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Influence of esterification and modification of A-ring
in a group of lupane acids on their cytotoxicity
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Abstract—The aim of this work was to find an optimal ester group for preparation of lupane derivatives connecting high cytotox-
icity with good chemical and pharmacological properties. Activities of methyl-, pivaloyloxymethyl- (Pom-), and acetoxymethyl-
(Acm-) esters were compared with the activity of free acids. Although the methyl- and Pom-esters were generally less active than
free acids, some Acm-esters had cytotoxicity similar to or even better than the starting compounds. Cytotoxic activity was measured

in five cancer cell lines.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Betulinic acid (1a) is a pentacyclic triterpene, which oc-
curs, for example, in the bark of Platanus hispanica. Bet-
ulinic acid (1a) is a compound with anti-HIV' activity,
cytotoxicity,? and anti-tumor?® properties. The cytotoxic
activity on human melanoma (MEL-2)* and lung carci-
noma> (A549) cell lines was the first to be reported and
subsequent research showed that this activity is not lim-
ited to those cell lines, since similar results were obtained
on malignant cells of different histogenetic origin,
though with a certain selectivity against neuroectoder-
mal tumors. In more recent studies,®'” the cytotoxic
activity of certain betulinic acid derivatives has been
investigated. Their activity was usually associated with
a free carboxylic or a carbonylic group in position C-
28.3 In contrast, all alkyl esters were found to be inac-
tive.*” Moreover, hydrogenation of the 20(29) double
bond caused a significant increase in the cytotoxicity
to HeLa and OVCAR-3 cell lines.” Analogous oxidation
of the 3B-hydroxy group of 1a afforded derivatives with
higher activity and substitution with an amino group
gave derivatives with properties similar to 1a. In con-

Keywords: Betulinic acid; Esters; Cytotoxicity; Diosphenols; Seco de-

rivatives; Cleavage; Oxidation.

*Corresponding author. Tel/fax: +420 221 951 332;e-mail:
jan.sarek@volny.cz

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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trast, acylation of the 3B-hydroxy group caused a de-
crease in cytotoxicity.

Although the alkyl esters of betulinic acid (1a) were
found to be inactive, they dispose of better chemical
and pharmacological properties. Esters are usually more
soluble than free acids in all organic solvents, which is a
significant advantage for both the chemical preparation
and purification. The main aim of this work was to find
an ester group that has optimal properties and does not
cause a decrease in cytotoxic activity. This can be per-
formed using esters, which are easily cleavable by non-
specific intracellular esterases. Moreover, our study
was performed using Pom- and Acm-esteric groups,
which were previously shown to better penetrate cellular
membranes and to release free compounds after intracel-
lular enzymatic deprotection, as demonstrated on peni-
cillins.!'!2 Methyl ester and free acids were used as
standards for comparison of the biological activity.

2. Chemistry

Betulinic acid 1a was extracted from the bark of a plane
tree, P. hispanica (collected in the Czech Republic).

Thirty-two compounds (1b-1h, 2a-2d, 3a-3f, 4a-4g, Sa—
5e, and 6a—6c¢), betulinic acid analogues, were prepared
from 1a as shown in Schemes 1 and 2. Esters 1b-1d were



mailto:jan.sarek@volny.cz



5528 M. Urban et al. | Bioorg. Med. Chem. 13 (2005) 5527-5535

2a H 1a H H, pOH
d!
f (CZb Me f e@m Me H,pOH f 6
N\~ 2¢ Pom 1c  Pom H, pOH b €

1d Acm H, BOH

1e H
f @ﬁ Me
¢ 1g Pom
1h  Acm

= oo =
Pom ﬁ\w CHy Acm

(0]

Opo0O

3e

3a H H
3b Me H A
3¢ Pom H g e
f
3d :\Acm; e 4d Pom Pom Pom e
e € 4e Acm Acm Acm f

Pom Piv 4 Me Pom Pom

4g Me Acm Acm

\H/O\CHZ-

Scheme 1. Derivatization of betulinic acid 1a, betulonic acid 1e, and diosphenol 3a. Reagents and conditions: (a) Isopropenyl acetate, TsCl, reflux;
(b) CrO3, DMF, rt; (c) O,, t-BuOK, -BuOK, 400 °C, 40 min; (d) CH,N,, ether, rt; (¢) PomCl, MeCN, CH,Cl,, DBU, rt; (f) AcmBr, MeCN, CH,Cl,,

DBU, rt; (g) Me,SO,4, KOH, dioxane, reflux; (h) H,O,, KOH, MeOH, refl.

OR?

5e

Scheme 2. Derivatization of oxidized derivatives of betulinic acid 1a.
Reagents and conditions: (a) O,, --BuOK, #-BuOK, 400 °C, 48 h; (b)
CH,N,, ether, rt; (¢) PomCl, MeCN, CH,Cl,, DBU, rt; (d) AcmBr,
MeCN, CH,Cl,, DBU, rt; (e) Ac,0, pyridine rt.

obtained by alcylation of 1a (1b: CH,N, in diethyl ether/
CHCljs; 1¢: PomCl with DBU in CH,Cl, and MeCN; 1d:
AcmBr with DBU in CH,Cl, and MeCN). Previously
published procedure’ was used for the preparation of
oxidized compounds. Oxidation of acid 1a with CrO;
in DMF afforded ketone 1e. Esters 1f-1h were prepared
in the same manner as described for compounds 1b-1d.
Enol acetate 2a was prepared by treatment of le with
isopropenyl acetate in presence of TsOH and than alcy-
lated in same conditions as described above to give es-
ters 2b-2d. Further oxidation of le and 1f was
performed by introducing air 40 min into the ferz-butyl
alcohol solution of each ketone in presence of potassium
2-methyl-2-propoxide.®!3

Two types of products resulted from the reaction, the
major products were diosphenols 3a and 3b. Com-
pounds 5a and 5b were obtained as by-products, when
the reaction time was longer than 1.5h. Pure com-
pounds 5a and 5b were obtained by further oxidation
of diosphenols 3a and 3b in the same conditions as they
were prepared, when the reaction time was 48 h.” After
the alcylation of 3a in usual conditions, esters 3¢ and
3d were obtained. In contrast to all previous alcylation,
double-alcylated product 3f was also obtained (35%
yield). Subsequent treatment of diosphenol 3a with

dimethyl sulfate in the presence of KOH afforded methyl
ether 3e. A reaction of 5a and Sc¢ with acetic anhydride
in pyridine gave compounds 5b, 5d, and Se. Diosphenols
3a and 3b were then cleaved with a solution of hydrogen
peroxide and KOH in refluxing MeOH.® The reactions
afforded cleaved secoderivatives 4a and 4b. Methyl es-
ters 4¢c and 6a were prepared by the reaction of acids
4a and 5a with diazomethane in diethylether and
CHCI;. Pom esters 4d, 4f, and 6b were prepared by alcy-
lation of free acids 4a, 4e, and 5a with PomCl and DBU
in CHCIl, and MeCN. Acm-esters 4e, 4g, and 6¢ were
prepared by alcylation of free acids 4a, 4b, and 5a with
AcmBr and DBU in CHCI, and MeCN.

3. Results and discussion

Eight lupane derivatives 1la—1h, four of them new (lc,
1d, 1g, and 1h), four new enol acetates (2a-2d), six dio-
sphenols 3a-3f, three of them new (3¢, 3d, and 3f), seven
secoderivatives 4a-4g, four of them new (4d-4g), five
lactols (5a—5e), three of them new (5c—5e), and three
new aldehydes (6a—6¢) were synthesized from 1a. All
new compounds were characterized using spectral and
physical data.

Methyl-, Pom-, and Acm-esters were synthesized from
terpenic acids to compare their structure—activity rela-
tionships. Also, acetates were prepared in derivatives 5.

Our results correspond to previously published lit.}
showing that esterification of the C-28 carboxyl group
with alkyl ester (methyl) decreases in vitro the cytotoxic-
ity majority of the synthesized derivatives. Similar effect
was obtained with Pom esters in our study (Table 1).
Compounds 1b, 1¢, 1f, 1g, 2b, 2¢, 5b, and 5d are less ac-
tive than corresponding free acids la, le, 2a, and 5a.
Also activity of acetate 5d was even lower than free lac-
tol 5a and methyl ester5b.

Acm esters 1d, 1h, 2d, and 6c, however, showed higher
activity than both of the previously mentioned ester





M. Urban et al. | Bioorg. Med. Chem. 13 (2005) 5527-5535 5529

Table 1. Cytotoxic activity of compounds la-6¢ against A 549, DU
145, MCF 7, K562, and K562-Tax cell lines

1C50* (umol/L)

Compound A 549 DU 145 MCF7 K562 K562-Tax
1a 146 196 143 56 112
1b 184 110 120 71 65
1c >250 >250 >250 >250  >250
1d 83 71 96 83 34
le 15 36 29 6 17
1f >250 >250 >250 239 >250
1g >250 >250 >250 250  >250
1h 19 12 24 15 29
2a 40 79 100 49 34
2b >250 >250 >250 >250  >250
2¢ >250 >250 >250 >250  >250
2d 112 153 225 80 95
3a 10 23 14 4 11
3b 11 9 6 60 25
3c 230 178 203 48 36
3d 69 50 47 35 140
3e 23 18 12 10 10
3f >250 >250 >250 >250 240
4a >250 >250 >250 145  >250
4b 99 85 71 77 75
4c 184 113 107 104 76
4d >250 >250 >250 >250 >250
4e 110 97 88 75 47
4f 110 66 74 41 45
4g 149 119 119 110 67
5a 93 107 126 107 121
5b 115 124 130 250 91
5¢ 20 17 21 32 82
5d >250 206 243 178  >250
Se 197 41 107 135 186
6a >250 206 243 >250 248
6b 207 210 >250 188 155
6¢ 167 179 215 108 76

Value >250 umol/L means that compound is not active at maximum

tested concentration.

#The concentration lethal to 50% of tumor cells. mean value from 3 to
4 independent experiments with standard deviation <20% of the
average.

types. Cytotoxicity was similar to free acids, and more-
over, in the case of compound 1d, even higher than the
corresponding acid 1a.

In contrast with these facts, general structure—activity
relationship was not confirmed in groups of derivatives
3a-3f, 4a-4g, and 6a—6¢. This is probably due to wider
modification in the A-ring which affects mutual interac-
tion and accessability of ester groups to esterases, and
their activity can be caused by this modification. The
most interesting is the activity of diosphenols 3b and
3e which are active as methyl esters themselves.

4. Conclusion

The cytotoxicity of a large group of triterpenoid esters
was studied in five cancer cell lines. It was found that
methyl and Pom esters are inactive; however, Acm esters
have activity similar to the starting acids (Table 1). Acm
esters can be used as a suitable ester group for protec-

tion of free acids, preserving their biological activities.
Although the cytotoxic activity of some of the deriva-
tives presented here was in the high micromolar ranges,
several compounds recruited from the group of diosphe-
nols 3 showed interesting anti-cancer activity in vitro,
and deserve further investigation. An influence of A-ring
modification on the cytotoxicity of derivatives prepared
here was also studied. The most active compounds were
found among diosphenols 3a-3f with a conjugated
dicarbonylic system on the A-ring, which seems to be
a more efficient modification than esterification. Among
more oxidized compounds, the secoacids and esters 4a—
4g were less active than starting material. Also, the lac-
tols 5a—5e and aldehydes 6a—6¢ are not very promising
anti-cancer agents. Protecting the 3-oxogroup in betuli-
nic acid 1e was not successful either.

5. Materials and methods
5.1. Chemicals

Potassium ferz-butoxide, tert-butyl alcohol, dimethyl
sulphate, isopropenyl acetate, DBU, PomCl, and
AcmBr were purchased from Sigma-Aldrich company.

5.2. Cell lines

Cell lines A 549, DU 145, MCF 7, and K562 were pur-
chased from the American Tissue Culture Collection
(ATTC). Paclitaxel-resistant subline of K562 cells (K-
562-Tax) was prepared and characterized in our labora-
tories.!” The cells were maintained in Nunc/Corning
80 cm? plastic tissue culture flasks and cultured in cell
culture medium (DMEM/RPMI 1640 with 5 g/L glu-
cose, 2 mM glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, 10% fetal calf serum, and NaHCO5).

