cells/mL. This ini-
tial cell concentration was determined from individual
growth curves and ensured that the cells would be in
the logarithmic growth throughout the experiment.
The microtiter plates containing cells were pre-incubat-
ed for 24 h at 37 °C to allow stabilizations prior to addi-
tion (100 pL) of goniothalamin (1) and analogues (2-9)
as well as doxorubicin (DOX). The plates were incubat-
ed with the test substance for 48 h at 37 °C and 5%
C02.28’29

4.2.4. Solubilization and dilution of test substance.
Goniothalamin (1) and analogues (2-9) were tested at
four concentrations (0.25, 2.5, 25, and 250 pg/mL), each
in triplicate wells. The substances tested were initially
solubilized in dimethylsufoxide (DMSO) (Sigma) at
400x the final maximum test concentration. The stock
solution was diluted with complete medium containing
50 pg gentamicin/mL (Schering-Plough).

4.2.5. Sulforhodamine B (SRB) assay. Sulforhodamine
B (SRB) is an aminoxanthine with a bright pink color
that has two sulfonic groups. Since it is an anionic dye
in weak acid solution, it is capable of bonding to basic
groups of proteins in cells fixed with trichloroacetic
acid. Therefore, this non-clonogenic methodology per-
mits a highly sensitive protein with a straight relation-
ship to cell culture. The SRB assay was done as
described by Skehan et al.? Briefly, the cells were fixed
with 50% TCA (sigma) at 4 °C (50 uL/well, final con-
centration 10%) for 1 h. The supernatant was then dis-
carded and the plates were washed five times with tap
water. The cells were stained for 30 min with 0.4% SRB
in 1% acetic acid (50 pL/well) (Sigma) and subsequent-
ly washed 4x with 1% acetic acid to remove unbound
dye. The plates were air-dried and protein-bound dye
was solubilized with 150 pLL (100 mM) of Trizma buffer
(Sigma). The resulting optical density was read in a
multiwell plate reader at 540 nm. For cells grown in
suspension (e.g., leukemia), the same method was used,
but the TCA concentration was 80% to fix the cells to
the plate bottom.

4.2.6. Data calculations. Absorbances were calculated
using the Excell® program (Microsoft Office package)
and the mean + SE of the mean were calculated for 4
wells in triplicate samplings. The background absor-
bances were subtracted from the appropriate control
and drug-blank measurements. To assess the effect of
goniothalamin (1) and analogues (2-9) on cell growth,
three measurements were obtained at time zero (7) val-
ues for all cells at the beginning of incubation, and con-
trol (C) and test (7) values at the end of incubation
without and with the test substance, respectively. For
T value <7, (cytostatic effect), the calculation was
100 X [(T — Ty)/C — Ty). While for T < Ty (cytocidal ef-
fect), the calculation was 100 x [(T — Ty)/To]. The ICs
values (test substance concentration eliciting 50% inhibi-
tion) were determined by non-linear regression analysis.
These results presented here refer to a representative
experiment since all assays were run in triplicate and
the average standard error was always <5%.
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Supplementary Material

Determination of enantiomeric purity and spectra of
alcohols homoallylic 17-23, and spectra of goniothalam-
in (1) and analogues 2-9 cited in this article are available
free via internet at http://www.sciencedirect.com.
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmc.
2005.08.036.
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Abstract—Based on 2D-connectivity molecular similarity and cluster analyses, a dataset for HSA binding is divided into the training
set and the test set. 4D-fingerprint similarity measures were applied to this dataset. Four different predictive schemes (SM, SA, SR,
and SC) were applied to the test set based on the similarity measures of each compound to the compounds in the training set. The
first algorithmic scheme (SM), which only takes the most similar compound in the training set into consideration, predicts the bind-
ing affinity of a test compound. This scheme has relatively poor predictivity based on 4D-fingerprint similarity analyses. The other
three algorithmic schemes (SM, SR, and SC), which assign a weighting coefficient to each of the top-ten most similar training set
compounds, have reasonable predictivity of a test set. The algorithmic scheme which categorizes the most similar compounds into
different weighted clusters predicts the test set best. The 4D-fingerprints provide 36 different individual IPE/IPE type molecular sim-
ilarity measures. Further investigation shows that the NP/HA, HS/HA, and HA/HA IPE/IPE type measures predict the test set well.
Moreover, these three IPE/IPE type similarity measures are very similar to one another for the particular training and test sets inves-

tigated. The 4D-fingerprints have relatively high predictivity for this particular dataset.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Cluster analysis is the process in which groups are
detected within a set of objects where members in a
group are ‘similar’ to one another with respect to some
attribute while ‘dissimilar’ to members in other groups.
Cluster analysis was first used in taxonomy for species
classification but has been gradually adopted by other
disciplines where information about grouping is neces-
sary. Before a cluster method can be applied, measures
representing attributes of objects have to be derived as
the basis for comparison among different objects. Crite-
ria to determine what measures should be used to reflect
the essential properties of an object mainly depend on
the purpose of the study. Thus, selection of attributes
is a subjective process. Furthermore, choosing an appro-
priate clustering set of criteria (method) for the task at

Keywords: Molecular similarity; 4D-fingerprint similarity; HSA;

Cluster analysis.
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hand also relies on the attributes of the dataset and
the goals one hopes to achieve. Essentially, there is no
one ‘correct’ set of clusters for a particular set of ob-
jects.! Cluster analysis has been adopted by scientists
working in computer-aided drug design owing to the
‘principle’ that molecules having similar structural and
physiochemical properties are likely to behave similarly
in a biological system. Thus, the rational classification of
a large compound library may be useful for identifying
drug-likeness hit compounds.

Human serum albumin (HSA),? the most abundant pro-
tein in blood plasma (MR 66 kDa, concentration 0.53—
0.75 mM), has multiple hydrophobic binding sites (a to-
tal of eight for fatty acids, endogenous ligands of HSA)
and is known to bind a diverse set of drugs, especially
neutral and negatively charged hydrophobic com-
pounds. The structure of HSA and its multiple binding
sites are shown in Figure 1. For drug-like compounds,
two high affinity binding sites have been proposed in
subdomains IIA and IIIA of HSA, which are known
as Sudlow’s sites I and II>#, and are highly elongated
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Figure 1. A schematic representation of the native structure of HSA and its six known binding sites.

hydrophobic pockets with charged lysine and arginine
residues near the surface which can function as attach-
ment points for polar groups of ligands.> High resolu-
tion X-ray crystal structures of HSA complexes with
two anesthetics, propofol and halothane®, and with the
widely used anticoagulant warfarin, have been report-
ed.” These crystal structure studies have also found that
by increasing the ligand concentration, the ligands can
occupy all known HSA binding sites, each with a differ-
ent affinity and a different pharmacological relevance. A
detailed understanding of the HSA binding modes of
most drugs is, however, still missing. Drug binding to
HSA is widely assumed to be simply dominated by the
lipophilicity of a ligand.® Recent QSAR analysis demon-
strates that overall lipophilicity is rather poorly correlat-
ed to HSA binding for a diverse set of molecules. This
finding is in contrast to studies on congeneric series
where lipophilicity is often found to be the dominant
factor, suggesting that specific molecular recognition
elements beside physicochemical parameters are
essential.’

The recognition of the critical role that ligand molecular
shape, and more generally, steric aspects play in ligand—
receptor binding has stimulated an interest in developing
methods for comparing shapes of molecules as a means
of predicting binding. However, while similar molecules
are expected to exert similar activities, there is no rigor-
ous or unambiguous method for defining and calculat-
ing their similarity. It may be expected that, in certain
cases, overall molecular similarity will produce similar
activity, whereas, in other cases, only the molecular sim-

ilarity of certain (active) regions of the molecules will
give rise to similar activities. Moreover, there is more
than one similarity metric, and there are different tech-
niques with which to evaluate molecular similarity and
to model properties which depend on spatial and shape
features of molecule.

For a set of N molecules, N x N similarity matrices, in
which each molecule is compared with all the other mol-
ecules under study, have been constructed. The chemical
information inherent to the similarity matrix was corre-
lated to the biological activity measures of the N com-
pounds through a combined partial least-squares,'!!
genetic algorithm,'>!3 and artificial neural network
algorithm!#!> and QSARs have been reported using this
approach.

The theoretical basis of molecular similarity in QSAR
analysis is different from the traditional 2D-QSAR par-
adigm. The molecular similarity measure is not like con-
ventional parameters (e.g., o, 7, and MR), as it does not
encode physicochemical property measures that are spe-
cific to molecular substituents. The molecular similarity
measure is the resemblance between a pair of molecules
based on some composite molecular feature like spatial
or electrostatic attributes, or a combination of the two.!?
The use of molecular similarity offers a new descriptor
dimension to QSAR studies. Instead of a correlation be-
tween substituent properties and activities, a molecular
similarity based QSAR establishes an association be-
tween global structural properties and activity variation
among a series of molecules. The implicit assumption in
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a molecular similarity QSAR analysis is that globally
similar compounds have similar activities.'® Different
notions of molecular similarity have been suggested
and used based on molecular formula, molecular
graphs, molecular skeletons, atom types, and positions,
conformations, van der Waals surfaces, and/or molecu-
lar fields.!” In this study, we describe a new, generic pre-
diction tool applied to predict the binding of drugs
to HSA. And the molecular similarity calculations are
built on the 4D pharmacophore similarity concept,
first discussed by Duca and Hopfinger.'®

2. Results

The details of the 4D-fingerprints in molecular similarity
analyses are given by Duca and Hopfinger.!'® There are a
total of 36 different IPE pair types of molecular similar-
ity matrices, which are defined in Table 5. For each of
them, the four schemes mentioned in Section 4 have been
applied. The rfm of each scheme for each IPE/IPE molec-
ular similarity matrix are shown in Table 1. The three
IPEs yielding the best predictions for each method are
shown in bold. In general, nearly all of the IPE pair type
molecular similarity matrices do not predict the test set
well using the SM scheme (Eq. 2). Thus, the most similar
compound’s HSA binding affinity cannot be used to rep-
resent the test compound’s binding affinity when molec-
ular similarity is based on a single individual compound
and IPE type similarity. Since 4D-fingerprint molecular
similarity is based on sampling many conformations of
each compound, the 4D-fingerprint molecular similarity
value contains the Boltzmann average spatial properties
of each pair of compounds. This situation is not like 2D-
connectivity similarity where only the chemical structure
is captured in a similarity comparison. The poor 7% re-
sults using the SM scheme and each of the individual
IPE types suggest that a single IPE type and a single
compound, even when employing the compound’s 3D

spatial structure, cannot adequately represent the com-
pound with respect to HSA binding. The most similar
training set compound for a single IPE type and the test
compound may bind at different binding sites, or in dif-
ferent binding modes, to HSA.

But the other three schemes, SA, SR, and SC, can better
predict a test compound’s HSA binding affinity. This
general result again suggests that using a reasonable
algorithm which summarizes all of the pertinent similar
training set compounds to the test compound is a pref-
erable predictive approach to the use of only the most
similar training set compound based on a particular sim-
ilarity measure. The last scheme, SC, which first clusters
similar compounds and then assigns them different
weighting coefficients, see Eqgs. 4 and 5, predicts the test
set better than the other schemes. Of the 36 IPE/IPE
molecular similarity measures, it is interesting to note
that the NP/HA IPE/IPE measure yields the best predic-
tions based on the r; . value. This type of IPE/IPE
molecular similarity reflects the spatial relationship of
the nonpolar groups and the hydrogen bond acceptors
over a molecule. Under this IPE/IPE measure, if the
hydrogen bond acceptor and nonpolar features in a ref-
erence molecule are jointly similar to those of a test com-
pound, the two molecules are measured as being very
similar. An isoproperty surface of salicylic acid is shown
in Figure 2a. The red region within the circle represents
the hydrogen bond acceptor zone. The most similar
compound for NP/HA, fentiazac, is shown in Figure
2b, which has a similar hydrogen bond acceptor region
to salicylic acid, even though these two molecules are
different in molecular size and shape. This case is an
example that 4D-fingerprint molecular similarity can
separate out molecular space similarity according to
IPE types. The successful predictions using the NP/HA
IPE/IPE type similarity measure suggest that hydrogen
bonding and nonpolar interactions are very important
for drug-like compounds binding to HSA.

Table 1. The rfm values using the four schemes described in Section 4 and applied using the 36 different IPE types of molecular similarity measures

IPE/IPE P IPE/IPE e
sM SA SR sC M SA SR sC

Sim00 0.258 0.169 0.259 0.240 Sim33 —0.904 0.032 0.188 0.260
Sim01 ~1.622 —0.221 0.017 —0.041 Sim34 —0.424 0.129 0.161 0.107
Sim02 ~2.061 0.101 0.146 0.141 Sim35 —1.740 —0.124 0.061 —0.029
Sim03 ~1.041 0.175 0.358 0.215 Sim36 ~5.882 ~0.299 0.198 ~0.737
Sim04 —0.949 0.334 0.376 0.359 Simd4 —0.636 0.282 0.286 0413
Sim05 -1.278 0.260 0218 0.272 Sim45 —2.411 0.052 0.184 0.121
Sim06 —4.632 0.116 0.240 —0.427 Sim46 —5.214 —0.013 —0.033 —0.511
Sim11 0.251 0.011 0.368 0.348 Sim55 ~1.831 —0.483 ~0.167 ~0.308
Sim12 ~1.580 0.112 0.294 0.169 Sim56 —6.345 ~1112 —0.856 ~1.970
Sim13 —0.067 0.198 0.336 0.346 Sim66 —4.956 ~0.165 —0.122 —0.779
Sim14 ~0.501 0.339 0372 0.471 Sim70 —0.241 —0.074 0.160 0.127
Sim15 ~1.937 0.256 0.296 0.228 Sim71 —0.414 —0.085 0.138 ~0.121
Sim16 —4.657 0.054 0.060 —0.495 Sim72 —0.262 0.107 0.157 0.178
Sim22 ~1.975 —0.406 ~0.116 ~0.392 Sim73 ~0.710 0.157 0.191 0.187
Sim23 —0.914 —0.281 0.143 —0.155 Sim74 —1.497 0.368 0331 0.446
Sim24 ~1.476 —0.185 0.138 —0.104 Sim75 ~2.255 0.100 0.119 0.173
Sim25 ~1.257 0.106 0.192 0.178 Sim76 —4.709 0.132 0.108 —0.447
Sim26 ~5.830 —0.490 —0.390 ~1.098 Sim77 —0.118 0.167 0.234 0.277

Sim of Simjj in the IPE/IPE column refers to the IPE type 4D-fingerprint similarity measure, and the / and j identify the IPE types as defined in Table

5. The values in bold are the three highest for each scheme.
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Figure 2. The isoproperty surface of salicylic acid (a), fentiazac (b), carprofen (c), and diflunisal (d) in wire mesh contours. Fentiazac, carprofen, and
diflunisal are the most similar compounds to salicylic acid according to NP/HA, HS/HA, and HA/HA IPE/IPE types. The red and pink contours in

the circles represent the regions of hydrogen bond acceptors.

It is not surprising that the HS/HA IPE/IPE similarity
type predicts HSA binding behavior second best based
upon rfm, which is 0.446. In this dataset, there are much
fewer polar atoms than there are non-polar atoms in
most compounds. Thus, the HS/HA molecular similari-
ty measures are very close to NP/HA molecular similar-
ity measures. Using salicylic acid as an example, Table 2
contains the top-ten most similar compounds according
to NP/HA and HS/HA IPE/IPE types. Seven com-
pounds of the two IPE/IPE measures are the same, but
the similarity order to salicylic acid is different. Figure
3 shows the molecular similarity measures of the com-
pounds in the training set relative to salicylic acid
according to the HS/HA, and NP/HA IPE/IPE types.
The trends across these IPE/IPE types are very similar,
which suggests that the HS/HA and NP/HA IPE/IPE
similarity measures are, indeed, highly similar (Table 3).

The HA/HA IPE/IPE similarity type, which is based
solely on the spatial distribution of the hydrogen bond-
ing acceptors in a molecule, also predicts the test set
well. Table 2 includes a listing of the top-ten most sim-
ilar compounds to salicylic acid according to the HA/
HA TPE/IPE molecular similarity type. Six and seven,
compounds are the same as those found using the NP/
HA and HS/HA IPE/IPE type measures, respectively,
but the ranking by similarity to salicylic acid is different.
Figure 2 also shows the isoproperty surfaces of carpro-
fen (c) and diflunisal (d), which are the most similar pair
of compounds, according to the HS/HA and HA/HA
IPE/IPE based molecular similarity calculations. It is
clear that all compounds in Figure 2 have highly similar
isoproperty surfaces. These results demonstrate that the
NP/HA, HS/HA, and HA/HA IPE/IPE types yield very
similar results for this data set, and all three IPE/IPE

Table 2. The top-ten most similar training set compounds to salicylic acid using the NP/HA, HA/HA, and HS/HA IPE/IPE types

Sim14(NP/HA IPE/IPE type)

Sim74(HS/HA IPE/IPE type)

Sim44(HA/HA IPE/IPE type)

Similarity Compounds Similarity Compounds Similarity Compounds
0.881 Fenbufen 0.904 Pirprofen 0.829 Cicletanine
0.906 Cicletanine 0.909 Hydroxycoumarin 0.867 Carbamazepine
0.915 Suprofen 0.941 Fenbufen 0.871 Fentiazac

0.924 Clofibric acid 0.945 Cicletanine 0.896 Fenbufen
0.928 Carbamazepine 0.946 Fentiazac 0.919 Hydroxycoumarin
0.929 Carprofen 0.955 Clofibric acid 0.951 Clofibric acid
0.932 Hydroxycoumarin 0.969 Diflunisal 0.964 Mepivacaine
0.946 Pirprofen 0.971 Itanoxone 0.965 Itanoxone
0.958 Sulindac 0.978 Naproxen 0.965 Lidocaine

0.98 Fentiazac 0.996 Carprofen 0.998 Diflunisal
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Similariyt vaule

Training set

Figure 3. The molecular similarity values of the compounds in the training set relative to the test compound, salicylic acid, according to NP/HA, HS/
HA, and HA/HA IPE/IPE types. The three similarity measures are very similar which indicates that the NP/HA, HS/HA, and HA/HA IPE/IPE types

collect much of the same information.

types predict the test set well. According to Lipinski’s
‘rule of five,'” most drug-like compounds have less than
10 hydrogen-bond acceptors, which means hydrogen-
bond acceptors generally compose only a limited part
of a drug molecule. But this specific molecular feature
among the molecules is identified as being highly the
indicative of binding behavior to HSA.

Based on these results, it is clear that the three algorith-
mic schemes, SA, SR, and SC better predict HSA bind-
ing than the SM scheme. In turn, it would appear that
the 4D-fingerprint measures of the top-ten most similar
compounds provide better information than simply
using the most similar compound 4D-fingerprint infor-
mation. Overall, of the 36 IPE/IPE molecular similarity
measures the NP/HA, HS/HA, and HA/HA IPE/IPE
types yield similar results for this dataset, and all of them
predict the test set well using the SC algorithmic scheme.

3. Discussion

A number of different schemes have been designed and
used in the application of molecular similarity calcula-
tions for the creation of QSAR models. The easiest
way to correlate molecular similarity measures with bio-
logical data is to use simple regression analysis. Many
examples of such studies can be found in the literature.
Seri-Levy and Richards?®-?! exploited molecular similar-
ity data to construct QSARs for ligand enantiomer eud-
ismic ratios. Burt et al.?? correlated the activity of a set of
nitromethylene insecticides using their molecular electro-
static potential (MEP) similarity to the most active mol-
ecule in the series. It is clear from these studies that
molecular similarity-based-regression equations can pro-

duce good QSARs. Nevertheless, it is unlikely that a sin-
gle molecule will contain all, or most, of the structural
information inherent to a given ligand dataset, especially
for the current study of ligand binding to HSA which has
multiple binding sites. We applied regression analysis to
the training set in Table 4 using 2D-connectivity similar-
ity measure and built a QSAR model. However, the pre-
dictivity of this model is not good (¢*>=0.106). This
result is quite different from recent QSAR modelings of
binding to human serum proteins with similar measure-
ments, which produced a five variable model
(¢* = 0.76) QSAR model for penicillin and an eight var-
iable model (¢° = 0.78) QSAR model for penicillin.2* The
possible reason is that our data consist of the binding
affinity constant from diverse drugs, but theirs is only
for penicillin or its derivatives. Therefore, they have the
same binding site, which makes the topological descrip-
tor an important character to describe HSA binding of
these compounds. A combination of E-state and molec-
ular connectivity y indices was introduced to get a six
variable QSAR model (¢> = 0.77).2* Four of them are
E-state-related descriptors. This may explain why we
get so bad predictivity of our model.

Four new algorithmic schemes were developed to pre-
dict the HSA-ligand binding based on the assumption
that similar compounds have similar binding modes
and binding affinities. The first algorithmic scheme pre-
dicts the binding affinity of a test compound using only
the most similar training set compound’s binding affini-
ty. This scheme has relatively poor predictivity, based on
4D-fingerprints. The other three algorithmic schemes,
which assign a weighting coefficient to each of the
top-ten most similar training set compounds, have rea-
sonable predictivity of a test set. Finally, the algorithmic
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Table 3. The correlation coefficients among the P~, HA, and HD IPE type 4D-fingerprint molecular similarity measures

Sim75
0.043

0.073

Sim74
0.684

Sim73
0.968

Sim55
0.046

0.064

Sim45
0.050

Sim44
0.623

Sim35
0.047

0.078

Sim34
0.599

0.901

Sim33
0.920

Sim25
0.052

Sim24
0.160

0.222

Sim23
0.154

0.208

Sim15
0.051

Sim14
0.684
0.943
0.057

Sim13
0.945

Sim05
0.046

0.076

Sim04
0.707

Sim03
1.000

0.707

Sim03

0.970
0.076

0.083 0.689

0.912

1.000 0.664 0.082 0.082 0.630

0.076

Sim04

0.984

0.046 1.000 0.032 0.982 0.307 0.323 0.891 0.035 0.061 0.949 0.059 0.949 0.353 0.048
0.032 0.037 0.131 0.035 0.036

0.945

Sim05

0.030

0.643
0.922
0.083

0.924

0.039

0.604
0.895
0.065

0.576

0.906
0.632

0.040
0.068
0.891

0.140
0.198
0.336
0.943

0.702
1.000
0.065

1.000
0.702
0.037

0.664

0.943

Sim13

0.054

0.055 0.666

0.064

0.060
0.935

0.880
0.067

0.184
0.320
1.000
0.943
0.274
0.141
0.201

0.065

0.057

0.684
0.051

Sim14

0.978

0.300 0.053

0.116

0.939

0.040
0.141
0.144

0.039

1.000
0.320
0.336

0.982

0.082

Sim15

0.304
0.320
0.882

0.154 0.206

0.159
0.053

0.310 0.188 0.315
0.203

0.201

0.274

0.184
0.198
0.068

0.154 0.208 0.307 0.131

0.160
0.052

Sim23

0.218

0.126
0.329
0.032

0.338

0.327
0.878
0.037

0.211

0.300
1.000
0.039

1.000
0.300
0.144
0.211

0.140
0.040
0.906
0.576
0.035

0.323

0.222

Sim24

0.082

0.885

0.063

0.065

0.891

0.891

0.082

Sim25

0.624 0.033

0.914

0.038

0.645

0.612

1.000
0.612

0.040
0.067

0.632

0.630 0.035
0.901

0.920

Sim33

1.000 0.063 0.941 0.066 0.050 0.594 0.901 0.057
0.049

0.063

0.065

0.880

0.060

0.061

0.599
0.047

Sim34

0.945
0.056

0.060 0.982 0.326 0.077
1.000 0.042
0.064 0.319

0.042
0.615

0.327 0.878 0.037 1.000
0.203 0.060
0.982

0.310

0.935

0.949
0.059

0.078

Sim35

0.906
0.082

0.615

0.064

0.623 0.912 0.604 0.895 0.065 0.188 0.063 0.645 0.941
0.036 0.315

Sim44
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0.949
0.303
0.046
0.074

0.052

1.000
0.319

0.885 0.038 0.066

0.338

0.083 0.949 0.064 0.939
0.353 0.055

0.050

Sim45

0.064
0.694
1.000
0.074

0.047

1.000
0.047

0.326
0.049

0.329 0.032 0.050
0.053

0.126
0.159
0.218

0.116

0.300
0.053

0.039

0.046 0.064

0.968

Sim55

1.000
0.694
0.046

0.052

0.594
0.901

0914

0.154
0.206

0.666
0.922

0.924
0.054

0.048

0.689

Sim73

0.624 0.077 0.906 0.082 0.064
0.056

0.033

0.082

0.083

0.970 0.076 0.643

0.073

0.684

0.043
Sim of Simij in the first column/row refers to the IPE type 4D-fingerprint similarity measure, and i and j denote the IPE types defined in Table 5.

Sim74
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1.000

0.303

0.949

0.945

0.057

0.320 0.882

0.304

0.978

0.030

0.984

Sim75

scheme which categorizes the most similar compounds
into different weighted clusters predicts the ligand—pro-
tein binding affinity of the test set best.

The 4D-fingerprints provide 36 different individual IPE/
IPE type molecular similarity measures. The NP/HA,
HS/HA, and HA/HA IPE/IPE type measures predict
the test set well. Moreover, these three IPE/IPE type
similarity measures are very similar to one another for
the particular training and test sets investigated. Using
the similarity measures of salicylic acid to each com-
pound in the training set as an example, the correlation
coefficients between each of the three IPE/IPE types are
0.895 (NP/HA:HS/HA), 0.906 (NP/HA:HA/HA), and
0.922 (HS/HA:HA/HA).

To minimize chance correlation from using only salicylic
acid as an example, the correlation coeflicients between
each IPE/IPE type of molecular similarity are calculated
using the similarity measures of all compounds in the test
set to each compound in the training set, which are 0.943
(NP/HA:HS/HA), 0.895 (NP/HA:HA/HA), and 0.922
(HS/HA:HA/HA). This finding again supports that the
NP/HA, HS/HA, and HA/HA IPE/IPE types of similar-
ity measures are, in turn, highly similar to one another
for this dataset. In fact, among the 36 different IPE/
IPE type molecular similarity measures, many measures
are similar for this dataset. For example, the correlation
coefficient between the A/HD and NP/HD, P*/HD, P~/
HD, HA/HD, and HS/HD IPE/IPE type similarity mea-
sures are 0.982, 0.891, 0.949, 0.949, and 0.984, respective-
ly. Therefore, these IPE pair type similarities have nearly
identical predictivities, where the rf,re are 0.272, 0.228,
0.178, 0.029, 0.121, and 0.173, respectively, using the
SC scheme. However, the correlations between these
IPE pair type measures, and the NP/HA, HS/HA, and
HA/HA IPE/IPE type similarities are low. For example,
the similarity values between the A/HD IPE/IPE type,
and the NP/HA, HS/HA, and HA/HA IPE/IPE types
are 0.065, 0.065, and 0.083, respectively. These results
also suggest that hydrogen bond donor features in a mol-
ecule are very important determinants to explore the
HSA binding structure—activity relationship.