5.3. Cytotoxic MTT assay

Cell suspensions were prepared and diluted according to
the particular cell type and the expected target cell den-
sity (2500-30,000 cells/well based on cell growth charac-
teristics). Cells were added by pipette (80 pL) into 96-
well microtiter plates. Inoculates were allowed a pre-in-
cubation period of 24 h at 37 °C and 5% CO, for stabil-
ization. Fourfold dilutions, in 20-pL aliquots, of the
intended test concentration were added at time zero to
the microtiter plate wells. All test compound (dissolved
in 10 pL of 10% DMSO) concentrations were examined
in duplicate. Incubation of the cells with the test com-
pounds lasted for 72 h at 37 °C, in a 5% CO, atmo-
sphere at 100% humidity. At the end of the incubation
period, the cells were assayed using MTT. Aliquots
(10 uL) of the MTT stock solution were pipetted into
each well and incubated for a further 1-4 h. After this
incubation period formazan produced was dissolved
by the addition of 100 uL/well of 10% aq SDS (pH
5.5), followed by a further incubation at 37 °C over-
night. The optical density (OD) was measured at
540 nm with a Labsystem iEMS Reader MF. Tumor cell
survival (TCS) was calculated using the following equa-
tion: TCS = (OD of drug-exposed well/OD of control
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wells) X 100%. The TCSs, value, the drug concentration
(in pmol/L) lethal to 50% of the tumor cells, was calcu-
lated from appropriate dose-response curves.

6. Experimental
6.1. General experimental procedures

Melting points were determined using a Kofler block
and are uncorrected. Optical rotations were measured
using CHCIj; solutions (unless otherwise stated) on an
Autopol IIT (Rudolph Research, Flanders, NJ) polarim-
eter. NMR spectra were recorded on a Varian UNITY
INOVA 400 instrument (‘H NMR spectra at
399.95 MHz) using CDCl; solutions (unless otherwise
stated), with SiMey, as an internal standard. EIMS were
recorded on an INCOS 50 (Finigan MAT) spectrometer
at 70 eV and an ion source temperature of 150 °C. The
samples were introduced from a direct exposure probe
at a heating rate of 10 mA/s. Relative abundances stated
are related to the most abundant ion in the region of m/
z>50. TLC was carried out using silica gel 60 F»s4,
detection was by spraying with 10% aq H,SO,4 and heat-
ing to 150-200 °C. Column chromatography was per-
formed using silica gel 60 (Merck 7734). The HPLC
system consisted of a High Pressure Pump Gilson (mod-
el 361), and Rheodyne Injections Valve, preparative col-
umn (25 x 250 mm) with silica gel fillings (Biospher
7 um), Differential-Refractometrical Detector (Laborat-
orni pristroje, Praha, CZ) connected with PC (software
Chromulan) and Automatic Fraction Collector Gilson
(model 246). A mixture of ethyl acetate and hexane
was used as the mobile phase, its composition specified
for each experiment separately.

Work-up refers to pouring the reaction mixture into
H,O0, extraction of the product with Et,O, and washing
the organic layer successively with H,O, dilute aq HCI,
H,O0, saturated aq NaHCOs3, and again H,>O, followed
by drying over MgSQy,, filtration, and evaporation of
the filtrate under reduced pressure. Analytical samples
were dried over P,Os under diminished pressure.

6.1.1. General procedure for the preparation of methyl
esters. Each acid was dissolved in chloroform and
CH,Nj, in diethyl ether was added since the development
of N, gas stopped. Methyl ester was than purified over
silica gel eluted with toluene and crystallized from
methanol.

6.1.2. General procedure for a preparation of Pom esters.
0.50 mL (3.33 mmol) of PomCl was added to a solution
of 0.52 mL (3.42 mmol) of DBU and 3.2 mmol of each
acid in 9 mL CH,Cl, and 3 mL MeCN. The reaction
mixture was worked-up after 10-12 h. Crude product
was than purified by chromatography on silica gel
(30 g) eluted with toluene and crystallized from
methanol.

6.1.3. General procedure for a preparation of Acm esters.
0.51 mL (3.33 mmol) of AcmBr was added to a solution
of 0.52 mL (3.42 mmol) of DBU and 3.2 mmol of each

acid in 9 mL CH,Cl, and 3 mL MeCN. The reaction
mixture was worked-up after 10-12 h. Crude product
was than purified by chromatography on silica gel
(30 g) eluted with toluene/diethyl ether (5:1) and crystal-
lized from methanol.

6.1.4. Betulinic acid (1a). Bark of the plane tree P. hispa-
nica (5 kg) was extracted with MeOH (15 L, twice). Col-
lected extracts were evaporated and the residual crude
betulinic acid (1) (150 g) was then purified by several
crystallizations from MeOH (70 mL/g) to give white
needles (50 g, 1% yield): mp 304-305 °C. [«]p +8° (¢
0.37). IR v (CHCl) cm™": 1720vb, 1643.'4

6.1.5. Methyl 3-hydroxylup-20(29)-en-28-oate (1b). Dia-
zomethane (50 mmol) in diethylether was added to a
solution of betulinic acid (1) (5 g, 10.9 mmol) in CHCl;
(400 mL). Organic solvents were evaporated in vacuum
and crude product was chromatographed over silica
gel (50 g) eluted with toluene and then crystallized from
methanol to afford methyl ester 2 (4.5 g, 87% yield): m
224-228 °C. [a]p +3° (¢ 0.36). IR v (CHCl3)cm™ :
1720vb, 1643.14

6.1.6. Pivaloyloxymethyl 3p-hydroxylup-20(29)-en-28-
oate (1¢). 1.5 g (3.3 mmol) of 1a was treated with PomCl
in the general manner to give white needles of 1c (1.4 g,
75% vyield): mp 155-158 °C (methanol). [¢]p +6° (c
0.34). IR v (CHCl;) cm™': 1748, 1721 sh, 1642. 'H
NMR 6 0.76, 0.82, 0.92, 0.96 (15H, each s, 5x CHj),
1.22 (9H, s, 3 x CH; Pom), 1.68 (3H, m, H-30), 1.80-
1.93 (2H, m), 2.20-2.28 (2H, m), 2.97 (1H, td, J(H-19p,
H-18x) = 11.0 Hz, J(H-193, H-21o) =11.0 Hz, J(H-
198, H-21B) = 4.8 Hz, H-19p), 3.18 (1H, dd, J(H-30a, H-
2B)=11.2Hz, J(H-30, H-2a) =5.0 Hz, H-3a), 4.60
(1H, m, H-29 pro-E), 4.73 (1H, d, J = 2.3 Hz, H-29 pro-
Z), 575 (1H, d, J(H-31a, H-31b) = 5.43 Hz, H-31a),
5.79 (1H, d, J(H-31b, H-31a) = 5.5 Hz, H-31b). MS m/z
(relative intensity): 570 (6, M™), 552 (1), 540 (0.1), 455
(8), 438 (15), 423 (4), 410 (50), 395 (9), 362 (11), 332 (3),
320 (4), 271 (4), 247 (8), 234 (10), 230 (10), 220 (24), 207
(67), 189 (100). Anal. Calcd for C3¢HsgOs5: C, 75.75%;
H, 10.24%. Found C, 75.73%; H, 10.77%.

6.1.7. Acetoxymethyl 3p-hydroxylup-20(29)-en-28-oate
(1d). 1.6 g (3.5 mmol) of acid 1a was treated with AcmBr
in the general manner to give needles of 1d (1.4 g, 75%
yield): mp 186-189 °C (methanol). [¢]p +12° (¢ 0.35).
IR v (CHCl;) em™': 1752b, 1642. '"H NMR 4§ 0.75,
0.82, 0.92, 0.96, (15H, all s, 5x CH3), 1.68 (3H, s, H-
30), 1.85-1.95 (2H, m), 2.10 (3H, s, CH; Acm), 2.18
(1H, td, J, =13.1 Hz, J,=13.1 Hz, J; =3.8 Hz), 2.26
(1H, m), 3.00 (1H, td, J(H-198, H-18a)=11.4 Hz),
J(H-19B, H-21a) = 11.4 Hz, J(H-19B, H-218) = 5.1 Hz,
(H-198), 3.18 (1H, m, £J = 16.3 Hz, (H-3a), 4.61 (1H,
m, H-29 pro-FE), 4.47 (1H, bd, J = 2.5 Hz, H-29 pro-Z),
5.71 (1H, d, J(H-31a, H-31b) = 6.8 Hz, H-31a), 5.80
(1H, d, J(H-31b, H-31a) = 6.8 Hz, H-31a). MS mi/z (rel-
ative intensity): 528 (19, M™), 510 (5), 456 (5), 438 (9),
423 (4), 410 (35), 395 (8), 320 (32), 306 (6), 248 (9),
235 (14), 220 (26), 207 (68), 189 (100). Anal. Calcd for
C33H5,05: C, 74.96%; H, 9.91%. Found C, 74.95%; H,
10.00%.
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6.1.8. 3-Oxolup-20(29)-en-28-oic acid (le). Chromium
(VI) oxide (15.0 g, 150.1 mmol) and sulfuric acid (1 mL,
98%) was added to a solution of acid la (15.0g,
32.8 mmol) in DMF (300 mL). The reaction mixture
was stirred for 12 h at room temperature. The product
was precipitated by pouring into vigorously stirred copi-
ous water, filtered, and washed with water. A column
chromatography of crude ketone 7 (14.1 g) over silica
gel (300 g) eluted with chloroform afforded ketone 7
(10.7 g, 71% vyield): mp 250-254 °C (methanol). [«]p
+32° (¢ 0.37).1°

6.1.9. Methyl 3-oxolup-20(29)-en-28-oate (1f). Sodium
dichromate (37.0 g, 124.2 mmol) and sodium acetate
(8.0 g) was added to a vigorously stirred solution of
crude methyl ester 1b (33.0 g, 70.2 mmol) in a mixture
of dioxane (750 mL), glacial acetic acid (250 mL), and
acetic anhydride (100 mL). The solution was then stirred
for 28 h at room temperature and worked-up in the usu-
al manner. Column chromatography of crude product
1f (30.5 g) over silica gel (300 g) eluted with toluene
afforded ketoester 1f (16.1 g, 49% yield): Ry 0.57. mp
161-165 °C (methanol). [«]p +28° (¢ 0.41).'°

6.1.10. Pivaloyloxymethyl 3-oxolup-20(29)-en-28-oate
(1g). 1.5 g (3.3 mmol) of acid 1e was treated with PomCl
in the general manner to give needles of 1g (1.04 g, 56%
yield): mp. 133-138 °C (methanol). [a]p +25° (¢ 0.40).
IR v (CHCl;) cm™': 1748, 1700, 1643. 'H NMR ¢
0.93, 0.97, 1.02 1.07 (15H, all s, 3 x CH3), 1.22 (9H, s,
CHs-Pom), 1.68 (3H, s, H-30), 1.82-1.94 (2H), 2.23-
2.32 (2H, m), 2.35-2.54 (2H, m), 2.97 (1H, td, J(H-
198, H-18a) =11.1 Hz, J(H-198, H-21a)=11.1 Hz,
J(H-19B, H-21B) = 4.7 Hz, H-19p), 4.61 (1H, m, H-29
pro-E), 473 (1H, bd, J=2.3 Hz, H-29 pro-Z), 5.76
(1H, d, J(H-31a, H-31b) = 5.3 Hz, H-31a), 5.80 (1H,
d, J(H-31b, H-31a) = 5.5 Hz, H-31b). MS m/z (relative
intensity): 568 (9, M™), 538 (4), 454 (12), 436 (17), 421
(2), 408 (100), 393 (8), 245 (10), 230 (7), 218 (23), 205
(37), 189 (50). Anal. Calcd for C3sHs¢Os: C, 76.01%;
H, 9.92%. Found C, 75.83%; H, 9.77%.

6.1.11. Acetoxymethyl 3-oxolup-20(29)-en-28-oate (1h).
Two gram (4.4 mmol) of 1e was treated with AcmBr in the
general manner to give white needles of 1h (1.54 g, 66%):
mp 86-91 °C (methanol). [¢]p +31° (¢ 0.32). IR v
(CHCly) em™': 1750b, 1699, 1643. '"H NMR ¢ 0.93,
0.96, 0.98, 1.02, 1.07, (15H, all s, 5 x CH3), 1.68 (3H, s,
H-30), 1.84-1.96 (3H, m), 2.10 (3H, s, CH3; Acm), 2.18—
2.31 (2H, m), 2.35-2.55 (2H, m), 3.00 (1H, td, J(H-198,
H-18x) = 11.3 Hz, J(H-19B3, H-21o) =11.3 Hz, J(H-
198, H-21B) = 4.7 Hz, H-19p), 4.61 (1H, m, H-29 pro-
E), 4.74 (1H, m, H-29 pro-Z), 5.72 (1H, d, J(H-31a, H-
31b) =5.5Hz, H-31a), 5.81 (1H, d, J(H-31b, H-
31a) = 5.5 Hz, H-31b). MS m/z (relative intensity): 526
(23, M™), 511 (2), 496 (3), 483 (0.5), 466 (0.5), 454 (21),
446 (10), 436 (23), 408 (100), 393 (11), 365 (8), 354 (10),
320 (45), 307 (8), 259 (10), 248 (19), 235 (26), 218 (31),
205 (63), 189 (87). Anal. Calcd for Cs3Hs0Os: C,
75.25%; H, 9.57%. Found C, 75.20%; H, 9.44%.

6.1.12. 3p-Acetoxylup-2,20(29)-ene-28-oic acid (2a).
TsOH (0.5 g) was added to a solution of betulonic acid

le (3 g, 6.6 mmol) in isopropenyl acetate (150 mL). The
solution was refluxed for 9 h and 50 mL of solvents was
distilled off during that time. Then the reaction mixture
was worked-up and crude product was purified by chro-
matography over silica gel (50 g) eluted with (toluene/
diethylether 20:1) to afford 2a (1.8 g, 55% yield): mp
261-264 °C (methanol). [o]p +30° (¢ 0.30). IR v
(CHCl3) em™': 1752 sh, 1740, 1695, 1642. '"H NMR ¢
0.89, 0.94, 0.97, 0.98, 1.00 (15H, all s, 5x CH3), 1.70
(3H, m, H-30), 2.14 (3H, s, OAc), 3.02 (1H, td, J(H-
198, H-18a)=10.7 Hz, J(H-19B, H-21a)=10.7 Hz,
J(H-19B, H-21B) = 4.8 Hz, H-19B), 4.62 (1H, m, H-29
pro-E), 475 (1H, bd, J = 2.3 Hz, H-29 pro-Z), 5.13 (1H,
dd, J(H-2, H-1a) = 6.7 Hz, J(H-2, H-1B) = 2.0 Hz, H-
2). MS m/z (relative intensity): 496 (7, M*), 481 (1), 454
(100), 439 (5), 408 (8), 393 (3), 248 (6), 235 (6), 218 (8),
205 (36), 189 (24), 175 (16), 161 (10), 147 (16), 135 (26),
119 (38), 105 (38). Anal. Calcd for C3,Hy304: C,
77.38%; H, 9.74%. Found C, 77.73%; H, 9.55%.

6.1.13. Methyl 3p-acetoxylup-2,20(29)-ene-28-o0ate (2b).
One hundred milligram (0.2 mmol) of 2a was treated
with CH,N, using general procedure which yielded crys-
tals of 2b (70 mg, 68%): mp 234-238 °C (methanol). [o]p
+35° gc 0.35). IR v (CHCl3) cm™': 1753, 1721, 1689,
1642. "H NMR 6 0.90, 0.93, 0.95, 0.96, 1.00 (15H, all
s, 5x CH3), 1.69 (3H, m, H-30), 2.14 (3H, s, OAc),
3.00 (1H, td, J(H-198, H-18a) = 11.1 Hz, J(H-19B, H-
2la) = 11.1 Hz, J(H-19B8, H-21B) =4.6 Hz, H-19p),
3.67 (3H, s, OCHy), 4.60 (1H, m, H-29 pro-E), 4.74
(1H, bd, J = 2.3 Hz, H-29 pro-Z), 5.13 (1H, dd, J(H-2,
H-1o) = 6.7 Hz, J(H-2, H-1B) = 2.0 Hz, H-2). MS m/z
(relative intensity): 510 (25, M™), 495 (4), 468 (100),
450 (7), 435 (5), 409 (13), 354 (5), 262 (32), 249 (32),
233 (12), 218 (25), 205 (82), 189 (88), 175 (46), 175
(46), 161 (21), 147 (30), 133 (46), 119 (73), 105 (70).
Anal. Calcd for C33H5q04: C, 77.60%; H, 9.87%. Found
C, 77.63%; H, 10.03%.

6.1.14. Pivaloyloxymethyl 3-acetoxylup-2,20(29)-ene-28-
oate (2c). Compound 2¢ was prepared from 2a (100 mg,
0.2 mmol) using general procedure, which yielded crystals
of 2¢ (70 mg, 57%): mp 180-183 °C (methanol). [cx]D +31°
(¢0.34). IR v (CHCl3) cm ™~ ': 1749b, 1692, 1642. "H NMR
00.90, 0.93, 0.96, 1.00 (15H, all s, 5 x CH3), 1.22 (9H, s,
CH;-Pom), 1.68 (3H, s, H-30), 2.14 (3H, s, OAc), 2.98
(1H, td, J(H-19B8, H-18x)=11.0 Hz, J(H-19B, H-
21a) = 11.0 Hz, J(H-19b, H-21B) = 4.6 Hz, H-19p), 4.60
(1H, m, H-29 pro-E), 4.74 (1H, m, H-29 pro-Z), 5.13
(1H, dd, J(H-2, H-1a) = 6.7 Hz, J(H-2, H-1B) = 2.0 Hz,
H-2), 5.76 (1H, d, J(H-31a, H-31b) = 5.5 Hz, H-31a),
5.80 (1H, d, J(H-31b, H-31a) = 5.4 Hz, H-31b). MS m/z
(relative intensity): 610 (10, M™), 568 (86), 495 (7), 478
(6), 453 (100), 436 (16), 408 (67), 393 (10), 355 (6), 311
(14), 247 (13), 231 (13), 218 (18), 205 (58), 189 (34), 175
(36), 161 (29), 147 (29), 135 (56), 119 (76), 105 (80). Anal.
Calcd for C3gHs306: C, 74.71%; H, 9.57%. Found C,
74.55%; H, 9.63%.

6.1.15. Acetoxymethyl 3p-acetoxylup-2,20(29)-ene-28-
oate (2d). Compound 2d was prepared from 2a (500 mg,
1 mmol) using general procedure, which yielded crystals
of 2¢ (360 mg, 63%): mp 141-144 °C (methanol). [«]p
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+38° (¢ 0.31). IR v (CHCl5) cm ™ ': 1753b, 1690, 1642. '"H
NMR 6 0.90, 0.93, 0.95, 0.97, 1.00 (15H, all s, 5 x CH3),
1.69 (3H, s, H-30), 2.10 (3H, s, CH; Acm), 3.01 (1H, m,
¥J =26.9 Hz, H-19p), 4.61 (1H, m, H-29 pro-E), 4.74
(1H, dm, H-29 pro-Z), 5.13 (1H, dd, J(H-2, H-
la) = 6.6 Hz, J(H-2, H-1p) = 2.0 Hz, H-2), 5.72 (1H, d,
J(H-31a, H-31b) = 5.5 Hz, H-31a), 5.80 (1H, d, J(H-
31b, H-31a) = 5.6 Hz, H-31b). MS m/z (relative intensi-
ty): 568 (14, M™), 553 (0.5), 538 (0.2), 526 (100), 496 (7),
478 (4), 453 (50), 436 (12), 408 (49), 393 (8), 356 (5), 320
(16), 247 (14), 235 (23), 218 (24), 205 (71), 189 (71), 175
(42), 161 (29), 147 (39), 135 (57), 119 (89), 105 (92). Anal.
Calcd for C35Hs5,06: C, 73.91%; H, 9.21%. Found C,
74.02%; H, 9.17%.

6.1.16. 2-Hydroxy-3-oxolupa-1,20(29)-dien-28-oic acid
(3a). This product was obtained by oxidation of le
(10 g, 22 mmol) with air in a mixture of zerz-butyl alcohol
(900 mL) and tert-butoxide (10 g, 88 mmol) for 40 min
according to lit.° This yielded 3a (4.1 g, 82%): mp 204—
205°C (diethylether). [¢]p +12° (¢ 0.56). IR v
(CHCI3) cm™': 1730 sh, 1696, 1669, 1643.°

6.1.17. Methyl 2-hydroxy-3-oxolupa-1,20(29)-dien-28-
oate (3b). This product was obtained by oxidation of 1f
(6 g, 13 mmol) with air in a mixture of fert-butyl alcohol
(450 mL) and tert-butoxide (6 g, 53 mmol) for 40 min
according to lit.” This yielded 3b (4.5 g, 75%): mp 119—
122°C (diethylether). [o]p +3° (¢ 0.64). IR v
(CHCls) cm™': 1720 sh, 1643.°

6.1.18. Pivaloyloxymethyl 2-hydroxy-3-oxolupa-1,20(29)-
dien-28-oate (3c). 0.3 g (0.7 mmol) of 3a was treated with
PomCl in the general manner to give white crystals of 3¢
(0.2 g, 52% yield): mp 108-111 °C (methanol). [o]p +37°
(¢ 0.65). IR v (CHCl3y) cm™': 1796, 1747vb, 1668, 1644.
'H NMR § 0.96, 0.99, 1.10, 1.12, 1.20 (15H, all s,
5x CHs3), 1.22 (9H, s, CH3-Pom), 1.68 (3H, m, H-30),
2.99 (1H, td, J(H-198, H-18a) = 11.0 Hz, J(H-198, H-
21a) = 11.0 Hz, J(H-198, H-21B) = 4.9 Hz, H-19p), 4.63
(1H, m, H-29 pro-E), 4.74 (1H, bd, J=2.0 Hz, H-29
pro-Z), 5.76 (1H, d, J(H-31a, H-31b) = 5.6 Hz, H-31a),
5.80 (1H, d, J(H-31b, H-31a) = 5.4 Hz, H-31b), 5.90
(1H, s, OH), 6.44 (1H, s, H-1). MS m/z (relative intensity):
582(3,M™), 552(7), 468 (14),450 (6), 423 (41),407 (2), 340
(9), 238 (61), 215 (100). Anal. Caled for C36Hs4O¢: C,
74.19%; H, 9.34%. Found C, 74.01%; H, 9.22%.

6.1.19. Acetoxymethyl 2-hydroxy-3-oxolupa-1,20(29)-
dien-28-oate (3d). 0.3 g (0.7 mmol) of 3a was treated
with AcmBr in the general manner to give white oil of
3d (0.17 g, 48% yield): mp 65-68 °C (methanol). [a]p
+13° (¢ 0.42). IR v (CHCly)em™': 1748, 1644. 'H
NMR ¢ 096, 0.99, 1.10, 1.12, 1.20 (15H, all s,
5x CHs;), 1.69 (3H, m, H-30), 2.11 (3H, s, CH; Acm),
2.17-2.30 (2H, m), 3.01 (1H, td, J(H-198, H-
182) = 11.0 Hz, J(H-198, H-21a) = 11.0 Hz, J(H-198,
H-21B) = 5.0 Hz, H-19 B), 4.63 (1H, m, H-29 pro-E),
4.75 (1H, bd, J=2.3 Hz, H-29 pro-Z), 573 (1H, d,
J(H-31a, H-31b) = 5.5 Hz, H-31a), 5.81 (1H, d, J(H-
31b, H-31a) = 5.5 Hz, H-31b), 5.90 (1H, bs, OH), 6.44
(1H, s, H-1). MS m/z (relative intensity): 540 (25, M™),
526 (5), 480 (14), 468 (100), 450 (27), 422 (79), 408

(26), 340 (37), 320 (29), 269 (19). Anal. Calcd for
C33Hag06: C, 73.30%; H, 8.95%. Found C, 73.37%; H,
9.06%.

6.1.20. Methyl 2-methoxy-3-oxolupa-1,20(29)-dien-28-
oate (3e). KOH (0.5 g, 8.8 mmol) in water (10 mL) was
added to a mixture of diosphenol 3a (1 g, 2.1 mmol) in
dioxan (20 mL) and dimethylsulfate (2 g, 16 mmol).
The mixture was then refluxed for 1 h and worked-up.
Crude product was crystallized from methanol to give
compound 3e (0.95 g, 87% yield): mp 105-107 °C (meth-
anol). [a]p +46° (¢ 0.57). IR v (CHCl5) cm™': 1713, 1674,
1642, 1621.°

6.1.21.  Pivaloyloxymethyl 2-pivaloyloxy-3-oxolupa-
1,20(29)-dien-28-oate (3f). 0.3 g (0.7 mmol) of 3a was
treated with PomCl in the general manner to give white
oil of 3¢ (0.2 g, 52% yield): mp 103-105 °C (methanol).
[o0]p +34° (¢ 0.80). IR v (CHCly) cm™": 1747, 1682,
1644. '"H NMR 6 0.97, 1.01, 1.12, 1.15, 1.19 (15H, all
s, SxCH3), 1.22 (9H, s, 3 x CH; Pom), 1.29 (9H, s,
3 x CHj3 Piv-2), 1.68 (3H, m, H-30), 1.76-1.95 (3H, m),
234236 (2H, m), 298 (1H, td, J(H-198, H-
18a) = 11.2 Hz, J(H-198, H-21a) = 11.2 Hz, J(H-198,
H-21B) = 4.8 Hz, H-19 B), 4.61 (1H, m, H-29 pro-E),
474 (1H, bd, J=2.3 Hz, H-29 pro-Z), 5.76 (1H, d,
J(H-31a, H-31b) = 5.4 Hz, H-31a), 5.80 (1H, d, J(H-
31b, H-31a) = 5.4 Hz, H-31b), 6.71 (1H, s, H-1). MS
m/z (relative intensity): 666 (2, M), 636 (1), 565 (3),
553 (5), 535 (2), 507 (31), 469 (13), 451 (5), 421 (16),
238 (100). Anal. Caled for C41HgO7: C, 73.89%; H,
9.37%. Found C, 73.75%; H, 9.25%.