Correlation coefficients between the A/P~ IPE pair type
similarity, and the NP/P~, P~/P~, and HS/P~ IPE/IPE
type similarity measures are also very high, 0.945,
0.920, and 0.968, respectively. These IPE/IPE type sim-
ilarity measures also have a relatively high predictivity
using the SC scheme. IPE pair types involving P~ focus
on the molecular similarity measures of the polar atoms
with negative partial charges in a molecule. Most hydro-
gen bond acceptors in an organic molecule are nitrogen
or oxygen atoms, and are also polar atoms with negative
partial atomic charges. Therefore, P~ IPE types of
similarity measures should show a correspondence to
the HA or HD IPE type similarity measures. Table con-
tains the similarity values of the P, HA, and HD IPE
types of similarity measures. Most of the P~ IPE type
similarity measures each have a relatively high corre-
spondence to the HA IPE type measures, but have a
low correspondence to the HD IPE type of similarity
measures. These results suggest that 4D-fingerprints can
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separate molecular space properties with respect to the
IPE types of atoms composing a molecule. All of the
4D-fingerprint similarity measures can be used to predict
a test set. In this case, the P~ and HD IPE similarity mea-
sures are not better than the HA IPE type similarity mea-
sure. In addition, the 4D-fingerprints seem to search out
the most important types of interactions between a ligand
and its receptor by using sets of pairwise IPEs.

As described in Section 4, the test set was selected based
on the 2D-connectivity molecular similarity measures
by defining the chemical space of the total dataset. But
the same test set was used in evaluating 4D-fingerprint
molecular similarity to predict HSA binding. Ideally,
the comparison of 2D-connectivity and 4D-fingerprint
HSA binding affinity predictions should be done under
the condition that the training set and the test set are
the same, and have the same chemical space and biologi-
cal activity distribution for both the 4D-fingerprint and
the 2D-connectivity dendrograms. The dendrogram dis-
tribution of the combined training set and test set,
according to the NP/HA 4D-fingerprint similarity mea-
sure, is shown in Figure 4. Obviously, the test set distribu-
tion is not as uniform as that found using 2D-connectivity
similarity and shown in Figure 5. But even under this
restricted condition, the NP/HA 4D-fingerprint molecu-
lar similarity measures still have high predictivity.

The data points to a conclusion that may be summarized
in simple term: the 4D-fingerprints provide a set of molec-
ular similarity measures that are meaningful and compre-
hensive. That is, 4D-fingerprints provide 36 different IPE
pair types of molecular similarity measures to separate
molecular space properties and provide multiple path-
ways to interpret structure-activity data. Moreover, the
algorithmic schemes, which assign a weighting coefficient
to each of the top-ten most similar training set com-
pounds, have reasonable predictivity of a test set and
the algorithmic scheme which categorizes the most simi-
lar compounds into different weighted clusters predicts
the ligand—protein binding affinity of the test set best.

The significance of 4D-fingerprint molecular similarity
analyses lies at the high throughout screening before
experiment data. In this study, we can build a model
to predict plasma protein binding model based on the
algorithmic scheme which categorizes the most similar
compounds into different weighted clusters by using
44D-fingerprint molecular similarity measures. The
practical application depends on the dataset. Generally,
the more dataset, the wider value of data, the more reli-
able the model.

4. Materials and methods
4.1. Dataset

A 115 compound HSA ligand binding dataset was con-
structed from literature data. The data percentage of
HSA plasma protein binding comes from the work by
Kratochwil and co-workers,” and from the textbooks
of Goodman and Gilman? and of Dollery,?® where, in

-
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Figure 4. The dendrogram distribution of both the training set and test
set according to the NP/HA IPE/IPE 4D-fingerprint molecular
similarity measure. The short and black lines along the ‘x-axis’
represent the positions of the test set compounds in the dendrogram.

general, fi, of a drug refers to the fraction bound to
HSA plasma protein. The percentage bound values were
converted into equivalent binding affinities, ky, using
Eq. 1, which is derived from the law of mass action.
ky, 1s the drug binding affinity to HSA under the assump-
tion that binding occurs exclusively to HSA, a binary
complex is formed, and an excess of HSA (concentration
0.6 mM, [HSA]) is present as compared to the concen-
tration of the drug. Table 4 contains the complete set
of data for both the training and test sets

/o)
/i log[HSA]. (1)
The lowest binding compound in the training set is
chlorpromazine and the highest is bilirubin. The obvious
structural dissimilarity of compounds in this dataset
suggests that these compounds bind to HSA in multiple
ways. Thus, this dataset presents a good opportunity to
explore the relationship between molecular similarity
and HSA binding constant. At the same time, molecular
similarity differences are represented using 4D-finger-
print measures, which produce relatively high prediction
on test set. And the 4D-fingerprints also provide
additional information which is helpful to interpret the
binding mechanisms of drug-like compounds to HSA,

logk, = log
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Table 4. The training and test set compounds for the HSA binding
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analyses
Compound logky,
Training set
Amobarbital 3.66
Aspirin 4.37
Azapropazone 5.88
Benoxaprofen 6.28
Benzylpenicillin 3.04
Bilirubin 7.79
Camptothecin 6.56
Carbamazepine 3.13
Carbenoxolone 7.7
Carprofen 6.64
Cefaclor 2.11
Cefadroxil 3.28
Cefamandole 3.57
Cefazolin 4.36
Cefoperazone 4.54
Cefotaxime 3.1
Cefradine 2.54
Cefsulodin 2.58
Ceftazidime 2.68
Ceftriaxone 3.14
Cefuroxime 3.63
Cephalexin 2.5
Cephaloridine 3.61
Cephapirin 3.31
Chlorothiazide 4.61
Chlorpromazine 1.98
Chlorpropamide 4.83
Cicletanine 4.88
Cimoxatone 4.61
Clofibric acid 5.52
Clometacin 4.44
Coumarin 3.89
Dicoumarol 6.1
Diflunisal 6.2
Disopyramide 3.66
Doxycycline 4.42
Etodolac 5.03
Fenbufen 5.62
Fentiazac 5.57
Fluindione 5.69
Flurbiprofen 5.95
Furosemide 5.27
Fusidine 4.89
Halofenate 5.2
Hydroxycoumarin 5.64
Ibuprofen 5.52
Imipramine 4.38
Indomethacin 5.71
Indoprofen 5.27
Itanoxone 5.29
Lidocaine 3.74
Mepivacaine 5.4
Methicillin 2.96
Methotrexate 3.45
Methylorange 5.57
Moxisylyte 2.83
Nafcillin 4.08
Nalidixic acid 4.34
Naproxen 6.2
Nicergoline 3.79
Nimesulide 5.69
Norepinephrine 7
Nortriptyline 3.51
Novobiocin 5.74

Table 4 (continued)

Compound logky,
Oxazepam 4.56
Oxyphenbutazone 5.29
Phenobarbital 3
Phenylbutazone 5.54
Phenytoin 4.07
Pipotiazine 3.27
Piretanide 5.13
Pirprofen 5.75
Pregnenolone 4.63
Procaine 3.49
Promazine 4.93
Quinine 3.88
Sotalol 33
Sulfaethidole 5.18
Sulfamethoxazole 3.7
Sulfaphenazole 5.3
Sulfathiazole 4.4
Sulfisoxazole 4.34
Sulindac 5.4
Suprofen 5.18
Testosterone 4.47
Tetracycline 3.64
Thyroxine 5.77
Ticlopidine 3.97
Tinoridine 4.38
Tolazamide 4.94
Tolbutamide 6.52
Triflupromazine 4.74
Tryptophane 4.59
Urapidil 3.34
Valproic acid 4.76
Verapamil 3.43
Warfarin 5.33
Zomepirac 4.28
Test set

Acenocoumarin 5.32
Acetylcoumarin 4.39
n-Butyl-p-aminobenzoate 4.45
Binedaline 4.48
Bupivacaine 3.88
Befoxitin 3.05
Beftriaxone 4.72
Betiedil 3.99
bhlorpropamide 4.98
Diclofenac 5.90
Digitoxingenin 4.53
Fenoprofen 5.67
Ketoprofen 6.16
Pentobarbital 3.08
Practolol 242
Salicylic acid 493
Tetracycline 4.64

and is also very insightful in the design of compounds
which bind to HSA in a given affinity range.

4.2. Molecular similarity calculations

Although it is possible to define molecular similarity
within the context of global, topological, or even substi-
tuent-based parameters, just as done in 3D-QSAR
models, a single ‘default’ conformation is generally used
for each molecule. To overcome this limitation, 4D
molecular similarity, 4D-MS, developed by Duca and
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Hopfinger,'® includes the thermodynamic distribution of
conformation ensemble available to a molecule in con-
structing a set of similarity/diversity descriptors.?’2°
In order to fully investigate possible relationships be-
tween molecular similarity measures and HSA binding
constants, 4D-fingerprint molecular similarity measures
(4D-MYS) are calculated.

The fourth dimension is exactly the time average confor-
mation ensemble. The theory and corresponding meth-
odology for constructing the main distance-dependent
matrix, MDDM, matrices, and computing correspond-
ing eigenvalues for each matrix, using 4D molecular
similarities, are presented in detail by Duca and Hopfin-
ger.'® Absolute molecular similarity MDDMs for the
pairs of atoms with the same IPE types are computed
for each molecule in the dataset. Eigenvalues of the
MDDM matrices are then employed as 4D-fingerprints
to represent a molecule with respect to a particular IPE
type. Thus, for each molecule, eight MDDMs can be
constructed and eight sets of eigenvalues (4D-finger-
prints) computed that correspond, individually, to the
eight IPE types which are presented in Table 5. A
threshold cutoff value for the eigenvalues is applied,
and those normalized eigenvalues below the threshold
cutoff value are disregarded. For this study, the thresh-
old cutoff was set at 0.002.

4.3. The selection of the training set and the test set

In order to investigate how clustering a large dataset
into smaller groups may influence the resultant predic-
tions, the 2D molecular similarity matrix®°, the original
dataset, was used as a preprocessor to cluster the dataset
into training set and a corresponding test set. The under-
lying idea for this type of compound separation is that
both the training and test sets should span the entire
molecular similarity range, and the test set be distributed
in similarity measures in the same way as the training
set. In this process, a hierarchical clustering method
was applied to classify these compounds into different
clusters using the SAS 8.2 software.3! The complete
dataset is first partitioned into six groups, which contain
29, 24, 8, 17, 17, and 20 compounds, respectively. The
purpose of this step is to accomplish the ‘chemical’ space
separation of the complete dataset. Then compounds
from each subset having high, medium, and low binding
affinities to HSA are arbitrarily extracted and placed in
the test set. This second step accomplishes the ‘biologi-
cal’ activity separation. These two separation processes

Table 5. The set of interaction pharmacophore elements (IPEs)

IPE description Symbol Number code

Any type of atom A 0
Nonpolar atom NP 1
Polar atom of positive partial charge P* 2
Polar atom of negative partial charge P~ 3
Hydrogen bond acceptor HA 4
Hydrogen bond donor HD 5
Aromatic atoms of molecule Ar 6
Non-hydrogen atoms HS 7

I

Figure 5. The dendrogram distribution of the training set and the test
set compounds based upon the 2D-connectivity molecular similarity
matrix. The short and black lines at the bottom along the ‘x-axis’
represent the position of the test set compounds in the dendrogram.

[ [ I 1 1 1 I 1

result in 98 compounds in the training set and 17 com-
pounds in the test set. In this way, compounds in both
the training set and the test set are distributed across
the different clusters and also span the entire range in
HSA binding affinity. The dendrogram distribution of
the entire dataset leading to the training set and the test
set is shown in Figure 5. The short and black lines along
the ‘x-axis’” at the bottom of the plot represent the posi-
tions of the test set compounds in the dendrogram. It is
clear that these test set compounds are proportionally
distributed across the entire original dataset.

4.4. HSA binding affinity prediction of test set based on
molecular similarity

The most direct way to predict the test set is to simply
build a QSAR model using regression analysis. Howev-
er, this approach was not successful when applied to this
dataset. We developed an alternate methodology to suc-
cessfully predict the HSA binding affinity of the test set.
As mentioned in the Introduction section, the implicit
assumption behind our approach is that globally similar
compounds exhibit similar activities. Based on this
assumption, the following algorithm has been evolved:

(a) For each compound in the test set, the most similar
compound in the training set was identified and its
activity used as the predicted activity of the test
compound. This method is abbreviated as SM
when used later in the analysis.
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lOg kpredicted = 10g kmax -similar (2)

where Kpredicteda Mmeans the predicted activity of the
test compound, whereas kpax.similar 1S the activity
of the most similar compound in the training set.

(b) The molecular similarity matrix contains the global
collection of the similarity information of all the
training and test set compounds. Often the second
or third most similar training set compound to a
test compound may have a different binding mode.
Thus, it is unlikely that only the most similar mol-
ecule will contain all, or even most, of the structural
information inherent to a given ligand dataset. This
is particularly the case for HSA, which has many
binding sites and many drug binding modes are
likely still unknown. In order to collect a larger
amount of relevant molecular similarity informa-
tion, the ten percent most similar training set com-
pounds (in this study the top-ten similar
compounds) were identified for a test compound,
and their binding measures were averaged as the
predicted HSA binding value of the test compound.
This approach is abbreviated as SA

VL 10 k -similar
log kpredicted = Zlil gn s I ) (3)

where n is the number of top-ten similar com-
pounds, whereas Kjm.similar 1S the activity of the jth
most similar compound in the training set.

(¢) Based on the SA method, it was next assumed that
the difference in molecular similarity of a training
set compound to a test compound should reflect
the difference in their binding to HSA and be repre-
sented by a corresponding weighting coefficient for
similarity in HSA binding activity. In order to
explore the significance of this assumption, the
10% most similar training set compounds were used
again along with a weighting coefficient for each
training set compound.

log kpredicted = Z W; lOg kjth—similar- (4)

j=1

In this approach, two different ways were used to assign
the weighting coefficient. In the first assignment, called
SR, the weighting coefficient is the ratio of the molecular
similarity value to the sum of the 10% most similar
training set compounds’ similarity values
5;(t)
W= —=—"— 5

(i) ®
where s,(¢) defines the similarity value of the training set
compound j to the test compound. In this assignment,
the greater the similarity of the training set compound
to the test compound, the larger the weighting
coefficient.