6.1.22. Preparation of 2,3 secoderivatives 4a and 4b. A
solution of each diosphenol 9, 10 (4.5 mmol) in a mixture
of KOH (6.5 g) and methanol (350 mL) was heated under
reflux and hydrogen peroxide (35 mL, 30%) was added
during 100 min. The solution was then worked-up and
chromatographed over silica gel (200 g), eluted with chlo-
roform/ethyl acetate/acetic acid (100:15:1) and crystal-
lized to give secoacids 16 and 17 in 35%, respectively,
80% yields.

6.1.23. 2,3-Secolup-20(29)en-2,3,28-trioic acid (4a). Mp
276-277 °C (methanol/chloroform). [«]p +10° (¢ 0.31).
IR v (CHCls) cm™": 2600-3400, 1725, 1643.°

6.1.24. 28-Methyl ester of 2,3-secolup-20(29)en-2,3,28-
trioic acid (4b). Mp 132-135 °C (hexane/diethylether).
[o]b +23° (¢ 0.27). IR v (CHCl5) cm ™' 24003400, 1718,
1690, 1642.°

6.1.25. Trimethyl 2,3-secolup-20(29)en-2,3,28 trioate
(4¢c). Two hundred milligram (0.4 mmol) of 4a was treat-
ed with CH,N, using general procedure which yielded
crystals of 4c (150 mg, 69% yield): mp 188-190 °C
(methanol). [o]p —8° (¢ 0.44). IR v (CHCly)cm™':
1720vb, 1641.°

6.1.26. Tripivaloyloxymethyl 2,3-secolup-20(29)en-2,3,28
trioate (4d). One hundred fifty milligram (0.3 mmol) of
4a was treated with PomCl using general procedure
which yielded crystalls of 4d (140 mg, 56% yield): mp
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80-82 °C (methanol). [o]p +15° (¢ 0.26). IR v
(CHCl3) cm™': 1749, 1643. "TH NMR 6 0.91, 0.92, 0.98
(9H, all s, 3 x CH3), 1.20 (9H, s, 3 x CH3; Pom-2), 1.20
(9H, s, 3 x CH3 Pom-3), 1.21 (9H, s, 3 x CH; Pom-28),
1.23, 1.25 (6H, all s, 2x CHj3), 1.66 (3H, s, H-30),
1.78-1.95 (2H, m), 2.18-2.30 (2H, m), 2.33-2.41 (2H.
m), 2.41 (1H, d, J(H-1a, H-1B) = 18.5 Hz, H-1a), 2.50
(1H, d, J(H-1B, H-1o) = 18.5 Hz, H-1pB), 2.97 (1H, td,
J(H-198, H-18x) = 11.1 Hz, J(H-198, H-
21a) = 11.1 Hz, J(H-198, H-21B) =4.6 Hz, H-19p),
4.58 (1H, m, H-29 pro-E), 4.72 (1H, bd, J = 2.3 Hz, H-
29 pro-Z), 5.62 (1H, d, J=5.4Hz), 5.70 (1H, d,
J=55Hz), 575 (1H, d, J=53Hz), 578 (1H, d,
J=55Hz), 579 (1H, d, J=5.5Hz), 582 (1H, d,
J=5.5Hz, 3xCH, Pom). MS m/z (relative intensity):
844 (1, M™), 799 (0.9), 712 (9.4), 684 (40), 670 (10),
653 (16), 642 (6), 599 (6), 571 (16), 553 (20), 523 (15),
511 (28), 483 (100), 469 (32), 439 (48), 397 (41), 351
(62), 309 (34), 215 (24), 189 (41), 172 (33), 163 (21),
145 (21), 133 (27), 107 (38). Anal. Calcd for
C4sH76012: C, 68.22%; H, 9.06%. Found C, 69.99%;
H, 8.97%.

6.1.27. Triacetoxymethyl 2,3-secolup-20(29)en-2,3,28 tri-
oate (4e). Two hundred milligram (0.4 mmol) of 4a was
treated with PomCl using general procedure and chro-
matographed on HPLC (phase 25) to give oil of 4e
(130 mg, 49% yieldP: mp <20 °C. [a]p +12° (¢ 0.59).
IR v (CHCl;)cm™': 1761b, 1642. "H NMR § 0.92,
0.92, 0.99, 1.25, 1.25, (15H, all s, 5x CHj3), 1.67 (3H,
m, H-30), 1.82-1.94 (2H, m), 2.09 (3H, s, Ac), 2.10
(3H, s, Ac), 2.11 (3H, s, Ac), 2.38 (1H, d, J=18.2 Hz,
H-1a), 2.53 (1H, d, J=17.9 Hz, H-1B), 3.00 (1H, td,
J(H-19B, H-18x) = 11.1 Hz, J(H-198, H-
2la) = 11.1 Hz, J(H-198, H-21pB)=4.8 Hz, H-19p),
4.59 (1H, m, H-29 pro-E), 4.73 (1H, bd, J = 2.3 Hz, H-
29 pro-Z), 5.66 (1H, d, J=5.5Hz), 571 (1H, d,
J=55Hz), 572 (IH, d, J=5.7Hz), 575 (IH, d,
J=5.6Hz), 576 (1H, d, J=5.7Hz), 580 (1H, d,
J=5.5Hz, 3xCH, Acm). MS m/z (relative intensity):
718 (not found, M™), 628 (9), 600 (36), 586 (16), 558
(9), 529 (19), 511 (12), 469 (19), 441 (7), 427 (41), 411
(15), 397 (40), 369 (19), 351 (37), 331 (20), 309 (18),
189 (35). Anal. Calcd for C;39HsgO15: C, 65.16%; H,
8.13%. Found C, 65.53%; H, 8.27%.

6.1.28. 28-Methyl 2,3-dipivaloyloxymethyl 2,3-secolup-
20(29)en-2,3,28 trioate (4f). Two hundred milligram
(0.4 mmol) of 4b was treated with PomCl using general
procedure and chromatographed on HPLC (phase 10)
to give crystals of 4e (150 mg, 51% yield): mp 113-
115°C. [o]p +3° (¢ 0.35). IR v (CHCl3) cm™': 1749,
1723sh, 1642. '"H NMR 4 0.91, 0.91, 0.98, (9H, all s,
3xCHj3), 1.20 (9H, s, 3xCH3 Pom), 1.21 (9H, s,
3x CHjz Pom), 1.23, 1.25, (6H, all s, 2x CHz3), 1.67
(3H, m, H-30), 2.41 (1H, d, J=18.5Hz, H-1a), 2.55
(1H, d, J =18.5 Hz, H-1p), 3.00 (1H, m, H-19p), 4.57
(IH, m, H-29 pro-E), 472 (1H, bd, J=2.4Hz, H-29
pro-Z), 5.62 (1H, d, J=53Hz), 571 (1H, d,
J=55Hz), 578 (1H, d, J=5.7Hz), 582 (1H, d,
J=5.2Hz, 2x CH, Pom), MS m/z (relative intensity):
744 (1, M), 744 (1), 729 (0.5), 714 (0.6), 684 (3), 630
(1), 612 (1), 583 (84), 570 (18), 542 (23), 483 (18), 471

(19), 439 (13), 411 (39), 383 (15), 369 (100), 351 (46),
273 (29), 247 (19), 239 (29), 215 (13), 201 (32), 189
(34), 175 (34). Anal. Calcd for Cy3Hg3010: C, 69.32%;
H, 9.20%. Found C, 69.30%; H, 9.17%.

6.1.29. 28-Methyl 2,3-diacetoxymethyl 2,3-secolup-
20(29)en-2,3,28 trioate (4g). Three hundred milligram
(0.6 mmol) of 4b was treated with PomCl using general
procedure to give crystals of 4g (200 mg, 52% yield): m
126-127 °C, [o]p +6.0° (¢ 0.34). IR v (CHCl3)cm™ :
1761b, 1722, 1642. '"H NMR 6 0.92, 0.98, 1.25, (15H,
all s, 5x CHs;), 1.68 (3H, m, H-30), 1.83-1.93 (2H, m),
2.09, 2.11 (6H, all s, 2 x CH3-Acm), 2.19-2.30 (3H, m),
2.37 (1H, m), 2.39 (1H, d, J(H-1a, H-1b) = 18.2 Hz,
H-1a), 2.53 (1H, d, J=18.0 Hz, H-1b), 2.99 (1H, m,
H-198), 3.66 (3H, s, OCHs3), 4.58 (1H, m, H-29 pro-E),
4.73 (1H, bd, J=2.3 Hz, H-29 pro-Z), 5.65 (1H, d,
J=55Hz), 572 (1H, d, J=5.7Hz), 574 (1H, d,
J=58Hz), 576 (1H, d, J=5.5Hz, 2xCH, Acm).
MS mi/z (relative intensity): 660 (2, M™), 600 (5), 528
(20), 500 (31), 471 (27), 441 (48), 411 (48), 383 (19),
369 (100), 351 (67), 309 (19), 273 (43), 253 (43), 227
(70), 201 (57), 187 (80), 176 (77), 135 (46), 121 (75).
Anal. Caled for Cs;7Hs6019: C, 67.25%; H, 8.54%.
Found C, 67.36%; H, 8.63%.

6.1.30. 1p-Hydroxy-2-oxa-3-oxolup-20(29)en-28-oic acid
(5a). This product was obtained by oxidation of 3a (1 g,
2.2 mmol) with air in a mixture of zert-butyl alcohol
(100 mL) and tert-butoxide (6 g, 53 mmol) for 48 h
according to lit.? This yielded 5a (0.5 g, 50% yield): mp
275-276 °C ﬁmethanol). [¢lp —116° (¢ 0.02). IR v
(CHCl3) cm™': 3280 vb, 1693, 1643.°

6.1.31. Methyl 1p-hydroxy-2-oxa-2-oxolup-20(29)en-28-
oate (5b). This product was obtained by oxidation of 3b
(1 g, 2.1 mmol) with air in a mixture of terz-butyl alco-
hol (100 mL) and tert-butoxide (6 g, 53 mmol) for 48 h
according to lit.? This yielded 5b (0.7 g, 70% yield): mp
144-145 °C (methanol). [o]p +14° (¢ 0.56). IR v
(CHCls) cm™1: 3200-3550, 1720, 1642.°

6.1.32. Reaction of lactol 5a with acetic anhydride in
pyridine. Ten milliliter of acetic anhydride was added to
a solution of both: 5a (300 mg, 0.6 mmol) in pyridine
(10mL), and 5b (300 mg, 0.6 mmol) in pyridine
(10 mL). The mixture was stirred at room temperature
for 3 days and worked up. Crude products were than
purified by HPLC in phase 10 to give 5¢ and Se (from
5a) and 5d (from 5b).

6.1.33. 1p-Acetoxy-2-oxa-3-oxolup-20(29)en-28-oic acid
(5¢). It was obtained 150 mg (46% yield): mp 258-259 °C
(methanol). [o]p +51° (¢ 0.36). IR v (CHCl3) cm ™ ': 1773,
1739, 1695, 1643. "H NMR 4 0.98, 0.99, 1.06, 1.22, 1.30
(15H, all s, 5 x CH3), 1.68 (3H, m, H-30), 1.95-2.04 (2H,
m), 2.16 (3H, s, OAc), 2.22 (1H, ddd, J, =13.0 Hz,
J>=12.0Hz, J5=3.7Hz), 2.29 (1H, dt, J, =12.5Hz,
J>=3.0Hz, J;=3.0Hz), 297 (1H, td, J(H-19B, H-
18a) = 11.2 Hz, J(H-198, H-21o) = 11.2 Hz, J(H-198,
H-21B) = 4.6 Hz, H-19B), 4.63 (1H, m, H-29 pro-E),
4.73 (1H, bd, J = 2.3 Hz, H-29 pro-Z), 6.20 (1H, s, H-
la). MS mi/z (relative intensity): 514 (not found, M™),
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479 (1), 455 (20), 439 (10), 426 (8), 408 (28), 393 (14), 382
(16), 367 (18), 356 (12), 340 (23), 321 (11), 311 (8), 259
(15), 241 (41), 220 (38), 201 (35), 187 (100). Anal. Calcd
for C31Hy4606: C, 72.34%; H, 9.01%. Found C, 72.21%;
H, 9.17%.

6.1.34. Acetyl 1p-acetoxy-2-oxa-3-oxolup-20(29)en-28-
oate (Se). It was obtained 90 mg (25% yield): mp 258—
259 °C (not crystallized). [o¢]p +48° (¢ 0.21). IR v
(CHCly) em™': 1812, 1772, 1741, 1697, 1643. "H NMR ¢
0.97, 1.02, 1.07, 1.23, 1.29 (15H, all s, 5x CH3), 1.67
(3H, m, H-30), 1.92-2.04 (2H, m), 2.15 (3H, s, 1-OAc),
2.23 (3H, s, 28-OAc), 2.23 (1H, m), 2.31 (1H, ddd,
J1=13.1Hz, J,=11.7Hz, J3;=3.7Hz), 2.94 (1H, td,
J(H-19B, H-18a) = 10.4 Hz, J(H-19B, H-21a) = 10.4 Hz,
J(H-198, H-21B) = 4.6 Hz, H-19p), 4.64 (1H, m, H-29
pro-E), 473 (1H, bd, J = 2.1 Hz, H-29 pro-Z), 6.20 (1H,
s, H-1a). MS m/z (relative intensity): 556 (not found,
M), 515 (1), 497 (1), 469 (2), 455 (4), 439 (1), 408 (10),
393 (3), 382 (3), 367 (3), 356 (1), 340 (2), 321 (1), 311 (3),
241 (17), 220 (19), 201 (23), 187 (42), 175 (38), 107 (100).
Anal. Calcd for C33H4307: C, 71.19%; H, 8.69%. Found
C, 71.27%; H, 8.77%.

6.1.35. Methyl 1p-acetoxy-3-oxo-2-oxalup-20(29)en-28-
oate (5d). It was obtained 5d (150 mg, 45% yield): mp
201-203 °C (methanol). [o]p +35° (¢ 0.29). IR v
(CHCly) em™': 1770sh, 1738, 1723, 1643. '"H NMR ¢
0.96, 0.97, 1.06, 1.23, 1.29 (15H, all s, 5x CH3), 1.67
(3H, m, H-30), 2.15 (3H, s, OAc), 2.20-2.28 (3H, m),
2.96 (1H, td, J(H-19B, H-18x) = 10.8 Hz, J(H-19f, H-
21a) = 10.8 Hz, J(H-198, H-21p)=4.4Hz, H-19p),
3.67 (3H, s, OCHy), 4.61 (1H, m, H-29 pro-E), 4.72
(1H, bd, J=2.3 Hz, H-29 pro-Z), 6.20 (1H, s, H-1a).
MS m/z (relative intensity): 528 (2, M), 468 (99), 453
(14), 446 (6), 436 (12), 425 (9), 409 (46), 396 (27), 381
(23), 365 (12), 354 (45), 339 (9), 321 (18), 305 (10), 273
(12), 255 (13), 247 (24), 241 (27), 220 (39), 201 (37),
187 (100), 175 (62), 149 (49), 133 (57), 119 (70), 107
(70). Anal. Caled for C3,Hyg06: C, 72.69%; H, 9.15%.
Found C, 72.59%; H, 8.97%.

6.1.36. Dimethyl 1-oxo0-1,3-seco-2-norlup-20(29)en-3,28-
dioate (6a). Three hundred milligram (0.6 mmol) of Sa
was treated with CH,N, using general procedure and
chromatographed on HPLC in phase 10 to give crystals
of 6a (100 mg, 31% yield): mp 175-177 °C (methanol).
[o0]lp —26° (¢ 0.48). IR v (CHCly)em™': 1743, 1719,
1643. '"H NMR 6 0.95, 1.03, 1.04, 1.07, 1.17 (15H, all
s, Sx CH3), 1.61 (1H, t, J; = 11.5 Hz, J, = 11.5 Hz, H-
18a), 1.66 (3H, m, H-30), 2.96 (1H, td, J(H-19p, H-
18a) = 11.1 Hz, J(H-19B, H-21a) = 11.1 Hz, J(H-198,
H-21B) = 4.6 Hz, H-198), 3.59 (3H, s, OCH3), 3.66
(3H, s, OCHy), 4.58 (1H, m, H-29 pro-E), 4.71 (1H,
bd, J = 2.0 Hz, H-29 pro-Z), 9.13 (1H, s, H-1). MS m/z
(relative intensity): 500 (6, M™), 457 (1), 441 (3), 411
(5), 175 (45), 102 (70). Anal. Calcd for C3;Hyg0s5: C,
74.36%; H, 9.66%. Found C, 74.55%; H, 9.71%.

6.1.37. Dipivaloyloxymethyl 1-o0xo0-1,3-seco-2-norlup-
20(29)en-3,28-dioate (6b). Three hundred milligram
(0.6 mmol) of 5a was treated with PomCl using general
procedure and chromatographed on HPLC in phase 15

to give crystals of 6b (185 mg, 42% yield): mp 107—
112°C (methanol). [o]p —14° (¢ 0.68). IR v
(CHCl;) cm™': 1746sh, 1705, 1643. '"H NMR & 0.96,
1.02, 1.05, 1.07, 1.15 (15H, all s, 5x CH3), 1.21 (9H, s,
3x CH; Pom), 1.21 (9H, s, 3 x CH; Pom), 1.66 (3H,
m, H-30), 1.79 (1H, dd, J;=12.7Hz, J,=3.1 Hz),
1.82-1.95 (2H, m), 2.10 (1H, dd, J,=12.5Hz,
J> =2.1 Hz), 2.20-2.34 (2H, m), 2.94 (1H, td, J(H-19B,
H-18«) = 11.1 Hz, J(H-198, H-21a)=11.1 Hz, J(H-
198, H-21B) = 4.5 Hz, H-19p), 4.58 (1H, m, H-29 pro-
E), 470 (1H, bd, J = 2.1 Hz, H-29 pro-Z), 5.66 (1H, d,
J=54Hz), 575 (1H, d, J=53Hz), 575 (1H, d,
J=5.5Hz), 578 (1H, d, J=5.3Hz, 2xCH, Pom),
9.22 (1H, s, H-1). MS m/z (relative intensity): 700 (not
found, M™), 673 (1), 643 (1), 601 (1), 573 (1), 543 (2),
513 (5), 485 (3), 458 (6), 440 (13), 413 (35), 259 (10),
213 (12), 187 (85), 139 (79), 109 (100). Anal. Calcd for
C41HesOo: C, 70.25%; H, 9.20%. Found C, 70.41%; H,
9.33%.

6.1.38. Diacetoxymethyl 1-0x0-1,3-seco-2-norlup-
20(29)en-3,28-dioate (6¢). Three hundred milligram
(0.6 mmol) of 5a was treated with AcmBr using general
procedure and chromatographed on HPLC in phase 25
to give crystals of 6c¢ (145 mg, 37% yield): mp 4041 °C
(methanol/pentane). [o]p —14° (¢ 0.36). IR v
(CHCly) em™': 1754sh, 1643. '"H NMR 6 0.96, 1.03,
1.05, 1.08, 1.17 (15H, all s, 5x CH3), 1.66 (3H, m, H-
30), 1.79 (1H, dd, J; =129 Hz, J, = 3.1 Hz), 1.84-1.94
(2H, m), 2.10, 2.11 (3H, all s, 2 x CH; Acm) 2.20-2.29
(2H, m), 2.97 (1H, td, J(H-19B3, H-182)=11.2 Hz,
J(H-19B, H-21a) = 11.2 Hz, J(H-19B, H-21P) = 4.8 Hz,
H-19B), 4.59 (1H, m, H-29 pro-E), 4.70 (1H, bd,
J=22Hz, H-29 pro-Z), 5.65 (1H, d, J=5.6 Hz), 5.71
(2H, d, J=5.7Hz), 5.79 (1H, d, J=5.5Hz, 2xCH,
Acm), 9.16 (1H, s, H-1). MS m/z (relative intensity):
616 (not found, M™), 588 (1), 516 (2), 500 (4), 471 (6),
427 (2), 409 (5), 339 (47), 259 (58), 213 (49), 201 (60),
187 (100). Anal. Calcd for C35sHs>Oq: C, 68.16%; H,
8.50%. Found C, 68.19%; H, 8.44%.
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		Reaction of lactol 5a with acetic anhydride in pyridine

		1 beta -Acetoxy-2-oxa-3-oxolup-20(29)en-28-oic acid (5c)

		Acetyl 1 beta -acetoxy-2-oxa-3-oxolup-20(29)en-28-oate (5e)

		Methyl 1 beta -acetoxy-3-oxo-2-oxalup-20(29)en-28-oate (5d)

		Dimethyl 1-oxo-1,3-seco-2-norlup-20(29)en-3,28-dioate (6a)

		Dipivaloyloxymethyl 1-oxo-1,3-seco-2-norlup-20(29)en-3,28-dioate (6b)

		Diacetoxymethyl 1-oxo-1,3-seco-2-norlup-20(29)en-3,28-dioate (6c)





		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

sc.ence@n.“ﬂ@

Bioorganic &
Medicinal
Chemistry

Bioorganic & Medicinal Chemistry 13 (2005) 5640-5646

Novel synthesis and anti-inflammatory activities
of 2,5-disubstituted-dioxacycloalkanes

Lanrong Bi,” Yue Zhang,b Ming Zhao,>* Chao Wang,b Priscilla Chan,®
Jeffrey B.-H. Tok®* and Shiqi Peng™*

4College of Pharmaceutical Sciences, Capital University of Medical Sciences, Beijing 100054, PR China
College of Pharmaceutical Sciences, Peking University, Beijing 100054, PR China
SChemistry & Materials Science Directorate, Lawrence Livermore National Laboratory, 7000 East Avenue,
Livermore, CA 94551, USA

Received 5 March 2005; revised 11 May 2005; accepted 18 May 2005
Available online 5 July 2005

Abstract—A novel stereospecific synthetic route to obtain a series of 2,5-disubstituted-dioxacycloalkanes is reported. Using an
in vivo inhibition assay by monitoring xylene-induced ear edema in mice, the structure-activity relationship of the dioxacycloalkane
compounds was studied, and compounds possessing high anti-inflammatory activity were identified.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

There has been a long-standing interest in identifying
novel targets for the rational development of anti-in-
flammatory drugs. Inhibitors that target proteins in-
volved in signaling pathways have been developed and
preliminary preclinical data suggest that they exhibit
anti-inflammatory activity. Recent studies implicate
protein kinase C (PKC) as another new target for the
treatment of inflammatory disorders."® Some PKC
inhibitors such as Stausporine, GF 1092203X, and Bal-
anol analogs were confirmed to reduce a number of
inflammatory processes that resulted from PKC activa-
tion by the topical application of phorbol myristate ace-
tate to mouse ears."'®’ In addition, 1,3-dioxane
derivatives have been reported to possess PKC inhibito-
ry activity and exert anti-inflammatory, anti-cancer, and
reperfusion injury protection effects through their anti-
proliferative and anti-inflammatory activities in human
neutrophils and tumor cells.’

We had previously described 1,3-dioxacycle derivatives
that can be prepared through the transacetalation of
1,1,3,3-tetramethoxypropane and diols.'%!" Our preli-

Keywords: Acetalization; 2,5-Disubstituted-dioxacycloalkanes; Anti-

inflammatory activity.
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minary observations indicate that certain 1,3-dioxacycle
compounds possess anti-inflammatory activities.'?
Encouraged by these finding, a novel series of 2,5-disub-
stituted-1,3-dioxacycloalkanes were subsequently pre-
pared. Their  corresponding  structure—activity
relationships were also characterized in the hope of
obtaining additional compounds possessing better anti-
inflammatory activities. During the preparation of 1,3-
dioxacycle derivatives, the diol transacetalation process
with 1,1,3,3-tetramethoxypropane was realized to afford
a complex mixture of monocyclic and bicyclic ace-
tals.'%!! Consequently, to avert the tedious separation
process for these isomeric mixtures, new methodologies
have to be developed to prepare the 2,5-disubstituted-
dioxacycloalkane compounds. Herein, we report a
convenient and efficient method for the preparation of
2,5-substituted-dioxacycloalkanes via transacetalation
using 2,4,4,6-tetrabromo-2,5-cyclohexadienone (TAB-
CO)"3 as catalyst under mild reaction conditions. With
this improved synthetic approach, sufficient quantities
of the 2,5-substituted-dioxacycloalkane compounds
were readily prepared for animal testing, which subse-
quently enabled a more precise elucidation of their
structure—activity relationship.