Another way to define the weights is based on the cluster
analysis of the training set compounds, which will be
called SC. Each cluster has the same contribution to
the test compound, but within each cluster the greater
the similarity to the test compound of the members of
the cluster, the greater the contribution to w;

Wi =, (6)

where w;. is the weighting coefficient of the compound in
a cluster and n is the number of clusters.

Using these schemes, the goal is to find a ‘best” way to
accurately predict the HSA binding potency of each test
set compound. Each of these schemes, using the 4D-
fingerprints, has been applied to predict HSA binding.

4.5. Evaluation of predictivity

The overall predictive quality of each of the schemes de-
fined above was determined by applying the validated
correlation factor, r7.. For perfect prediction of the
data, 17 has a value of 1, and for predictions which
are not better than random it has a value of 0 or even

a negative value. The formula of 77 is

n 2
2 1— Zi:l(yi,observed _ypredicted) ) (7)

pre n — 2
Zi:] (yi,observed - ytobserved)
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Abstract—Structural information about monoamine transporters and their interactions with psychotropic drugs is important for
understanding their molecular mechanisms of action and for drug development. The crystal structure of a Major Facilitator Super-
family (MFS) transporter, the lactose permease symporter (lac permease), has provided insight into the three-dimensional structure
and mechanisms of secondary transporters. Based on the hypothesis that the 12 transmembrane o-helix (TMH) secondary trans-
porters belong to a common folding class, the lac permease structure was used for molecular modeling of the serotonin transporter
(SERT), the dopamine transporter (DAT), and the noradrenaline transporter (NET). The molecular modeling methods used includ-
ed amino acid sequence alignment, homology modeling, and molecular mechanical energy calculations. The lac permease crystal
structure has an inward-facing conformation, and construction of outward-facing SERT, DAT, and NET conformations allowing
ligand binding was the most challenging step of the modeling procedure. The psychomotor stimulants cocaine and S-amphetamine,
and the selective serotonin reuptake inhibitor (SSRI) S-citalopram, were docked into putative binding sites on the transporters to
examine their molecular binding mechanisms. In the inward-facing conformation of SERT the translocation pore was closed
towards the extracellular side by hydrophobic interactions between the conserved amino acids Phel05, Pro106, Phell7, and
Ala372. An unconserved amino acid, Asp499 in TMHI10 in NET, may contribute to the low affinity of S-citalopram to NET.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Secondary transporters are ion-coupled membrane
transport proteins that include the sodium:neurotrans-
mitter symporter family (SNF), the Na™/H" antiporter
(NhaA), and the major facilitator superfamily (MFS)
transporter, lactose permease symporter (lac permease).
Secondary transporter proteins carry small molecules
across cell membranes against a concentration gradient
using ion gradients as energy source, thus facilitating
solute accumulation and toxin removal. Most secondary
transporters are predicted to have 12 transmembrane
o-helices (TMHs) and intracellular localization of the
amino- and carboxy-terminals.!™

The serotonin transporter (SERT), the dopamine trans-
porter (DAT), and the noradrenalin transporter (NET)
belong to the SNF transporters. The sequence identity
within the SNF family is 40-90%.3 Experimental studies
have indicated that SERT>® and DAT’-® may exist as
oligomers, but the functional role of oligomerization is

Keywords: Molecular modeling; Monoamine transporters; Cocaine;

S-Citalopram.

* Corresponding author. Tel.: +47 77 64 47 06; fax: +47 77 64 53 10;
e-mail: aina@fagmed.uit.no

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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unclear. The SNF proteins act as co-transporters of
sodium and chloride ions, and of transmitter molecules.’
The energy required for the inward movement of the
transmitter molecules is provided by the sodium gradi-
ent across the cell membrane, which regulates the action
of the neurotransmitter.

The three-dimensional molecular structure has not been
reported for any SNF transporter. However, the crystal
structures of the Escherichia coli MFS transporters lac
permease'® and glycerol-3-phosphate transporter!! have
provided insight into the three-dimensional structure
and molecular mechanisms of secondary transporters,
and an experimental basis for molecular modeling of
the secondary transporters, SERT, NET, and DAT.
Such transporter models are based on the hypothesis
that the 12 TMH secondary transporters belong to a
common folding class. The crystal structures revealed
that the MFS transporters lac permease'® and the
glycerol-3-phosphate transporter!! do share a common
folding motif.

We have previously used a three-dimensional NhaA
model,'? which was constructed from a low-resolution
three-dimensional projection map of the E. coli NhaA,'
to make molecular models of SERT, DAT, and
NET.!3!# Despite the lack of a high resolution structural
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template, the NhaA model had general structural fea-
tures that corresponded quite well with those of the crys-
tal structures of the MFS transporters lac permease!'®
and the glycerol-3-phosphate transporter.'! The main
common features were the relative positions of TMHs
1-6, and a binding site formed by TMHs 1, 2, 3, 4, 5,
7, 8, and 11. The main differences between the NhaA
model'? and the MFS transporter crystal structures'®!!
were in the positions of TMH10 and TMH12.'

In the present study, the crystal structure of lac perme-
ase'” was chosen as the template for modeling of SERT,
DAT, and NET. Lac permease is an intensively studied
member of the MFS superfamily,*!? and the sequence
identity is 11-13% within the transmembrane regions
between lac permease and the SNF proteins. The lac
permease crystal structure has an N-terminal and a C-
terminal domain, each with six transmembrane helices.
These domains are symmetrically positioned within the
transporter, and a hydrophilic cavity is open to the cyto-
plasmic side in the inward-facing conformation. A pos-
sible model for the outward-facing conformation, based
on chemical modification and cross-linking experiments,
was proposed by Abramson et al. by applying a relative
rigid-body rotation of ~60° to the N- and C-terminal
domains.'® Lac permease uses the electrochemical pro-
ton gradient to provide an inward movement of galacto-
sides against a concentration gradient. Hydropathy
plots indicate that secondary transporters have similar
secondary structures, and it is possible that their tertiary
structures and mechanisms may have been preserved
throughout evolution.!”

The ligand binding sites of SERT, DAT, and NET may
have a similar core area for cocaine binding, since co-
caine has similar affinities for these three transporters.
Binding studies of SSRIs showed that they are 300-
3500 times selective for SERT over NET, and generally
have lower affinities for DAT,!° indicating differences in
their SSRI binding areas. Both cocaine and S-citalo-
pram block transmitter reuptake competitively. While
cocaine is non-selective, S-citalopram is a selective
SERT inhibitor.” Amphetamine and related com-
pounds, such as methamphetamine, methylphenidate,
fenfluramine, and 3,4-methylenedioxymethamphet-
amine (MDMA, ‘ecstasy’), act as ‘false substrates’ for
monoamine transporters and inhibit monoamine reup-
take. Mapping of the ligand binding areas may be used
for rational design of more specific antidepressants with
less side effects, and of drugs that might be used to treat
cocaine addiction.

The models of DAT, SERT, and NET presented in this
study were used to dock the psychomotor stimulants co-
caine and S-amphetamine, and the SSRI S-citalopram,
into their putative binding sites and examine the molec-
ular mechanisms of their different binding affinities.

2. Results

The energy minimized models of SERT, DAT, and NET
are shown in Figures 1A-C. The transporter models are

Figure 1. (A) Energy minimized SERT model viewed in the membrane
plane. (B) Energy minimized DAT model viewed in the membrane
plane. (C) Energy minimized NET model viewed in the membrane
plane. The C,-traces of each transporter model are colored according
to residue order, with the N-terminal being dark blue and the
C-terminal being dark red.

structurally organized as their template, lac permease,
with symmetrically positioned N- and C-terminal do-
mains, each with six TMHs. In contrast to the template,
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their hydrophilic putative ligand binding cavities are
open to the extracellular side, representing an out-
ward-facing conformation. The Procheck option of the
Savs Metaserver for analyzing and validating protein
structures (http:/nihserver.mbi.ucla.edu/SAVS/) was
used to check the stereochemical quality of the models.
According to the Ramachandran plot, residues in the
most favored regions were 80.0% (SERT), 78.3%
(DAT), and 75.9% (NET), residues in additional al-
lowed regions were 17.6% (SERT), 19.8% (DAT), and
21.5% (NET), residues in generously allowed regions
were 2.2% (SERT), 1.1% (DAT), and 2.0% (NET),
and residues in disallowed regions were 0.2% (SERT),
0.7% (DAT), and 0.6% (NET). These results indicate
that the models were geometrically acceptable.

Conserved amino acids in lac permease, and SERT,
DAT, and NET are Leu89, PhelO5, and Prol06
(TMH1), Phell7 (TMH2), Thr301 (TMHS5), Trp326
(TMH6), Ala387 (TMH7), Ala424 and Phe428
(TMHS), Val512 (TMHI10), Phe551 (TMHI11), and
Gly578 (TMHI12). These amino acid numbers refer to
SERT. In the inward-facing conformation of SERT,
the substrate translocation pore was closed toward the
extracellular side by hydrophobic interactions between
the conserved amino acids PhelO5, Prol06, Phell7,
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and Ala387. In TMH2 facing the cytoplasm there is a
conserved negative charge; Glul35 in SERT and
Asp68 in lac permease.

A putative ligand binding area and a substrate translo-
cation area are located between TMHs 1, 2, 4, 5, 7, 8,
10, and 11 in the SERT, DAT, and NET models, in
accordance with the lac permease structure and site-di-
rected mutagenesis studies (Table 2) on DAT and
SERT. The ligands had overlapping, but not identical
binding sites in the three transporter models. The most
important TMHs forming the ligand binding site are
TMHs 1, 4, 5, 7, and 11, as also observed for the sugar
binding site in the lac permease structure.!®

2.1. SERT-ligand interactions

The ligands docked into SERT are shown in Figures
2A-C, displaying the amino acids suggested as most
important for ligand interaction from the present dock-
ing results. All the ligands interacted with Asp98 and
Vall02 (TMHI1), Phell7, Tyrl2l, and Metl24
(TMH2), Met260, Phe263, and Tyr267 (TMH4),
Tyr289 (TMHS5), Tyr516 and Thr519 (TMHI10), and
Leu547, Phe548, Phe551, and Ile552 (TMHI11) (Table
1). In addition, S-citalopram and S-amphetamine inter-
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Figure 2. Cocaine (A), S-citalopram (B), and S-amphetamine (C) docked into SERT model. Displayed amino acids interacting with the ligand are
Asp98, Phell7, Tyr267, Thr519, and Phe551. Cocaine (D), S-citalopram (E), and S-amphetamine (F) docked into DAT model. Displayed amino
acids interacting with the ligand are Asp79, Phe98, Tyr252, Gly502, and Phe534. Cocaine (G), S-citalopram (H), and S-amphetamine (I) docked into
NET model. Displayed amino acids interacting with the ligand are Asp75, Phe94, Tyr249, Asp499, and Phe531.
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Table 1. Amino acids in the ligand binding area identified by ligand
docking

TMH SERT DAT NET
1 Tyr95 Phe76 Phe72
Asp98 Asp79 Asp75
Val102 Val83 Val79
Pro106 Pro87 Pro83
2 Phel17 Phe98 Phe94
Tyr121 Tyr102 Tyr98
Met124 Phel05 Phel01
4 Met260 Val245 Met242
Phe263 11e248 Val245
Thr264 Val249 Ile246
Tyr267 Tyr252 Tyr249
5 Tyr289 Tyr274 Tyr271
7 Ser372 Ser357 Ser354
Gly376 Gly361 Gly358
Phe380 Phe365 Phe362
10 Tyr516 Tyr499 Tyr496
Thr519 Gly502 Asp499
11 Leu547 Cys530 Ala527
Phe548 Phe531 Phe528
Phe551 Phe534 Phe531
Ile552 Val534 Val532

Each line represents amino acids in corresponding positions in each
transporter. Positions with identical amino acids within SERT, DAT,
and NET are shown in boldface.

acted with Tyr95 (TMHI1), and cocaine and S-citalo-
pram interacted with Ser372 (TMH?7).

In the docking position of cocaine predicted by the ICM
program as the most energetically favorable, the ben-
zene ring of cocaine formed stacking interactions with
Phe551 (TMHI11). The ester groups of cocaine formed
hydrogen bonds with Tyr121 (TMH2), Tyr267
(TMH4), and Tyr289 (TMHS). The tropane ring inter-
acted with Phel17 (TMH2) forming hydrophobic inter-
actions (Figure 3).

Figure 3. Possible binding pockets (yellow) at the outward-facing
SERT model viewed from the extracellular side as evaluated by
ICMPocketFinder. The SERT C,-traces are colored according to
residue order, with the N-terminal being dark blue and the C-terminal
being dark red.

The nitril group of S-citalopram was oriented toward
Tyr289 (TMHSY), and the fluoride atom toward Thr519
(TMH10). Stacking interactions were formed between
Phe551 (TMHI11) and the fluorobenzyl group of S-
citalopram.

S-Amphetamine formed stacking interactions with
Phe263 (TMH4).

2.2. DAT-ligand interactions

Figures 2D-F show the ligand—-DAT complexes after
energy minimization, displaying only the amino acids
suggested as most important for ligand interaction from
the present docking results. All ligands interacted with
Asp79 and Val83 (TMHI1), Tyr102 and Phel05
(TMH2), Ile248, Val249, and Tyr252 (TMH4), and
Phe531 and Phe534 (TMHI1).

In addition, cocaine interacted with Phe98 (TMH?2),
Val245 (TMH4), Tyr274 (TMHS), (Ser357, Tyr499
(TMH10)), and Cys530 (TMHI11). The ester groups of
cocaine formed hydrogen bonds with Tyr102 (TMH2)
and Tyr274 (TMHSYS) in DAT. Stacking interactions
were formed between the benzene group of cocaine
and Phe98 (TMH2), while hydrophobic interactions
were formed between the tropane ring of cocaine, and
Phel05 (TMH2) and Phe534 (TMHI11).