2. Results and discussion

Our previous results have demonstrated that it is possi-
ble to obtain 2,5-disubstituted-dioxacycloalkanes with
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stereoselectivity through thermodynamic or kinetic con-
trol of the transacetalation.!®!! Additionally, the stereo-
chemistry of the ring formed in the transacetalation is
also dependent on the structure of the amino-diol com-
pounds.!® Herein, we report an improved synthetic
methodology toward the 2,5-disubstituted-diox-
acycloalkanes. The amino-diols 4a-d, which are key
intermediates for the synthesis of 2,5-disubstituted-diox-
acycloalkanes, were prepared according to previously
reported methods.'? Treatment of 4a—d with 3,3-dimeth-
oxypropanal using TABCO as catalyst provided the cor-
responding cyclic acetals 5a-d in good to excellent
yields. Compounds 5a-d were then subjected to partial
hydrolysis to afford cyclic aldehydes 6a—-d in quantitative
yields. Further acetalizations were carried out with
cyclic aldehydes as starting materials to provide stereo-
specific 2,5-disubstituted-dioxacycloalkanes 7a—d (syn-
thetic routes shown in Schemes 1-3). Upon comparing
the anti-inflammatory effect of 2-(2,2-dimethoxyethyl)-
5-benzoylamino-1,3-dioxane and 2-(2,2-dimethoxyeth-
yl)-5-phenylacetamino-1,3-dioxane, it was observed that
the latter exhibited better anti-inflammatory activity.'?
Therefore, the benzoylamide functionality was subse-
quently replaced with a phenylacetamide functionality.
Using a previously described synthetic method,!? the
transacetalation of phenylacetaminodiols and equal
amount of the 1,1,3,3-tetramethoxypropane gave a com-
plex mixture of products comprised of both cis- and

trans-2,5-disubstituted-1,3-dioxamonocycloalkane, and
both cis- and trans-2,5-disubstituted-1,3-diox-
abiscycloalkane. To enable stereospecific products, dif-
ferent reaction conditions and catalysts were
investigated. It was observed that targeted stereospecific
products could exclusively be achieved by using TABCO
or trifluoroacetic acid (TFA) as catalyst under carefully
chosen thermodynamic or kinetic control conditions.
For example, the transacetalation of 4a-d and 3,3-
dimethoxypropanal at 50 °C using TABCO as catalyst
exclusively gave the corresponding 5a—d.

To ensure correct structural assignment to compounds
5a-d and 7a-d, nuclear Overhauser effect (NOE) differ-
ence experiments were performed. For each of these
compounds analyzed, 5a,c,d and 7a,b, positive NOE ef-
fect were observed between the NH at the 5-position and
the CH, at the 2-position, indicating that substitutions
at both the 2- and 5-positions of these compounds are
in a syn-arrangement. Similarly, a positive NOE effect
was observed between the CHj3 at the 4-position and
the CH, at the 2-position of compound 5b, indicating
that 2-dimethoxyethyl, 4-methyl and 5-phenylacetamino
of 5b are also in a syn-arrangement. For compound 7c,
two positive NOE signals were observed between the
CHj; at the 4-position and the CH, at the 2-position,
and the NH at the 5-position, implying that the respec-
tive substitutions at 2-, 4- and 5-positions of 7¢ on its

H2N\<R1 i HoN, Ry ii C6H5CH2CONH\<R1 iii CgH5CH,CONH, R,
H COOH H‘Xcoocw3 H' COOCHS H™ CH,OH
1a-d 2a-d 3a-d 4a-d

Scheme 1. Synthetic route to compounds 4a—d. Reagents and conditions: (i) SOCl,/MeOH, 0 °C to rt; (ii) phenylacetyl chloride, pH 8-9, rt; (iii)
NaBH4/THF, rt. In 1a: L-Ser, R; = CH,OH; 1b: L-Thr, R, = CH (CH3)OH; 1¢: L-Asp, Ry = CH,COOH; 1d: L-Glu, R; = CH,CH,COOH. In 2a
and 3a: R; = CH,OH; 2b and 3b: R; = CH (CH3)OH; 2¢ and 3¢: R; = CH,COOCH3; 2d and 3d: R; = CH,CH,COOCHs;. In 4a: R, = CH,OH;
4b: R2 = CH(CH3)OH, 4c: R2 = CHchon, 4d: R2 = CH2CH2CH20H

NHCOCH,CgHs

- -0
(CH430),CHCH,CH(CH;0), (CH30),CHCH,CHO HY N X0ALR
Ry
5a-d, 53’

Scheme 2. Synthetic route to compounds 5a-d and 5a’. Reagents and conditions: (iv): 6% orthophosphoric acid, rt; (v) For 5a-d: TABCO (cat), diol
4a-d, and (EtO);CH, 50 °C; for 5a’: diol 4a, TFA/CHCIs, 15°C, 4 h. In 5a: X = CH,, R; = CH,CH(OCH3),, R, =H; 5a’: X=CH,, R =H,
R2 = CHzCH(OCH3)2, 5b: X = (S)-CHCH;, R] = CH2CH(OCH3)2, Rz = H, Sc¢: X = CH2CH2, R] = CH2CH(OCH3)2, Rz = H, 5d:
X= CH2CH2CH2, R] = CHch(OCH3)2, Rz =H.

NHCOCH,CgHs5 NHCOCH,CgHs5 NHCOCH,CgH5
H vi H Vii Hv _
o) -0 > @]
20 CH,CH(OCH), "0 cr,cHo ok
f = f
5a-d 6a-d Ta-d

Scheme 3. Synthetic route to compounds 7a-d. Reagents and conditions: (vi) oxalic acid, silica gel, CHCl;, rt; (vii) TFA/CHCl;, 50 °C. In 5a and 6a:
X =CH,; 5b and 6b: X =(S)-CHCH3;; 5¢ and 6¢: X = CH,CH,; 5d and 6d: X = CH,CH,CH,. In 7a: X = CH,, R = CH,CH(OCH3)OC,Hs;
7b: X =CH,, R = 1,3-dioxapentan-2-yl-methylene; 7c: X = (S)-CHCHj;, R = (25,4S,55)-4-methyl-5-phenylacetamino-1,3-dioxan-2-yl-methylene;
7d: X = CH,CH,, R = (25,5S5)-5-phenylacetamino-1,3-dioxacyclooctan-2-yl-methylene.
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two rings are in a syn-arrangement. On the basis of NOE
experiment, 7d was assigned as the syn-arrangement for
the respective substitutions of 2-, 4- and 5-position on its
hexacyclic ring and the syn-arrangement was also ob-
served for both substitutions of 2- and 5-position on
its heptacyclic ring. On the other hand, it was observed
that 4a was converted to 5a’ upon treatment with equal
amount of 3,3-dimethoxypropanal using TFA as cata-
lyst at 15 °C for 4 h. Under similar conditions, the ace-
talization of both 6b and 4b afforded 7¢’ as the sole
product. The NOE difference experiment showed that
substitutions of 2- and 5-positions of 5a’ and 7¢’ are in
an anti-arrangement, because no NOE was observed
between the NH at the S-position and the CH, at the
2-position.

To further confirm the stereochemical assignment of
these compounds, configuration conversion experiment
was carried out. When concentrated hydrochloric acid
was employed as catalyst at 50 °C for 12 h, both 5a’
and 7c¢’ were converted to 5a and 7c, respectively. With
these configuration conversions, 5a’ and 7¢’ were con-
firmed to be kinetically controlled products, whereas
5a and 7c¢ were thermodynamically stable products.
This is an interesting example which shows the possi-
bility for isomer conversion from the thermodynami-
cally less stable compounds to the more stable ones.
These results enable us to tune and acquire the desired
stereospecificity by changing the experimental condi-
tions, for example, reaction time, temperature, and
catalyst.

All the 2,5-disubstituted-dioxacycloalkanes synthesized
were evaluated for their anti-inflammatory activity by
using a xylene-induced ear edema model assay.'* Briefly,
the in vivo assay involves the test compounds being
administrated orally in 0.5% carboxymethyl cellulose
(CMC) suspension. Each compound was initially tested
at a concentration of 20 mg/kg. It was observed that se-
ven of the tested compounds showed significant inhibi-
tion against xylene-induced inflammation in mice as
compared with the control (Table 1), indicating that
these compounds possess potent anti-inflammatory
activity. It was especially noted that the most potent
compound, 5a, exhibited an even higher anti-inflamma-
tory activity than the standard reference drug Aspirin.
Subsequently, compounds with significant activity
(namely 5a, 5b, 7a, 7b) were administrated in a series
of lower concentration doses to enable a detailed phar-
macological activity profile (Table 2).

Structure—activity relationship studies were also per-
formed on a series of phenylacetaminodiols compounds
to assess whether the presence of 1,3-dioxacycle rings is
required for anti-inflammatory activity. Observations
that both diol and 3,3-dimethoxypropanal were ineffec-
tive as anti-inflammatory compounds suggested that
the rigid 1,3-dioxacycle ring should be retained. To
examine the importance of the spatial disposition, two
pairs of cyclic acetals with different stereochemistries
were evaluated. Comparing compound 5a with 5a’ and
7c with 7¢’, their comparable anti-inflammatory activi-
ties indicated that stereochemical constraints of these

Table 1. Anti-inflammatory activity of 1,3-dioxane derivatives against
xylene-induced ear edema in mice

Agents Anti-inflammatory activity
Edema weight (X = SD mg) Inhibition (%)

CMC 7.76 + 1.55 N

Aspirin 4.17 + 1.80° 46.3
DMPA 8.30 + 1.87 N

4a 7.99 +2.09 N

4b 8.02 £2.04 N

4c 6.97 + 1.99 10.2
4d 7.03+1.78 9.4
5a 1.32 + 1.13%de 83.0
5a’ 2.12 + 1.34%de 72.7
5b 276 + 121384 64.4
5¢ 431 + 1.46° 445
5d 4.10 * 1.49° 472
6a 5.80 + 1.56° 253
6b 5.86 + 1.65° 24.5
6¢ 5.55+1.98 28.5
6d 5.90 + 1.75¢ 24.0
7a 3.41 +1.86%° 56.0
7b 3.73 +1.33%F 51.9
7e 523+ 1.69° 32.6
7! 5.11+1.23° 34.1
7d 5.95+1.95° 233

Dose = 20 mg/kg. DMPA = 3,3-dimethoxypropanal.
#Compared to CMC, DMPA, and 4a-d, p <0.001.
® Compared to CMC, p < 0.01.

¢ Compared to CMC, p < 0.05.

4 Compared to Aspirin, p < 0.05.

¢ Compared to 5c,d and 6a-d and 7c.d, p < 0.05.
fCompared to 7c,¢’.d, p <0.01.

Table 2. Anti-inflammatory activity of 5a,b and 7a,b at different doses
against xylene-induced ear edema in mice

Agents Dose (mg/kg) Edema weight (X + SD mg)
5a 20 232+ 1.13
5b 20 276 +1.21°
7a 20 3.41 +1.86*
7b 20 3.73 +1.33°
5a 4 4.62 +1.09°
5b 4 495+ 1.17¢
7a 4 5.69 +1.21¢
7b 4 5.44 +1.14¢
5a 0.8 6.62+1.21
5b 0.8 6.77+1.19
7a 0.8 7.03 £1.26
7b 0.8 7.15+1.33

# Compared to 4.0 mg/kg group, p <0.001.
> Compared to 4.0 mg/kg group, p < 0.01.
¢ Compared to 0.8 mg/kg group, p < 0.001.
4 Compared to 0.8 mg/kg group, p < 0.01.

2,5-disubstituted-dioxacycloalkanes exhibited little or
no effect toward their anti-inflammatory activities.

To investigate the effect of heterocyclic ring sizes, the
anti-inflammatory activities of compounds 5a-d and
7a,b were compared. It was observed that the potencies
of 5a,b and 7a,b are significantly higher than those of
5¢,d and 7c¢. These observations indicate that the anti-in-
flammatory activity of 1,3-dioxane is more potent than
either 1,3-dioxacycloheptane or 1,3-dioxacyclooctane,
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suggesting that 2,5-disubstituted-1,3-dioxacycloalkane
cannot be further maximized. In addition, based on
the observations that 6a—d exhibited a loss in their in
vivo anti-inflammatory activity, we hypothesized the
cyclic acetals 5a—d do not exert their in vivo anti-inflam-
matory activities through hydrolytic conversion from
S5a-d to 6a-d.

Compound 5a also showed anti-inflammatory activity in
the PMA (phorbol-myristate—-acetate) induced mouse
ear edema model,'>!> which is a model of PKC-medi-
ated acute inflammation. The in vivo anti-inflammatory
effect of 2,5-disubstituted-dioxacycloalkanes most likely
occurs via the inhibition of certain key enzymes involved
in inflammation and/or cell signaling pathways, in which
PKC is most likely the target protein. Experiments are
currently underway to ascertain the protein target(s) of
the dioxacycloalkane compounds, in which other possi-
ble protein targets may also include cyclooxygenase and
lipoxygenase, and phosphoinositide 3-kinase. Identifica-
tion and understanding the mechanism underlying the
enzyme inhibition processes should prove beneficial for
future treatment of inflammatory conditions.

In summary, a precise and efficient stereochemically
controlled synthetic route to enable a series of 2,5-disub-
stituted-dioxacycloalkane compounds is presented. The
dioxacycloalkane compounds possess dose-dependent
in vivo anti-inflammatory properties, and it was found
that both their ring sizes and substitutions at the 2-posi-
tion have significant effects on their inhibitory
properties.