S-Citalopram also interacted with Phe76 and Pro87
(TMHI1), Phe98 (TMH2), Val245 (TMH4), Tyr274
(TMHY), and Tyr499 (TMH10). Hydrogen bonds were
formed between the ether oxygen of S-citalopram and
Tyr102 (TMH2) in DAT. The nitril-benzene group of
S-citalopram formed stacking interactions with Phe98
(TMH2), while the fluorobenzyl group formed stacking
interactions with Phel05 (TMH?2), Phe531, and Phe534
(TMHI11). Hydrophobic interactions were formed
between the nitril-benzene group of S-citalopram
and Val245 (TMH4), and between the alkyl chain of
S-citalopram and Val83 (TMH1).

S-Amphetamine interacted with Phe76 (TMHI1), Ser357,
and Phe365 (TMH7). The S-amphetamine molecule
formed stacking interactions with Phel05 (TMH2),
Phe531, and Phe534 (TMHI1).

2.3. NET-ligand interactions

The docking complexes of NET after energy minimiza-
tions are shown in Figures 2G-1, displaying only ligands
and interacting amino acids. All three ligands interacted
with Asp75 and Val79 (TMH1), Tyr98, and Phel0l
(TMH2), Val245, 11e246, and Tyr249 (TMH4), Tyr271
(TMHS5), Ser354 (TMH?7), Tyrd96 (TMHI10), and
Ala527, Phe531, and Val532 (TMHI11).

Cocaine also interacted with Phe94 (TMH2), Met242
(TMH4), and Phe528 (TMHI11). Hydrogen bonds were
formed between the ester groups of cocaine, and Tyr98
(TMH2), Tyr249 (TMH4), and Tyr271 (TMHS) in
NET. Stacking interactions occurred between the ben-
zene ring of cocaine, and Tyr98 and Phe94 (TMH2) in
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NET. Hydrophobic interactions were formed between
the tropane ring of cocaine, and Phel01 (TMH2) and
Phe531 (TMHI11), and between the benzene ring and
1le246 (TMH4).

The nitril group of S-citalopram interacted with Tyr271
(TMHS), and the fluoride atom was oriented toward
Asp499 (TMH10). Stacking interactions were formed
between the fluorobenzyl group of S-citalopram, and
Phel01 (TMH2) and Phe531 (TMHI11). In addition,
S-citalopram interacted with Phe72 (TMHI1), Phe94
(TMH2), Met242 (TMH4), and with Phe528 (TMHI1).

S-Amphetamine also interacted with Phe528 (TMHI11)
and formed stacking interactions with Phe98 and
Phel01 (TMH2), Tyr249 (TMH4), and Phe531
(TMHI11) in NET.

3. Discussion

The SERT, DAT, and NET models presented in this
study were based on an assumed structural resemblance
between the SNF transporters and lac permease, due to
their common functional mechanism using an ion gradi-
ent as energy source for translocation of molecules
against a concentration gradient. This common mecha-
nism suggests that these transporters may have a com-
mon folding motif, but this has not been confirmed
experimentally. The sequence identity within the trans-
membrane regions between lac permease and the SNF
proteins SERT, DAT, and NET is 11-13%. Within the
transmembrane regions the sequence identity is 6-11%
between G-protein coupled receptors (GPCR) and bac-
teriorhodopsin, which share a common 7 TMH overall
structure.!” The crystal structure of bacteriorhodopsin'®
was previously used as a template for molecular model-
ing of GPCRs.!” The crystal structure of the GPCR rho-
dopsin?® confirmed the existence of 7 TMHs and that
the GPCR models based on bacteriorhodopsin were
valuable for the prediction of ligand binding sites. The
sequence similarities between the neurotransmitter
transporters and lac permease are comparable with the
similarities between GPCRs and bacteriorhodopsin,
which indicates that the lac permease structure may be
a suitable template for modeling of neurotransmitter
transporters.

We have previously used knowledge-based methods to
construct molecular models of SERT, DAT, and NET,
when a detailed structural template was not avail-
able.!>!* The previous models of the 12 membrane span-
ning a-helices in SERT, DAT, and NET were based on
an NhaA model,!? that was constructed from the low-
resolution electron density projection map of NhaA'
and site-directed mutagenesis studies on SERT and
DAT. After publication of the models, the crystal struc-
tures of the MFS transporters lac permease!® and the
glycerol-3-phosphate transporter!! were reported. Inter-
estingly, there was a striking resemblance between the
membrane spanning domains of the MFS crystal struc-
tures and the previous SERT, DAT, and NET models.'>
For example, both in the previous NhaA based SERT

model and the present lac permease based SERT model,
the cocaine binding area includes residues Tyr95,
Asp98 (TMH1), Tyr267 (TMH4), Tyr289 (TMHY),
and Phe551 (TMHI11).

When the cocaine molecule was docked automatically
into the putative binding sites of each transporter model
by the interactive docking option provided by the ICM
program, the cocaine positions and orientations were al-
most identical in DAT and NET (Fig. 2). The benzene
ring of cocaine formed stacking interactions with the
conserved phenylalanines Phe98 (DAT)/Phe94 (NET),
and the tropane ring formed hydrophobic interactions
with Phe534 (DAT)/Phe531 (NET). The methyl ester
group of cocaine formed hydrogen bonds with the con-
served Tyr252 (DAT)/Tyr249 (NET). The position of
the cocaine molecule when docked into the putative
binding site in SERT was similar to that in DAT and
NET. However, the docking procedure of cocaine into
SERT resulted in a 180° rotation compared with the
docking into DAT and NET. In SERT, there was also
a hydrogen bond between the methyl ester group of co-
caine and the conserved Tyr267, similar to the interac-
tions of cocaine with DAT and NET. In addition,
there were stacking interactions between the conserved
Phe551 in SERT, and the benzene group of cocaine,
and hydrophobic interactions between the tropane ring
of cocaine and the conserved Tyr117 in SERT. A hydro-
gen bond interaction between the benzoate carboxyl of
cocaine and a tyrosine residue was observed in a crystal
structure of a bacterial cocaine esterase complex.?! In
the present docking studies, the benzoate carboxyl of
cocaine interacted with tyrosines being conserved in
DAT, NET, and SERT, namely Tyr102 (DAT), Tyr98
(NET), and Tyrl21 (SERT).

Docking of S-citalopram resulted in almost identical
positions for S-citalopram in SERT and NET. In gener-
al, the amino acids involved in S-citalopram binding
were conserved between SERT and NET, namely
Asp98 (SERT)/Asp75 (NET), Vall02 (SERT)/Val79
(NET), Phel17 (SERT)/Phe94 (NET), Tyr121 (SERT)/
Tyr98 (NET), Tyr267 (SERT)/Tyr249 (NET), Tyr289
(SERT)/Tyr271 (NET), Tyr516 (SERT)/Tyr496 (NET),
Phe548 (SERT)/Phe528 (NET), and Phe551 (SERT)/
Phe531 (NET). The involvement of the SERT residue
Phe263 in ligand binding, which was seen in the docking
complex, has recently been confirmed by site-directed
mutagenesis studies.??

The nitril group of S-citalopram was oriented toward
Tyr289 (SERT)/Tyr271 (NET), and the positively
charged nitrogen atom of S-citalopram was oriented to-
ward Asp98 (SERT)/Asp75 (NET). The main differences
in the binding area were Tyr95 (SERT)/Phe72 (NET)
and Thr519 (SERT)/Asp499 (NET). The fluorobenzyl
group of S-citalopram interacts with Phe551 (SERT)/
Phe531 (NET) and Thr519 (SERT)/Asp499 (NET).
The selectivity factor of S-citalopram, which is calculat-
ed from the Kp (dissociation constants) ratios for S-
citalopram binding to SERT over NET, is 3500.'° An
unfavorable anion—n repulsion?® between the fluoroben-
zyl group of S-citalopram and Asp499 of NET, as
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observed in the S-citalopram-NET docking, may ex-
plain the lower affinity of S-citalopram for NET than
for SERT.

The main difference in orientation of S-citalopram in
DAT compared to SERT and NET was the position
of the nitril group. In DAT, the nitril group interacted
with Val245 (TMH4), while in SERT and NET it was
oriented toward Tyr289/Tyr271 (TMHS), respectively.
The fluorobenzyl group of S-citalopram was oriented
in the same direction in all transporters, pointing in
the direction of the amino acid corresponding to
Gly502 in DAT. However, in SERT this amino acid is
a threonine (Thr519), while in NET it is an aspartate
(Asp499). Gly502 was not in van der Waals contact with
S-citalopram and might not contribute to stabilize the
transporter—ligand complex.

Studies using human and Drosophila SERT chimeras
have indicated that Tyr95 in SERT contributes to S-
citalopram potency.?* In the present docking studies,
Tyr95 was localized in the binding area and might inter-
act with the nitril group of S-citalopram.

The positions of S-amphetamine after the docking into
SERT, DAT, and NET were similar in the three trans-
porters. However, the benzene ring was oriented some-
what differently in each transporter. In SERT, the
benzene group of S-amphetamine was oriented toward
TMH4, stacking with Phe263, in DAT it was oriented to-
ward TMH2, stacking with Phe98 and Phel05 (TMH2),
and in NET it was oriented toward TMH11, stacking with
Phe531.

ICMPocketFinder indicated that the conserved residues
Asp98/79/75  (SERT/DAT/NET),  Tyr267/252/249
(SERT/DAT/NET), and Tyr289/274/271 (SERT/DAT/
NET) are important for ligand binding. The interactive
docking option provided by the ICM program placed
the ligands into this binding pocket, yielding interactions
between these residues and the ligands. This finding is in
accordance with site-directed mutagenesis studies.?>?’

The amino acids in lac permease corresponding to
Asp98, Tyr267, and Tyr289 in SERT are Met23,
Alal22, and Trpl51, respectively. In the lac permease
crystal structure, these residues are involved in sugar
binding.!?

Some amino acids are conserved between lac permease
and SERT, DAT, and NET: Leu89, Phel05, and
Pro106 (TMH1), Phell7 (TMH2), Thr301 (TMHS5),
Trp326 (TMHG6), Ala387 (TMH?7), Ala424 and Phe428
(TMHS), Val512 (TMHI10), Phe551 (TMHI11), and
Gly578 (TMH12), SERT numbering. This suggests that
these residues are involved in transporter function or li-
gand binding. Interestingly, three of these amino acids,
Prol106, Phell7, and Phe551 (SERT numbering), take
part in the putative cocaine/SSRI binding site. Phel05,
Prol106, Phell7, and Ala387, which ‘close’ the substrate
translocation pore by hydrophobic interactions between
the side chains in the inward-facing conformation, might
be involved in an alternating access transporter mecha-
nism. The conserved negative charge; Glul35 (SERT
numbering), corresponding to Asp68 in lac permease,
which is in contact with the cytoplasm, may also be impor-
tant for the transporter mechanism, possibly involving
charge transfer leading to conformational changes in
the transporter.

Although there is agreement between the present docking
studies and data from site directed mutagenesis studies,
some of the results from the docking have to be experi-
mentally confirmed: (1) Whether the crystal structure of
lac permease is a sufficiently similar template for homolo-
gy modeling of SNF proteins. (2) The proposed outward-
facing conformation of SERT. (3) The interpretation of
site directed mutagenesis data. Such results are not unam-
biguous, since they do not show whether the observed ef-
fects are due to direct disruption of side-chain-ligand
interactions or caused by overall structural changes of
the binding region induced by the mutations.

The involvement of TMH3 in ligand binding has been
suggested by some experimental studies (Table 2).

Table 2. Transporter protein residues shown by site directed mutagenesis studies to interact with cocaine/CFT, citalopram, MPP* or dopamine

TMH Transporter Residue Corresponding hSERT residue Ligand Reference
1 hSERT Tyr95 Citalopram 24
rDAT Phe76 Tyr95 Cocaine/CFT 37
rSERT Asp98 Asp98 Citalopram 25
rDAT Asp79 Asp98 Cocaine/CFT 26
3 hSERT 1le172,Tyr176 Cocaine/CFT 38
bDAT Vall52 Tlel172 Cocaine/CFT 39
7 rDAT Ser350, Ser353 Val366, Cys369 MPP*, dopamine 40
rDAT Ser356, Ser359 Ser372, Ser375 MPP*, dopamine, CFT 26
4 rDAT Tyr251 Tyr267 Cocaine/CFT 27
5 rDAT Tyr273 Tyr289 Cocaine/CFT 27
11 rDAT Tyr533 Phe551 Cocaine/CFT 41

hSERT, human SERT; rSERT, rat SERT; hDAT, human DAT; rDAT, rat DAT; bDAT, bovine DAT; MPP" = 1-methyl-4-phenylpyridinium;
CFT = (—)-2B-carbomethoxy-3B-(4-fluorophenyl)tropane (cocaine analogue).
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Recently, a study involving cross-species chimera fol-
lowed by species-scanning mutagenesis suggested that
the TMH3 residues Alal69 and Ile172 of hSERT are
important for ligand binding.”® Assuming that the 12
TMHs of secondary transporters may be loosely packed
in an active state associated with transport of substrate
molecules, TMH3 could easily slide or tilt toward the li-
gand binding site during ligand binding. Widespread co-
operative conformational changes including sliding and
tilting motions of the TMHs have been suggested to oc-
cur during ion and substrate transport in lac permease.*
Therefore, the SERT transport mechanism may involve
several conformational changes in the transporter, both
in TMHs and in loop segments.

In conclusion, the present models may be used as tools
for designing further experimental structural studies of
SERT, DAT, NET, and their ligand interactions, which
may contribute to the iterative process of structural
investigation of SNF proteins. Investigation of the
molecular interactions of psychotropic drugs with such
transporters may be useful in drug development. These
models may have pharmacological explanatory power,
in spite of several uncertainties, due to the fact that they
are modeled by analogy with the crystal structure of
other distant relative transporters.

Coordinates of the SERT, DAT, and NET models are
available from the authors upon request.

4. Experimental
4.1. Computational procedures

The ICM software version 3.0-28i%° was used for inter-
active molecular graphics, homology modeling, and
ligand docking, and the AMBER 8.0 program package*’
was used for empirical force field calculations of molec-
ular structures. All models and complexes were first
energy minimized with restrained backbone by 500 cy-
cles of steepest descent minimization followed by 500
steps of conjugate gradient minimization, and then ener-
gy minimized with no restraints by 1000 cycles of steep-
est descent minimization followed by 1500 steps of
conjugate gradient minimization. A 10 A cutoff radius
and a distance dependent dielectric function (e = ry),
where rj; is the distance between atoms i and j, were used
in the molecular mechanics calculations.

4.2. Homology modeling of SERT based on lac permease
X-ray structure

The amino acid sequences of human SERT,?"-3> human
DAT,* and human NET>* were aligned manually to the
lac permease amino acid sequence using ICM. The
alignment was adjusted according to data reported from
site directed mutagenesis studies on SERT and DAT
(Table 2), such that residues shown to interact with li-
gands in experimental studies would be directed inwards
toward a putative binding site in the transporter model.
The alignment used for the homology modeling is
shown in Figure 4.

A model of SERT was constructed using the homology
modeling module of ICM, with the lac permease crystal
structure as template.! The ICM program constructs
the model from a few core sections defined by the aver-
age of C, atom positions in the conserved regions. This
procedure provides a homologue model of the TMHs
and loops, but not of the N- and C-terminals. The N-
and C-terminals were derived from a previous SERT
model,'* based on structures in the Protein Data Bank
(PDB) database.?> The SERT model was refined using
a RefineModel macro of ICM including: (1) Monte Car-
lo simulation on side chains; (2) 50 steps of energy
minimizations; and (3) a second Monte Carlo simulation
on side chains. Restraints were used in step 2 to keep the
backbone atoms at the same positions as in the
template.

4.3. Modeling of an outward-facing conformation of
SERT

The lac permease structure'® that was used as a template
for the SERT model represents the inward-facing con-
formation with bound substrate. The sugar-binding site
is open toward the cytoplasmic side in this structure. To
bind ligands such as cocaine and SSRIs, an alternative
outward-facing conformation open to the extracellular
side is required. The construction of the outward-facing
model represented the most challenging step of this
modeling study. Based on chemical modification and
cross-linking experiments, Abramson et al. suggested a
model for the outward-facing conformation of lac per-
mease.'? Using their description as a guideline, a relative
rigid-body rotation of ~60° between the N- and C-
terminal domains around the axis perpendicular to the
membrane was applied to obtain an initial putative out-
ward-facing conformation of the SERT model. The co-
caine molecule was docked into the inward-facing SERT
model in a position equivalent to that of the sugar mol-
ecule in lac permease.!® The cocaine molecule was used
since it binds to all three monoamine transporters, and it
has been shown by site directed mutagenesis studies to
interact with Asp98, Tyr267, and Tyr289 (Table 2). Co-
caine was kept in the same position during the rotation,
maintaining contact with Asp98, Tyr267, and Tyr289.
Figure 5 shows the inward-facing and the outward-fac-
ing SERT conformations, respectively.

4.4. Homology modeling of DAT and NET

The outward-facing SERT model was used as a template
for modeling of DAT and NET, using the homology
modeling option of the ICM program. The initial
DAT and NET models were refined using the Refine-
Model macro of ICM. The SERT, DAT, and NET
models were then energy minimized using the AMBER
8.0 program package.

4.5. Ligand molecules

The chemical structures of citalopram, cocaine, and
amphetamine are shown in Figure 6. Atomic coordi-
nates, restrained electrostatic point (RESP) charges for
the atoms, and empirical force field parameters for the





LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT
hDAT

LacY
hNET
hSERT

hDAT

A. W. Ravna et al. | Bioorg. Med. Chem. 14 (2006) 666675

1 ___________________________________________________________
1 MLLAR———-MNPQVQPE-—————————————— NNGCADTGPEQPLRARK
1 METTPLNSQKQLSACEDGEDCQOENGVLOKVVPTPGDKVESGQISNCYSAVPSPGAGD——
1 ——— MSKSKCSVGLMSSVVAPAKEPNAVGPR
T
1 ————— MYYLKNTNFWMFG FFEYFFIMGAYFEF
30 TAELLVVKERNGVQCLLAPRDG—————— DAQF ID
57 ——————— DTRHSIPATTTTLV————AELHQGE
28 EVELILVKEQNGVCLTSSTLTNPRQSPVEAQD T IDF
TMH2
31 TWEHDINH-———— ISKSDTGIT ISLESEEFQPLEGLESPRECIR———————————
83 TNC ————— YRNGG——————-GABLIPYTLFLITAGMPLFYME@IAL ——GOYNREGAATV
106 B¥IC-———- YQNGG——————— CARLIPYTIMAIFGCIPTLFYVEILATL ——CQYHRNGCIST
87 B ————— YENGG——————- GABRLVPYLLFMVIAGMPLEYMBILAL--GCOFNBEGAAGV
TMH3
73 EKECTWIITGMLVMFAPFFEIFIFGPLEQYN———————————————
128 W-WICPFFEGVCYAVILIALYVCFYYNVIIAWS LYYLFSSFT - LNLPWTDCGHIWNEP
151 WREBIICPIFRCIGYAICIIAFYIASYYNTIMAWALYYLISSFT--DOLPWTSCKNSWNTG
132 W-RICPITMGVGFTVILISLYVGFFYNVI IAWALHYLFSSFT - TELPWIHCNNSWNSP
1h2 _._._._________ﬁ._._.__._.__ﬁ________‘._._.__._._._________ﬁ.-.-.--.ILVGQIVGGI
184 NCEDPKLLN--GSVLGNHTKYSKYRFTP GVLHLHESSGIHDI-GLPOWELLL
208 NCENYFSED----————NITWTLHSTSPAE IVLQIHRSKGLQDL-GGISWQRLAL
188 NLSDAHPGDQSCDSSCLNDTFGTTPziIEFEICVLHLHQSHCIDDL GPPRWQLTA
__ TMH4 TMHS
113 YLGFCFNAGAPAVEAFIEKVSRRSNFEF——GRARMFGCVGWALGASIVGIMFTINN———
240 CLMVVVIVLYFSLW ————————— GE-VVWITATLPYFVLFVLLVHGVT——LPG
258 CIMLIFTVINYFSIWMCVETS ——————— G - VVWVIATFPYIILSVLLVRGAT——LPG
243 CLVLVIVLLYFSLWECVETS ——————— ~VVWITATMPYVVLTALLLRGVT——-LPG
TMH6
166 ————————————————— LGSCCALILAVLLFFAKTDAPSSATVANAVGANHSAF
287 ASNGINAYLHIDFY WpAA TEErrENcaG—————————————————————
305 AWRGVLFYLKPNWQ TG IDAAABIFFENGPG———————————————————————
290 AIDGIRAYLSVDEY IDAATQVCFSLCUG-———————————————————————
TMH?
209 SLKLALELFRQ-———— ——————————————PRLWELSLYVIGVSCTEDVEDQQF
322 —————————— FGVLIAFASYNEFDNNCYRDALLTSS INCITSFVECFATIFSTLCYMAN
340 -—————————- FGVLLAFASYNRFNNNCYQDALVISVVNCMTISFVSGFVIFTIVLGY
325 ——————————— FGVLIAFSSYNKF TNNCYRDAIVITS INSLTSFSSGFVVFSFLGYMAQ
TMHS
246 FFESEFATG-————————————— EQCTRVFGYVE MGE LENBS IMBFAPLIINRIGGKN
371 BHEKV-————- NIEBVATH CAGLV-FILYPPAISTLSCSTFW BLALCID-————
389 MRNE-————- DVSEVARBAGPSLL-FITY IANMPASTFFEIIFRIMLITLGLD————
374 KHEV————— PIGBVAKE-CPGLI-FIIYPEATIATLPLSSAW FMERTHCGID-———
TMHY
290 ———————————————— ALLLAGTIMSVRIIGSBFATSAL————————
419 BsMEG VITGLADEF -QVLE LETEGHTESTELLALFCIER ————— GGIEVLTL
438 STFAGLEGVITAVILDEFPHVWA REVLAVVITCFFGSLVTLTF ————— GGAYVVKL
422 SAMGCMESVITGLIDEF-QLLH LETLEIVLATELLSLECVEN-———— GCIFVETL
TMH10
313 ———————— EVVILKTLHMFEMPFILVGCEFRYITSQFEVRE —————————————————— s
472 LPETFAAGTSILFAVL I“ SWFY¥CVDRESND——————— IQOMMGFRPCLYWRILCHWKE
492 L YATGPAVLTVAL SWEMCITORECERD——————— VKEMLGFSPGWFWRICWVA
475 1, HFAAGTSILFGVL WEEGVGQFSDD——————— IQOMTGQRPSLYWRILCWKL
TMHI11 TMH12
347 BATINLVCECFFRQLAMIFMSVLAGNMYES IGFQ-———--——-GAYLVLGLVALGFTLISV
524 V8 ¥ FPPHANWVEWGIALSSMVLVEIYVIY
544 YPYWSIILGY¥CIGTSSFICIPTHIAY
527 FPDWANALGWVIATSSMAMVP IYALY
398 FTHSGPGPLSLLRROVNEVA - —————————— e
576 L STOCELWERLAYCITPENEHHLVAQ OFQLOHWLAI
596 @LI-————————————————— ITPGIFKERI IKS ITP@TPTE-IPCG I LNAV——————
579 C———— SLPGEF LAYAIAPEKDRELVDRG QF TLRHWLKV

Figure 4. The amino acid sequences of hSERT, hDAT, and hNET aligned to the lac permease amino acid sequence (LacY).

molecular mechanics calculations of S-citalopram and
cocaine were taken from previous molecular modeling
studies.'>3¢ Input for the AMBER molecular mechanics

673

programs of the S-amphetamine molecule was prepared
using the Leap and antechamber programs of the AM-
BER 8.0 program package. The molecule was drawn
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Figure 5. (A) Inward-facing SERT model with cocaine molecule in the putative binding site. (B) Outward-facing SERT model with cocaine molecule

in the putative binding site.

A o CH,
H3C\NH+ o
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Figure 6. Molecular structures of cocaine (A), citalopram (B), and
amphetamine (C).

using the X-windows graphical interface of the xleap
shell scripts and the antechamber program was used to
assign atomic charges and atom types. The Sander pro-
gram of the AMBER 8.0 program package was used for
energy minimization of the S-amphetamine molecule.

4.6. Ligand docking

The binding pockets at the outward-facing SERT model
were characterized using ICMPocketFinder, which de-
tects cavities of sufficient size to bind ligands. The yellow
areas indicated in the figure represent a binding pocket
suggested by the ICM program. The areas include
Asp98, a residue shown to interact with S-citalopram

in site directed mutagenesis studies (Table 2). Other res-
idues in the putative binding pocket in the yellow areas
were Phell7 (TMH2), Tyr267 and Trp271 (TMH4),
Tyr289 (TMHS), Phe423 (TMHS), and Phe556
(TMHI1).

The cocaine-, S-citalopram- and S-amphetamine mole-
cules were first docked manually into the outward-fac-
ing SERT model into the cavity consisting of the
yellow pockets shown in Figure 3. The manually gener-
ated ligand position was adjusted by the interactive
docking option provided by the ICM program, using
Asp98 as an anchoring point.

Asp79 was used as the anchoring point for automatical-
ly docking of the cocaine-, S-citalopram-, and S-am-
phetamine molecules into the DAT model, as
described for SERT. Asp79, which corresponds to
Asp98 in SERT, has been shown to interact with cocaine
in site directed mutagenesis studies (Table 2).

The anchoring point for docking the cocaine-, S-citalo-
pram-, and S-amphetamine molecules into the NET
model was Asp75, which corresponds to Asp98 in SERT
and Asp79 in DAT. The docking was performed as de-
scribed for SERT.

For each ligand docking, the complex with the lowest
interaction energy of 20 positions examined by ICM
was energy minimized using the Sander program in the
AMBER 8.0 program package.
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Abstract—Molecular modeling and 3D-QSAR studies were performed on 31 indolomorphinan derivatives to evaluate their antag-
onistic behaviors on « opioid receptor and provide information for further modification of this kind of compounds. Best predictions
were obtained with COMFA standard model (¢*> = 0.693, N =4, r*=0.900) and CoMSIA combined model (4> = 0.617, N =4,
r?=0.904). Both models were further validated by an external test set of eight compounds with satisfactory predictions:
2 = 0.607 for COMFA and 1 = 0.701 for CoMSIA. In addition, the 3D structure of human k opioid receptor was constructed based
on the crystal structure of bovine rhodopsin, and the CoMSIA contour plots were then mapped into the structural model of k opioid
receptor—-GNTI complex to identify key residues, which might account for k antagonist potency and selectivity. The roles of non-

conserved Glu297 and conserved Lys227 of human « opioid receptor were then discussed.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

There are three well-adopted subtypes of opioid recep-
tors: p, , and 8.2 However, to date the precise role
of k¥ opioid receptor has not been well established yet.
It appears that k opioid receptor exerts its physiological
roles by participating in pain process and regulating im-
mune systems>* where selective x opioid antagonists
could provide powerful tools to investigate detailed
interactions between the receptor and ligand. Mean-
while, « selective antagonists also showed some clinical
potentials.>¢

Nor-BNI (norbinaltorphimine, 1) is the first highly
selective k opioid antagonist reported by Portoghese
et al.,” who believed that it was the second basic group
that conferred k potency and selectivity of the com-
pound.® The hypothesis was confirmed in their subse-
quent work® by structure simplification of nor-BNI.
The basic group was further identified interacting with
Glu297 of « opioid receptor by site-directed mutagene-
sis.!® Moreover, the attachment of a basic group to

Keywords: « Opioid receptor; Indolomorphinan derivatives; 3D-

QSAR; Molecular Modeling; COMFA; CoMSIA.