3. Materials and methods
3.1. Experimental section

All reactions were carried out under nitrogen (1 bar). 'H
NMR spectra were recorded at 300 MHz on a VXR-300
instrument or at 500 MHz on an ARX-500 instrument
in CDCIl; with tetramethylsilane as the internal stan-
dard. IR spectra were recorded with a Perkin-Elmer
983 instrument and mass spectra with a ZAB-MS
(70 V) spectrometer. Chromatography was performed
with Qingdao silica gel H. Optical rotations were deter-
mined on a Schmidt and Haensch Polartronic D instru-
ment at 20 °C.

3.1.1. General procedure for phenylacetaminodiols 4a—d.
L—Ser, L-Thr, L-Asp, or L-Glu were esterified to 2a-d by
methanol in 96-98 % yield and treated with phenylacetyl
chloride to give 3a—d in 75-81% yield.!%:!!

A solution of 3a—d (4.5 mmol) in tetrahydrofuran (THF)
(10 mL) was slowly added to a suspension of sodium
borohydride (5.6 mmol) in THF (10 mL). The reaction
mixture was stirred at room temperature for 24 h until
thin-layer of chromatography (TLC) (CHCI;/CH;0H,
30:1) indicated complete disappearance of 3a-d. The
reaction mixture was adjusted to pH 7 with hydrochloric
acid (3%). After evaporation, the residue was dissolved
in 50mL of chloroform and washed with water

(3x30mL). The chloroform phase was dried with
Na,SO,4. After filtration and evaporation, 4a-d were
obtained as colorless crystals in 91-98% yields.

3.1.2. N-[2-Hydroxy-1-(hydroxymethyl)ethyl]phenylaceta-
mide (4a). Mp 135-136°C. IR (KBr, cm™') v: 3452,
3343, 3028, 3004, 2962, 2834, 1638, 1604, 1573, 1505,
1452, 721, 662. '"H NMR (DMSO-ds 6): 3.53 (d,
J =5.7Hz, 4H), 3.62 (s, 2H), 3.95 (m, J = 6.0 Hz, 1H),
4.64 (br, 2H), 7.43 (d, J=8.1Hz, 2H), 7.54 (t,
J=72Hz, 1H), 7.64 (d, J=7.5Hz, 2H), 8.11 (d,
J=17.6 Hz, 1H). FAB-MS m/z (%): 210 [M+H]". Anal.
Caled for C;1HsNOs: C, 63.12, H, 7.23, N, 6.70.
Found: C, 63.35; H, 7.06; N, 6.59.

3.1.3. (1S,2R)-N-[2-Hydr0xy-1-(hydroxymethyl)propyl]-
phenylacetamide (4b). Mp 125-127 °C. IR (KBr, cm™ ")
v: 3451, 3362, 3033, 3005, 2965, 2862, 1643, 1608,
1592, 1505, 1482, 712, 651. '"H NMR (DMSO-dq, 9):
1.22 (d, J=6.9 Hz, 3H), 3.53 (s, 2H), 3.64 (s, 2H),
3.85 (d, J= 6.6 Hz, 2H), 3.96 (m, J = 6.4 Hz, 1H), 4.24
(q, J=6.0Hz, 1H), 7.19 (d, J=7.8 Hz, 1H), 7.35 (1,
J=7.6Hz, 2H), 7.54 (d, J=7.8Hz, 2H), 8.04 (d(3
J=7.5Hz, 1H). FAB-MS m/z (%): 224 [M+H]". [oc]zD
—32.5° (¢ 0.02, CH3OH). Anal. Calcd for C;,H;7NOx:
C, 64.50; H, 7.67; N, 6.27. Found: C, 64.62; H 7.56;
N, 6.39.

3.1.4. (15)-NV-[3-Hydroxy-1-(hydroxymethyl)propyl]-
phenylacetamide (4c). Mp 132-134 °C. IR (KBr, cm )
v: 3415, 3344, 3023, 3006, 2964, 2833, 1632, 1602,
1585, 1506, 1463, 715, 651. 'H NMR (DMSO-d, 9):
1.63 (dt, J=5.6Hz, J=33Hz, I1H), 1.76 (dt,
J=4.7Hz, J=2.7Hz 1H), 340 (t, J=3.9 Hz, 1H),
3.43 (t, J=3.9 Hz, 1H), 3.49 (s, 2H), 3.66 (s, 2H), 4.06
(dq, J=3.7Hz, J=25Hz, 1H), 444 (t, J=3.9 Hz,
1H), 4.75 (t, J=3.9 Hz, 1H), 7.16 (t, J=4.5Hz, 1H),
7.32 (t, J=7.5Hz, 2H), 7.64 (t, J=7.5Hz, 2H), 8.03
(d, J=5.5Hz, 1H). FAB-MS m/z (%): 224 [M+H]".
o]y —28.4° (¢ 0.02, CH;OH). Anal. Caled for
C1HisNO3: C, 64.50; H, 7.67; N, 6.27. Found: C,
64.32; H, 7.52; N, 6.43.

3.1.5. (15)-N-[4-Hydroxy-1-(hydroxymethyl)butyl]phenyl-
acetamide (4d). Mp 102-104 °C. IR (KBr, cm ') v: 3425,
3345, 3033, 3004, 2952, 2841, 1636, 1604, 1587, 1505,
1442, 723 662. '"H NMR (DMSO-ds, d): 1.45 (q,
J=3.6Hz, 2H), 149 (m, J=4.5Hz, 1H), 1.68 (m,
J=4.8Hz, 1H), 3.35 (t, J=6.6 Hz, 1H), 3.38 (s, 2H),
343 (t, J=6.6Hz, 1H), 3.66 (s, 2H), 3.96 (dq,
J=39Hz, J=24Hz 1H), 441 (t, J=3.8Hz, 1H),
4.67 (t, J=39Hz 1H), 7.15 (t, J=7.5Hz, 1H), 7.31
(t, J=74Hz, 1H), 7.36 (d, J=7.6 Hz, 2H), 8.06 (dd
J=49Hz, 1H). FAB-MS m/z (%): 238 [M+H]". [ac]zD
—23.3° (¢ 0.02, CH50H). Anal. Calcd for C;3H;9NOs:
C, 65.80; H, 8.07; N, 5.90. Found: C, 65.92; H, 8.26; N,
6.11.

3.1.6. 3,3-Dimethoxypropanal. Aqueous orthophos-
phoric acid (1 mL, 6%) was added to 1,1,3,3-tetrameth-
oxypropane (2.0g, 12.2mmol), and the mixture
was stirred at rt for 40 h until TLC (petroleum ether/
ether, 2:1) indicated the complete consumption of 1,1,3,
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3-tetramethoxypropane. Ether (30 ml) was added to the
above mixture, and the solution neutralized with sodium
carbonate and filtered. The filtrate was subsequently
concentrated and the residue was purified with flash
chromatography (petroleum ether/ether, 2:1) to give
850 mg (60%) of the title compound as a colorless syrup.
IR (KBr, cm™ ") v: 3000, 2944, 2839, 1735, 1622, 1453,
1391, 1144, 935. '"H NMR (DMSO-d,, d): 2.76 (dd,
J=7.6 and 7.3 Hz, 2H), 3.42 (s, 6H), 4.69 (t, J=7.3
Hz, 1H), 9.75 (t, J = 7.6 Hz, 1H).

3.1.7. (cis)-N-[2-(2,2-Dimethoxyethyl)-1,3-dioxan-5-
yllphenylacetamide (5a). To a solution of 3,3-dimethoxy-
propanal (94 mg, 0.5 mmol), triethyl orthoformate
(0.5 mmol) and 4a (105 mg, 0.5 mmol) in acetonitrile
(10 mL), 2,4,4,6-tetrabromo-2,5-cyclohexadienone
(TABCO) (0.005 mmol) was added. The reaction mix-
ture was stirred at 50 °C until TLC indicated the com-
pletion of the reaction, and then neutralized with
sodium carbonate. The product was extracted with ethyl
acetate (3 x 10 mL). The organic layer was separated,
dried over anhydrous Na,SQ,, and concentrated, puri-
fied with flash chromatography (CHCI3/CH3;0H, 30:1)
to give 135 mg (yield 86%) of the title compound as a
colorless powder. Mp 139-141°C. IR (KBr, cm™') v:
3264, 3060, 2920, 2852, 1620, 1601, 1569, 1540, 1446,
1380, 1360, 1189, 1074, 721, 696. "H NMR (DMSO-dj,
0): 1.96 (t, /=79 Hz, 2H), 3.36 (s, 6H), 3.64 (s, 2H),
4.06 (d, J=12.4 Hz, 4H), 4.12 (m, J = 9.5 Hz, 1H), 4.55
(t, J=6.3Hz, 1H), 4.77 (d, J=6.3Hz, 1H), 7.08
(d, J=94Hz, 1H), 7.23 (t, J=9.1 Hz, 2H), 7.51
(d, J=9.1 Hz, 1H), 7.70 (d, J =9.1 Hz, 2H). FAB-MS
milz (%) 310 [M+H]". Anal. Caled for C;sH»;NOs:
C, 62.12; H, 7.49; N, 4.53. Found: C, 62.30; H, 7.30; N,
4.62.

3.1.8. [(2S,4R,5R)-N-2-(2,2-Dimethoxyethyl)-4-methyl-
1,3-dioxan-5-yl]phenylacetamide (5b). A similar proce-
dure was used as that for the preparation of Sa, starting
from 4b (112mg, 0.5 mmol), the title compound
(130 mg, yield 80%) was obtained as colorless syrup.
IR (KBr, cm™") v: 3432, 3051, 2970, 2930, 2865, 1660,
1593, 1570, 1475, 1406, 1375, 1355 1178, 1065, 710,
690. '"H NMR (DMSO-d, d): 1.21 (d, J = 8.1 Hz, 3H),
1.98 (t, J=5.1Hz, 2H), 3.35 (s, 6 H), 3.66 (s, 2H),
3.96 (d, J=9.7Hz, 1H), 3.99 (q, J = 5.4 Hz, 1H), 4.04
(d, J=14.1Hz, 1H), 4.14 (dt, J=5.5Hz, J=1.5Hz,
1H), 4.62 (t, J= 5.3 Hz, 1H), 4.75 (d, J = 5.3 Hz, 1H),
6.82 (d, /=10.1 Hz, 1H), 7.15 (t, J = 7.4 Hz, 2H), 7.53
(t, J=7.5Hz, 1H), 7.73 (dé J =8.0 Hz, 2H). FAB-MS
milz (%): 324 [M+H]". [a]zD —23.0° (¢ 0.02, CH30OH).
Anal. Calcd for C;;H,5sNOs: C, 63.14; H, 7.79; N,
4.33. Found: C, 63.32; H, 7.96; N, 4.13.

3.1.9. [(2R,55)-N-2-(2,2-Dimethoxyethyl)-1,3-dioxacy-
cloheptan-5-yl]phenylacetamide (5¢). A similar procedure
was used as that for the preparation of 5a, starting from
4c (112 mg, 0.5 mmol), the title compound (138 mg,
yield 85%) was obtained as a colorless powder. Mp
117-119 °C. IR (KBr, cm™") v: 3308, 3052, 2970, 2929,
2858, 1642, 1602, 1565, 1451, 1380, 1189, 1084,
722, 692. "H NMR (DMSO-dg, 6): 1.90 (q, J = 5.2 Hz,
2H), 1.94 (t, J=5.3 Hz, 2H), 3.37 (s, 6H), 3.63 (dd,

J=6.75.0 Hz, 2H), 3.66 (s, 2H), 3.94 (d, J=7.2 Hz,
1H), 4.08 (d, J=7.2Hz, 1 H), 4.32 (dt, /= 5.8 2.7 Hz,
1H), 4.55 (t, J= 5.6 Hz, 1H), 4.85 (t, J=4.3 Hz, 1 H),
691 (d, J=5.5Hz, 1H), 7.17 (t, J=17.4 Hz, 2H), 7.36
(t, J=17.6 Hz, 1H), 7.50 (df) J=17.4Hz, 2H). FAB-MS
mlz (%): 324 [M+H]". MzD —11.0° (¢ 0.02, CH;0OH).
Anal. Calcd for C;7H,sNOs: C, 63.14; H, 7.79; N,
4.33. Found: C, 63.01; H, 7.66; N, 4.49.