* Corresponding authors. Tel.: +86 21 54237595; fax: +86 21 54237264
(Z.B.Q.); tel. +86 21 54237419 (Y.T.);e-mail addresses:
ytang234@yahoo.com.cn; zbqiu@shmu.edu.cn

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

doi:10.1016/j.bmc.2005.08.052

the 5'-substitutes of naltrindole, a potent & selective
antagonist, led to the discovery of a more potent k selec-
tive antagonist, 5'-guanidine naltrindole (GNTI, 2).!!
There were also some other types of k selective antago-
nists such as JDTic'>!3 (3) and KAA-1(4)'* recently
reported by Carroll and co-workers, which also owned
a second basic group (Fig. 1).

In order to elucidate the mechanism of action of known
kappa antagonists and design new kappa selective
antagonists, molecular modeling and 3D-QSAR studies
were conducted here. At first, 39 indolomorphinan
derivatives, potent kappa selective antagonists by add-
ing a basic or neutral group in the 5’-position of naltrin-
dole, were collected from the literature. They were then
divided into two groups: 31 compounds as training set
and the other eight ones as test set. The training set
was used to build 3D-QSAR models with CoMFA
(comparative molecular field analysis) and CoMSIA
(comparative molecular similarity indices analysis)
methods, while the test set was used to validate the
3D-QSAR models further. Meanwhile, due to unavail-
ability of experimental structure, the 3D structure of
kappa opioid receptor was constructed based on the
crystal structure of bovine rhodopsin. The interaction
mode of GNTI with kappa receptor was hence obtained.
Finally, the contour plots of CoOMFA were mapped into
the binding site of kappa receptor to identify key
residues that might account for ligand binding and
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nor-BNI GNTI

J %i:@

()-KAAL 4

Figure 1. Some potent highly selective k antagonists reported recently.

selectivity. The studies provided us helpful information
on how to modify indolomorphinan derivatives.

2. Materials and methods
2.1. Data set

Thirty nine compounds were collected from several re-
ports of the Lewis group!>'® (Table 1). Most of these
compounds were indolomorphinan analogs of GNTI
(2) and showed significant k antagonistic potency,
though they were also antagonists against R and o
subtypes, too. All compounds were evaluated in com-
petition binding assays with [PH] U69593 in cloned
human x opioid receptor transfected into Chinese
hamster ovary (CHO) cells. Similar assays were also
performed on GNTI by Jones and Portoghese.!” In
this study, GNTI was only considered as a reference
structure to eliminate evaluation errors between differ-
ent groups. Eight compounds were randomly selected
from the 39 molecules to make a test set for further
model validation, and the rest of the 31 compounds
served as the training set.

2.2. Molecular modeling and structural alignment

All calculations were carried out on a R14000 SGI Fuel
workstation using molecular modeling software package
SYBYL v6.9.2° All compounds were constructed in SYBYL
based on the crystal structure of nor-BNI?! since these
compounds may similarly bind to « opioid receptor.
Considering the vital role of a basic group for « selectiv-
ity and antagonistic potency, the basic groups of all
compounds were fixed near the protonated nitrogen
atom of nor-BNI supposing they shared similar binding
models to k opioid receptor. All compounds were pro-
tonated and assigned with Gasteiger—Hiickel charges.
For some more flexible compounds, systematic searches
were performed with an interval of 10° on rotatory
bonds to ensure their low energy conformations. Final-
ly, they were minimized with Tripos force field.?

zx =0
‘i

2 JDTic 3 OH

The most crucial step in performing CoMFA and CoM-
SIA is to determine the bioactive conformations of the
compounds so that all compounds could be aligned
together. Though nor-BNI was not employed to estab-
lish 3D-QSAR models here, its structure was selected
as the template for structural alignment from the align-
ment facility in sYBYL, due to its selective k antagonistic
potency and quite rigid structure. The final structural
alignment is shown in Figure 2.

2.3. PLS analysis

As usual, PLS (partial least squares) method was used to
establish and validate CoMFA and CoMSIA models
here. The binding affinity K; values were converted into
pK; values, to describe the blologlcal activities. COMFA
was set at standard values, with a sp> carbon atom with
one positive charge used to probe steric and electrostatic
fields. The standard cutoff value was set to 30 kcal/mol.
CoMSIA fields were set in their default opinions.

LOO (leave one out) cross-validation method was used
to evaluate the initial models. The cross-validated coef-
ficient ¢* was calculated using the following equation:

2
Zy(ypred - A))actual)

2
Zy(yactual - Vmean)

where Ypred, Yactual, a0d Pmean are predicted, actual, and
mean values of the target property (pK;), respectively,
and PRESS = > (Vpred — Yacwar)” 18 the sum of predictive
sum of squares. Ll"he optimum number of components
was then given, and CoOMFA and CoMSIA models were
hence derived corresponding to the optimum number.
The parameters of confidence intervals were further esti-
mated by bootstrap in 10 runs. The column filtering box
was kept unchecked during all operations.

¢ =10-

2.4. Validation of CoMFA and CoMSIA models

In addition to LOO method to validate the CoMFA and
CoMSIA models, a test set made up of eight compounds
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Table 1. Structures and binding affinities in the training set and test set
Compound n R, R, K; (nM)
Training set
1 2 H H 1.42%0.17
2 2 H Cl 2.41+0.22
3 2 H NO, 2.14£0.34
4 2 H NH, 0.95 +0.04
5 0 H H 0.86 £0.20
6 0 H Cl 0.66 = 0.05
8 0 H NH, 0.63 £0.10
9 0 H OH 3.26£0.12
10 0 H m-OH 2.74 £0.74
11 2 H H 0.49 + 0.00
13 0 n-Bu n-Bu 6.96 £ 0.85
14 0 n-Pr n-Pr 2.72£0.39
15 0 n-Pr CPM 2.38 £0.37
17 2 (@) Et 1.57 £ 0.80
18 2 O Pr 0.85%0.40
19 2 (6] Bu 0.68 + 0.30
20 2 NH Me 0.29 £0.10
22 2 NH Pr 0.25+0.10
23 2 NH n-Bu 0.30 £0.20
24 2 NH i-Bu 1.39 £ 0.14
26 2 (@) NH-n-Bu 6.33 £0.40
27 2 (6] NH-#n-Hex 8.13+2.67
29 1 NH n-Pen 1.44 £ 0.04
30 1 NH n-Hept 5.61 £0.37
31 0 (@) n-Hept 21.89+7.11
32 0 (6] Bn 10.33 + 0.66
34 0 O (CH,)4Ph 6.18 £0.47
35 0 (6] p-MeO-Bn 2.11 £0.35
36 10.1 £ 0.65
38 CH; H 183+ 16
39 H Pr 191 £ 3.9
Test set
7 0 H NO, 1.61 £ 0.45
12 2 n-Bu n-Bu 4.80 £ 0.02
16 0 Bn CPM 3.91 £0.60
21 2 NH Et 0.28 £0.10
25 2 (6] NH-Et 12.32+1.29
28 1 NH n-Pr 1.60 = 0.28
33 0 (6] (CH,),Ph 2.21+0.35
37 H H 120 £ 9.6
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Figure 2. Superposition of 39 molecules including compounds in the
training set and test set based on the template of nor-BNI, a potent and
k selective antagonist. (The structure of nor-BNI was removed for
purposes of clarity.)

was used for model validation. Similar to cross-validat-
ed ¢* values of LOO method, the predictive performance
of models on the test set was estimated by predictive >
values, which is expressed in the following equation:

SSD — PRESS
SSD

where SSD is the sum of squared deviation between the
pK; values of test set molecules and PRESS is the sum of
squared deviations between the observed and the pre-
dicted pK; values.

predictive 72 =

2.5. Homology modeling of kappa opioid receptor

The sequence of human kappa opioid receptor was re-
trieved from the SwissProt database (Accession No.
P41145).23 The sequences of bovine rhodopsin and hu-
man p and d opioid receptors were obtained from Swiss-
Prot, too, for sequence alignments (see Fig. 3). The
crystal structure of bovine rhodopsin was retrieved from
Protein Data Bank (PDB entry code 1F88),%* which
served as the template to generate the structural model
of kappa opioid receptor. At first the 7 TM fragments
were constructed by mutating the corresponding residue
in the template into target residue in kappa receptor.
Residue Alal06 was inserted into the target structure.
The extracellular loop 2 (EL2), connecting TM4 and
TMS, was built on the basis of EL2 of rhodopsin. The
other extra- and intra-cellular loop regions were built
with loop search function of syByL/Biopolymer module.
The N- and C-terminal regions were extended from the
transmembrane regions for 10 residues, not completely
built. A disulfide bond was formed between the side
chains of residues Cys131 and Cys210. After all done,
adding all side chains and hydrogen atoms and loading
Kollman All-Atom charges, the initial structure was
energy minimized for 5000 steps with Kollman All-At-
om force field.?

The protonated GNTI was docked into the minimized
structure of kappa receptor manually, by putting the
protonated nitrogen toward the side chain of residue
Asp138 and the guanidine group close to the side chain
of Glu297. The whole complex structure was then min-

bRho 93
hKOR 116
hMOR 127
hDOR 106
bRho 94 CELIGFFATLGGEI 152
hKOR 117 .cgr ISIDYYNMFTSiRguH 174
hMOR 128 185
hDOR 107 Z 164
bRho 153 211
hKOR 175 234
hMOR 186 | 242
hDOR 165 221
bRho 212 QLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIAFLIPWIP AGV 271
hKOR 235 LUARARTKSVRLLSG- SREKDRN LIZRINNEY AV RTATAV VA AT (edv Tz 293

hMOR 243 |SUlTArN
hDOR 221 [JAAREE

bRho 272
hKOR 294
hMOR 302 IKALVTIPETTFQTVS-W
hDOR 281 TLVDIDRRDPLVVAAL

301
280

NCMVTTLCCGKNPL 328
352
RCFREFCIPTSSNI 360
RCFRQLCRKPCGRP 340

Figure 3. Sequence alignments of three subtypes of human opioid receptors with bovine rhodopsin (N- and C-terminals omitted). The
transmembrane (TM) extracellular loop (EL), and intra-cellular loop (IL) regions were labeled correspondingly. In transmembrane regions, identical
residues among them were highlighted in dark blue, while residues in opioid receptors analogous to those in rhodopsin were colored in red.
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imized for 5000 steps again, with Tripos force field.??
The minimized GNTI-receptor complex structure was
used for further analysis.

2.6. QSAR coefficient contour maps

CoMFA and CoMSIA results were visualized by ‘stDev”
Coeff’ contours. The molecule-5 was visualized as the
reference structure. Both CoMFA and CoMSIA plots
were contoured by actual values. All the molecules used
for QSAR analysis were aligned onto the GNTI struc-
ture in the GNTI-receptor complex, which led to the
mapping of CoMSIA plots onto the bound receptor
model. Key residues, which should account for « selec-
tivity and potency were hence recognized on the receptor
model.

3. Results and discussion
3.1. Charge assignment of guanidine group

Charge assignment is crucial to a successful QSAR anal-
ysis, especially when molecules under investigation were
positive charged or negative charged. In this study,
many compounds contained a guanidine group with
+1 charge, which was quite different from those men-
tioned in any other 3D-QSAR studies in the literature.
Different from other groups like -NHj3", there are four
central atoms, rather than one or two atoms, to share
the one positive charge. How to correctly assign the
one positive charge on each atom in guanidine group
is quite challenging. Many methods led to different re-
sults, and different charge assignments led to different
or even converse 3D-QSAR contours.

At first compounds with amino group in the study were set
in their protonated type and fixed near the protonated
nitrogen atom of nor-BNI. Various methods were used
to calculate guanidine group charges such as Gasteiger,°
Gasteiger—Hiickel, Del Re,”” MMFF94,%%2° Hiickel,*°
and Pullman?! methods (Fig. 4). Based on different charge
assignments on the guanidine group by various methods,
the positive charges was focused on the central carbon
atom, and the nearby three groups (each group composed
of one nitrogen atom and two hydrogen atoms) showed a
little negative charge to neutralize the highly positive

charged carbon atom in the center in MMFF94 and Del
Re methods. Hiickel calculation was questionable be-
cause of wrong nitrogen charge assignment. And one po-
sitive charge were distributed among three nearby groups
with the central carbon little contribution to this charge in
the Pullman method. However, Gasteiger—Hiickel and
Gasteiger calculations led to different results, in which
the positive charge spread along the whole guanidine
group. The carbon atom and three nearby groups made
almost equal contributions to this one positive charge.
Considering that the uniform charge distribution may
be mostly preferable for guanidine group, Gasteiger—
Hiickel method was finally used in this study.

3.2. CoMFA and CoMSIA models and validation

The best predictions were obtained with CoMFA stan-
dard model (¢> = 0.693, N = 4) and CoMSIA combined
model with all descriptors (¢*> = 0.617. N = 4) (Table 2);
their predictive performance on the test was > = 0.607
by CoMFA and * = 0.701 by CoMSIA, which indicated
that the built 3D-QSAR models were reliable and able to
predict binding affinities of new derivatives accurately.
CoMSIA models with different field combinations were
also evaluated by LOO and test set methodologies and
these models also showed good predictive values (Table
2), which indicated that the CoMSIA models were less
affected by fields employed. The conventional fit values
on training set and prediction values on the test set made
by the two models are shown in Table 3. The relationship
curves between observed values versus conventional fit
values (prediction values) on the training set (test set)
are also displayed in Figure 5.

3.3. CoMFA and CoMSIA contours

CoMFA and CoMSIA contour plots showed that there
was a large blue contour around the second basic group
(Fig. 6a), which was in good agreement with previous re-
ports®!%11 and indicated that the positive-charged
group in this region helped to increase binding affinity.
However, a red contour was also observed in CoMSIA
contour plots (Fig. 6b), which brought complexity to
this region. A detailed analysis on electrostatic, steric,
and hydrophobic (Fig. 6¢) interactions of this kind of
compounds is discussed below in combination with the
k opioid receptor model. Unlike other fields describing

Gasteiger ~ Gasteiger-Huickel Del-Re MMFF94  Hiickel ~ Pullman
C +0.384 +0.286 +1.419  +1.200 -0.360 +0.059
H +0.194 +0.261 +0.208  +0.450 0.000 +0.208
N -0.183 -0.285 -0.555 -0.967 +0.453 -0.102

Figure 4. Different charge distributions of guanidine group calculated by multiple methods available in SYBYL. Carbon atoms were colored in gray,

nitrogen atoms in blue, and hydrogen atoms in white.
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Table 2. CoMFA and CoMSIA analysis on indolomorphinan k antagonists

Model 7 N r SEE F SEEDbs ¢°bs Pred. r?
CoMFA(std) 0.693 4 0.900 0.238 58.245 0.188 0.924 0.607
CoMSIA(steric + electro) 0.738 6 0.923 0.217 47.651 0.150 0.964 0.579
CoMSIA(steric + electro + hydrophobic) 0.591 3 0.849 0.286 50.707 0.228 0.886 0.603
CoMSIA(steric + electro + hydrophobic + donor) 0.603 3 0.840 0.294 47.372 0.234 0.895 0.627
CoMSIA(steric + electro + hydrophobic + acceptor) 0.620 6 0.961 0.155 97.745 0.108 0.980 0.451
CoMSIA(all descriptors) 0.617 4 0.904 0.233 61.168 0.198 0.886 0.701

¢*—leave one out (LOO) cross-validated correlation coefficient, N—optimum number of components, ”>—noncross-validated correlation coefficient,
SEE—standard error of estimate, F—F-test value, SEEbs—standard error of estimate by boot strapping analysis, g’bs—mean r* by boot strapping
analysis (in 10 runs), Pred. ”>—CoMFA (CoMSIA) predictive ¢* values on the test set.

Table 3. Actual versus conventional fit values (predicted values) activities of CoMFA (standard) and CoMSIA (all descriptors) models on the
training set (test set)

Compound Actual pK; CoMFA*® CoMSIA®

Conventional fit. Res? Conventional fit* Res¢

(a) Training set

Molecule-1 8.848 8.837 0.011 8.943 —0.095
Molecule-2 8.618 8.826 —0.208 8.889 —0.271
Molecule-3 8.670 8.828 —0.158 8.919 —0.249
Molecule-4 9.022 8.867 0.155 9.034 —0.012
Molecule-5 9.066 8.847 0.219 8.796 0.270
Molecule-6 9.181 8.967 0.214 8.802 0.379
Molecule-8 9.201 8.947 0.254 8.922 0.279
Molecule-9 8.487 8.880 —0.393 8.725 —0.238
Molecule-10 8.562 8.834 -0.272 8.673 —0.111
Molecule-11 9.310 9.315 —0.005 9.155 0.155
Molecule-13 8.157 8.157 0.000 8.421 —0.264
Molecule-14 8.565 8.446 0.119 8.481 0.084
Molecule-15 8.623 8.596 0.027 8.509 0.114
Molecule-17 8.804 9.084 —0.280 8.978 —0.174
Molecule-18 9.071 9.138 —0.067 9.042 0.029
Molecule-19 9.168 9.214 —0.046 9.108 0.059
Molecule-20 9.538 8.997 0.541 9.223 0.315
Molecule-22 9.602 9.266 0.336 9.391 0.211
Molecule-23 9.523 9.359 0.164 9.460 0.063
Molecule-24 8.857 9.156 —-0.299 9.331 —0.474
Molecule-26 8.199 8.221 —0.022 8.175 0.024
Molecule-27 8.090 8.031 0.059 7.962 0.128
Molecule-29 8.842 8.645 0.197 8.709 0.133
Molecule-30 8.251 8.558 —0.307 8.671 —0.420
Molecule-31 7.660 7.722 —0.062 7.759 —0.099
Molecule-32 7.986 8.401 —0.415 8.172 —0.186
Molecule-34 8.209 8.218 —0.009 8.081 0.128
Molecule-35 8.676 8.501 0.175 8.384 0.292
Molecule-36 7.996 8.100 —0.104 8.135 —0.139
Molecule-38 6.738 6.635 0.103 6.715 0.022
Molecule-39 6.719 6.642 0.077 6.670 0.049
(b) Test set
CoMFA® CoMSIA®

Compound Actual pK; Predicted pK;© Res? Predicted pK; © Res?
Molecule-7 8.793 8.943 —0.150 8.547 0.246
Molecule-12 8.319 8.659 —0.340 8.677 —0.358
Molecule-16 8.408 8.806 —0.398 8.549 —0.142
Molecule-21 9.553 9.180 0.373 9.335 0.218
Molecule-25 7.909 8.671 —0.761 8.415 —0.505
Molecule-28 8.796 8.537 0.259 8.675 0.121
Molecule-33 8.656 7.977 0.679 7.832 0.824
Molecule-37 6.921 6.630 0.291 6.743 0.178

#CoMFA standard model.

> CoMSIA model combined with all descriptors.

¢ Conventional fitted value.

4 Difference between actual and fitted (predicted) pK; values.
¢ Predicted pK; value.
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Figure 5. Plot of observed pK; versus conventional fit predictions (predicted activities) of training set (a) and test set (b). Blue rhombs show
conventional fit (predictions) of COMFA standard model and pink triangles show those of CoMSIA (all descriptors) model.

compound binding requirements, H-bond fields describe
properties located on the receptor. In H-bond donor
field contours, areas colored in cyan where H-bond
acceptors on the receptor are predicted to favor binding
and areas colored in purple where H-bond acceptors on
the receptor are predicted to reduce binding. For accep-
tor field contours, it shows regions where H-bond do-
nors on the receptor are predicted to enhance
(magenta) and reduce (red) binding capacity. H-bond
donor/acceptor contour maps (Fig. 6d and e) suggested
that there should be one H-acceptor and one H-donor
favored for binding in the receptor.

3.4. Homology modeling of kappa opioid receptor and
GNTI-receptor complex

Currently there is only one crystal structure, that is, bo-
vine rhodopsin, belonging to the superfamily of G-pro-
tein coupled receptors (GPCR). Because the seven
transmembrane regions are highly conserved among
the whole family, the structure of bovine rhodopsin
has been hence widely used as a template to model 3D
structures of any other GPCR (for a recent review,
please see Ref. 32). Excellent results, such as successful
virtual screening, have already been obtained based on
rhodopsin-derived structural models.*3* Kappa opioid
receptor belongs to the superfamily of GPCR, therefore,
it is reasonable to construct its structural model based
on the unique crystal structure of bovine rhodopsin.

Because of the long sequence and importance of the
extracellular loop 2, it is difficult to model a reliable
structure by the loop search method. There was only
one residue number difference between the two sequenc-
es, hence, the EL2 of rhodopsin was used as a template
to model the EL2 region of the receptor.

The binding site of GNTI was determined according to
experimental evidence, such as site-directed mutagenesis
results. Because the supposed binding pocket of the
receptor was not enough to accommodate GNTI, the li-
gand was docked into the binding pocket of the model
manually, and some side chains of residues around
GNTI were adjusted to release more space for the li-
gand. After energy minimization, the ligand-receptor
complex was formed. Binding residues including
Aspl38, Glu297, and Tyr312, which formed key interac-

tions with GNTI, were consistent with experimental evi-
dence. In addition to the interactions reported in the
literature,!! two novel hydrogen bonds were identified
in our model. The oxygen bridge between C4 and C5
in GNTI structure formed a hydrogen bond with
Tyr139. Another hydrogen bond was observed between
the guanidine with Tyr312. Therefore, the GNTI-recep-
tor complex structure was a reasonable model to map
CoMSIA contours and identify the binding features of
indolomorphinan derivatives.

3.5. Mapping CoMSIA contours in the GNTI-receptor
complex model

Based on the above 3D-QSAR models, the CoMSIA
contours were further mapped into a k opioid receptor
model (Fig. 7a), the blue mesh (Fig. 7b) generated by
CoMSIA, meant positive charge would be favorable
for binding affinity, was exactly located around nega-
tive-charged residue Glu297, which indicated the impor-
tance of residue Glu297 in antagonist binding and was
consistent with experimental evidence. The correspond-
ing residue of Glu297 in x subtype was Trp284 in § and
Lys305 in p subtypes, respectively, quite different among
them. Therefore, Glu297 would not only contribute to
the binding affinity, but also to the selectivity. Besides,
this blue region extended to Tyr312, indicating that res-
idue Tyr312 might get involved in antagonist binding,
too. However, when this residue was replaced by ala-
nine,* the binding affinities of GNTI and nor-BNI to
K opioid receptor increased slightly, so it is hard to ad-
dress the role of Tyr312 upon antagonist binding exactly
here.

Meanwhile, the red meshes, meant negative charge
favorable to binding affinity, were observed to match
the positive-charged residue Lys227 (Fig. 7b), which
suggested Lys227 plays a role in antagonist binding.
This result was further confirmed by H-bond acceptor
contours (Fig. 6¢) where one H-bond donor favored
for binding may exist in this area of the receptor. Obvi-
ously, this H-bond donor refers to the residue Lys227.
Nevertheless, this residue is highly conserved among
all the three opioid receptors, and the assumption that
all naltrexone derived compounds bind to opioid recep-
tors in similar modes was widely accepted.’> Com-
pounds interacting with this residue may also increase
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Figure 6. COMFA (standard model) and CoMSIA (all descriptors model) stdev* coeff Contour plots: (a) red contours predict negative charge
enhance affinity, whereas blue contours predict positive charge enhance affinity; (b) green contours predict bulky group enhance affinity, whereas
yellow contours predict less bulky group is favored for affinity; (c) yellow contours predict hydrophobes enhance affinity, whereas white contours
predict hydrophilic group enhance affinity; (d) cyan contours predict H-bond acceptors on the receptor enhance binding, whereas purple contours
reduce binding; (¢) magenta contours predict H-bond donors on the receptor enhance binding, whereas red contours reduce binding.
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Figure 7. (a) Structural aligned compounds were mapped to the modeled k opioid receptor-GNTI complex; (b) electrostatic contours: red mesh
predict negative charge enhance affinity, whereas blue mesh predict positive charge enhance affinity; (c) steric contours: green mesh predict bulk
favored for binding affinity, whereas yellow mesh predict bulky group reduce binding; (d) hydrophobic contours: yellow mesh predict hydrophobic
group enhance binding, whereas white mesh predict hydrophilic group enhance binding. (Nearby hydrophobic residues are colored in yellow and

polar residues in white.)

their binding affinity to other two opioid receptors.
Hence, it is reasonable to suppose that residue Lys227
mainly contributes to the binding affinity but has noth-
ing to do with the selectivity.

Some compounds (compounds 17-19) containing only
neutral amide groups rather than basic groups also
showed considerable k binding affinity and antagonist
potency. They displayed their antagonist potency in
[*S]GTPyS assays by compound 17 (K. = 0.48 nM),
compound 18 (K.=0.35nM), and compound 19
(K. =0.46 nM), respectively (nor-BNI K. = 0.04 nM as
control).!> However, these compounds showed almost
no selectivity between k and 9, especially in antagonist
potency assays in vitro. Therefore, it was obvious that
a basic group interacting with Glu297 was essential to
the selectivity of x antagonist, and once again residue
Lys227 had nothing to do with the selectivity. In addi-
tion, Black!> proposed that the highly electronegative
oxygen atom in amide group may interact with Lys214
in & receptor (identical to Lys227 in k receptor) by H-
bond and thus increase their binding affinity to 6 recep-
tor, which was also in good agreement with our results.

In steric contour meshes (Fig. 7c), green ones, indicating
that more bulky would be favorable for binding affinity,

extended along binding gorge. It was worthy to note
that one yellow area, being less bulky for binding affin-
ity, occupied near Glu297 and Tyr312. Just as Metzger
et al.* explained in mutation studies on k opioid recep-
tor, the replacement of the bulky Tyr312 with less bulky
alanine may actually facilitate binding.

We also mapped hydrophobic contours (Fig. 7d) into
the « receptor. Polar residues around regions were col-
ored in white and hydrophobic residues in yellow.
Several hydrophilic areas were proposed where
Tyr312, Glu297, and space along the gorge tunnel
were present. Furthermore, Phe214 and Pro215 of sec-
ond extracellular loop (EL-2) may also account for
hydrophobic interactions with antagonists in the «
opioid receptor.

Combining all the above mapping information, it was
believed that, when modifying the 5’-position of naltrin-
dole, a less bulky but hydrophilic group, better a small
basic group toward Glu297 and Tyr312 would increase
the binding affinity and « selectivity; on the other side,
a big and hydrophobic fragment with partial negative
charge would form hydrophobic interactions with resi-
dues Phe214 and Pro215 and hydrogen-bonding interac-
tion with Lys227.
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4. Conclusion

3D-QSAR models of indolomorphinan derivatives
were obtained by CoMFA and CoMSIA methods.
Both of them showed good predictive capabilities for
antagonist binding upon x opioid receptors. Based on
the results, CoMSIA contours were further mapped
into the k¥ opioid receptor—-GNTI complex model and
several key residues were identified. The results demon-
strated that a second basic group was essential to K
selectivity and residue Glu297 was crucial for k antag-
onist potency and selectivity, whereas residue Lys227
of k¥ opioid receptor was identified to contribute to
antagonist’s binding affinity rather than selectivity
due to its conservation among all three opioid recep-
tors. At last a suggestion on how to modify the struc-
ture of indolomorphinan was given.
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