3.1.10. [(2R,55)-N-2-(2,2-Dimethoxyethyl)-1,3-dioxacy-
clooctan-5-yl|phenylacetamide (5d). A similar procedure
was used as that for the preparation of 5a, starting from
4d (119 mg, 0.5 mmol), the title compound (123 mg,
yield 76%) was obtained as a colorless powder. Mp
125-127 °C. IR (KBr, cm™") v: 3460, 3051, 2952, 2891,
2822, 1651, 1602, 1593, 1508, 1455, 1372, 1192, 1085,
762, 688. "H NMR (DMSO-d;, 6): 1.78 (m, J = 5.2 Hz,
4H), 1.93 (dd, J=6.2Hz, J=4.9Hz, 2H), 3.30 (s,
3H), 3.32 (s, 3H), 3.52 (d, J=7.2Hz, 1H), 3.65 (s,
2H), 3.88 (d, /J=7.2Hz, 1H), 431 (dt, J=5.6 Hz,
J=24Hz, 1H), 448 (t, J=6.1 Hz, 1H), 4.55 (m,
J=48Hz, 2H), 6.64 (t, J=9.3Hz, 1H), 7.19 (t,
J=7.6Hz, 2H), 748 (t, J=7.6Hz, 1H), 7.70
(d, J=7.2Hz, 2 H). FAB-MS m/z (%): 338 [M+H]".
(o]} —14.5° (¢ 0.02, CH;OH). Anal. Caled for
CisH,7NOs: C, 64.07; H, 8.07 N, 4.15. Found: C,
63.98; H, 7.99; N, 4.26.

3.1.11. (trans)-N-|2-(2,2-Dimethoxyethyl)-1,3-dioxan-5-
yllphenylamide (5a’). To a solution of 4a (105 mg,
0.5mmol) and  3,3-dimethoxypropanal (94 mg,
0.5 mmol) in 10 mL of chloroform, 20 mg of trifluoro-
acetic acid was added. The reaction mixture was stirred
at 15 °C for 4 h, and then neutralized with sodium car-
bonate. The residue was purified by flash chromato-
graphy (CH;ClI/CH;OH, 30:1) to give 143 mg (yield
92%) of the title compound as colorless powder. Mp.
122-124 °C. IR (KBr, cm™') v: 3287, 3055, 2962, 2931,
2852, 1638, 1604, 1549, 1456, 1405, 1382, 1191, 1086,
707, 682. "H NMR (DMSO-d, 6): 1.96 (t, J = 5.3 Hz,
2H), 3.37 (s, 6H), 3.45 (d, J=11.2 Hz, 4H), 3.65 (s,
2H), 445 (m, J=39Hz, 1H), 4.53 (t, J=7.8 Hz,
1H), 4.56 (t, J=7.8 Hz, 1H), 5.64 (d, J = 7.8 Hz, 1H),
5.72 (d, J=7.8 Hz, 1H), 7.19 (t, J=9.1 Hz, 2H), 7.43
(d, J=9.1 Hz, 1H), 7.71 (d(j J=9.1 Hz, 2H). FAB-MS
mlz (%): 310 [M+H]". [cx]ZD —16.4° (¢ 0.02, CH3;0H).
Anal. Calcd for C;gH»3NOs: C, 62.12; H, 7.49; N,
4.53. Found: C, 62.01; H, 7.55; N, 4.40.

3.1.12. [(cis)-N-(2-Carbonylmethyl-1,3-dioxan-5-yl)]-
phenylamide (6a). To a mixture of 5a (309 mg, 1.0 mmol)
and 30 mg of silica gel in chloroform (20 mL), 30 mg of
oxalic acid was added. The reaction mixture was stirred
at 45 °C for 40 h, and then neutralized with sodium car-
bonate, filtered, and concentrated. The crude product
was purified with flash chromatography (CHCIy/
CH;0H, 50:1) to give 225 mg (yield 85%) of the title
compound as colorless syrup. IR (KBr, cm™") v: 3304,
3021, 2961, 2922, 2855, 1762, 1631, 1604, 1570, 1543,
1448, 1200, 1067, 727, 692. '"H NMR (DMSO-ds, 9):
2.77 (d, J=3.8Hz, 2H), 3.64 (s, 2H), 4.28 (d,
J=56Hz, 2H), 433 (d, J=6.5Hz, 2H), 4.46 (m,
J=38Hz, 1H), 495 (t, J=4.8Hz, 1 H), 598 (d,
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J=75Hz, 1H), 7.36 (t, J=72Hz, 2H), 7.50 (d,
J=172Hz, 1H), 7.72 (d, J=7.2 Hz, 2H), 9.81 (t, J =
2.5Hz, 1H). FAB-MS m/z (%): 264 [M+H]". Anal.
Caled for Ci4H{7NO4: C, 63.87; H, 6.51; N, 5.32.
Found: C, 63.99; H, 6.70; N, 5.50.

3.1.13. (25,4S,5R)-|[N-(2-Carbonylmethyl)-4-methyl-1,3-
dioxan-5-yl]phenylacetamide (6b). Similar procedure
was used as that for the preparation of 6a. Starting from
5b (323 mg, 1.0 mmol), 227 mg (yield 82%) of the title
compound was obtained as colorless syrup. IR (KBr,

) v: 3442, 3059, 2968, 2939, 2862, 1758, 1648,
1602 1573, 1480, 1415 1381 1174, 1062, 716, 694. 'H
NMR (DMSO-dg, 9): 1.28 (d, J=6.1Hz, 3H), 2.82 (d,
J=3.7Hz, 2H), 3.66 (s, 2H), 4.03 (d, J=10.4 Hz,
1H), 4.07 (d, /J=10.4 Hz, 1H), 4.14 (m, J=10.7 Hz,
1H), 4.15 (t, J=8.5Hz, 1H), 5.25 (t, /= 7.8 Hz, 1H),
6.82 (d, J=6.5Hz, 2H), 7.37 (t, J=7.5Hz, 1H), 7.54
(t, J=7.4 Hz, 2H), 9.84 (t J=2.6Hz, 1H). FAB-MS
miz (%): 278 [M+H]". [« ] —26.2° (¢ 0.02, CH30H).
Anal. Caled for C;sH;oNO4: C, 6497, H, 691; N,
5.05. Found: C, 64.78; H, 6.82; N 5.20.

3.1.14. (2R,55)-|N-(2-Carbonylmethyl)-1,3-dioxacyclo-
heptan-5-yl]phenylacetamide (6¢c). Similar procedure
was used as that for the preparation of 6a. Starting from
5¢ (323 mg, 1.0 mmol), 209 mg (yield 75%) of the title
compound was obtained as colorless syrup. IR (KBr,

) v 3441, 3056, 2969, 2941, 2860, 1761, 1644,
1605 1575, 1482, 1418, 1380, 1172, 1064, 717, 692 .
'"H NMR (DMSO—d(,, 0): 1.87 (q, J = 5.5 Hz, 2H), 1.94
(t, J=5.5Hz, 2H), 3.61 (dd, J=6.5 5.2 Hz, 2H), 3.65
(s, 2H), 3.96 (d, J=7.4Hz, 1H), 4.11 (d, J=7.5Hz,
1H), 4.34 (dt, J=5.9 2.5Hz, 1 H), 4.57 (t, J = 5.8 Hz,
1H), 6.03 (d, J=7.6 Hz, 1H), 6.87 (t, J =4.5 Hz, 1H),
7.19 (t, J=17.5Hz, 2H), 7.38 (t, J=7.4 Hz, 1H), 7.53
(d, J=7.5Hz, 2H), 9.81 (ti‘] 2.7Hz, 1 H). FAB-MS
mlz (%): 278 [M+H]". [« } —14.5° (¢ 0.02, CH30H).
Anal. Calcd for C15H19NO4 C, 64.97, H 6.91; N,
5.05. Found: C, 65.12; H, 7.10; N, 4.98.

3.1.15. (2R,55)-| N-(2-Carbonylmethyl)-1,3-dioxacyclooc-
tan-5-yl|phenylacetamide (6d). Similar procedure was
used as that for the preparation of 6a. Starting from
5d (337 mg, 1.0 mmol), 207 mg (yield 71%) of the title
com ound was obtained as a colorless syrup. IR (KBr,

) v 3444, 3058, 2966, 2942, 2865, 1760, 1641,
1602 1577, 1480, 1415, 1382 1170 1062, 715, 690. 'H
NMR (DMSO-dg, 9): 1.82 (m, J=5.4Hz, 4H), 1.94
(dd, J=6.4 4.5 Hz, 2H), 3.54 (d, J=7.4 Hz, 1H), 3.64
(s, 2H), 3.92 (d, J=7.4 Hz, 1H), 4.33 (dt, J=5.8 2.7
Hz, 1H), 4.46 (t, J=6.2 Hz, 1H), 4.56 (m, J=4.9 Hz,
2H), 6.65 (d, J=7.4 Hz, 1H), 7.22 (t, J = 7.6 Hz, 2H),
7.39 (t, J=7.5Hz, 1H), 7.68 (d, J = 7.5 Hz, 2H), 9.77
(t, J=2.8Hz, 1H). FAB-MS m/z (%): 292 [M+H]".
[y —17.1° (¢ 0.02, CH;OH). Anal. Calcd for
Ci6H>NO4: C, 65.96; H, 7.27; N, 4.81. Found C,
65.87; H, 7.40; N, 4.96.

3.1.16. (cis)-|N-2-(2-Ethoxy-2-methoxyethyl)-1,3-dioxan-
5-yllphenylacetamide (7a). To a solution of 6a (263 mg,
1.0 mmol) in methanol (32 mg, 1.0 mmol) and ethanol
(46 mg, 1.0 mmol), 20 mg of trifluoroacetic acid in

10 mL of chloroform was added. The reaction mixture
was stirred at 50 °C for 8 h, and then neutralized with
sodium carbonate, filtered, concentrated. The residue
was puriﬁed by flash chromatography (CHCIl;/CH;0H,
30:1) to give 289 mg (yield 89%) of the title compound as
colorless powder. Mp 136-138 °C. IR (KBr, cm™') v:
3262, 3058, 2918, 2850, 1622, 1603, 1564, 1542, 1443,
1384, 1361, 1187, 1070, 722, 694. 1H NMR (DMSO-dg,
0): 1.76 (t, J=49Hz, 2 H), 1.99 (t, J=7.8 Hz, 2H),
3.33 (q, J = 4.9 Hz, 2H), 3.36 (s, 3H), 3.66 (s, 2H), 4.03
(d, J=12.1 Hz, 4H), 4.14 (m, J=9.2 Hz, 1H), 4.53
(t, J=6.5Hz, 1H), 4.75 (d, J=6.5Hz, 1H), 7.05 (d,
J=8.6Hz, 1H), 7.21 (t, J=9.0Hz, 2H), 7.49 (d,
J=9.0Hz, 1H), 7.73 (d, J =9.0 Hz, 2H). FAB-MS m/z
(%): 324 [M+H]*. Anal. Caled for C;7H,sNOs: C,
63.14; H, 7.79; N, 4.33. Found: C, 63.01; H, 7.66; N,
4.51.

3.1.17. (cis)-|N-2-(1,3-Dioxolan-2-yl)methyl-1,3-dioxan-
5-yllphenylacetamide (7b). A similar procedure was used
as that for the preparation of 7a. Starting from 6b
(263 mg, 1.0 mmol) and glycol (62mg, 1.0 mmol),
268 mg (yield 87%) of the title compound was obtalned
as colorless powder. Mp 127-129 °C. IR (KBr, cm™ ') v:
3320, 3038, 2948, 2841, 1636, 1601, 1504, 1447, 1459,
1189, 1078, 737, 699. 'H NMR (DMSO—dﬁ, 0): 2.07 (t,
J=6.1 Hz, 2H), 3.66 (s, 2H), 3.86 (t, J=5.9 Hz, 2H),
4.01 (t, J=6.0 Hz, 2H), 4.08 (d, J = 8.1 Hz, 4H), 4.10
(m, J=8.0Hz, 1H), 4.83 (t, J=6.3 Hz, 1H), 5.00 (t,
J=63Hz 1H), 7.11 (d, J=8.0Hz, 1H), 743 (t, J=
79Hz, 2H), 7.55 (d, J=79Hz, 1H), 7.81 (d,
J =17.3 Hz, 2H). FAB-MS m/z (%): 308 [M+H]". Anal.
Calcd for CigH, NOs: C, 62.53; H, 6.89; N, 4.56.
Found: C, 62.70; H, 6.99; N, 4.72.

3.1.18. N,N'-Methylenebis[(2S,4R,5R)/(2R,4S,5S5)-4-
methyl-1,3-dioxan-2,5-diyl]bisphenyl-acetamide (7c). A
similar procedure was used as that for the preparation
of 7a. Starting from 6b (277 mg, 1.0 mmol) and 4b
(223 mg, 1.0 mmol), 398 mg (yield 85%) of the title com-
pound was obtained as colorless powder. Mp 122-
124 °C. IR (KBr, cm™ ') v: 3545, 3409, 3060, 2969, 2920,
2852, 1648, 1625, 1597, 1526, 1481, 1417, 1380, 1354,
1180, 1063, 719, 691. 1H NMR (DMSO—d6, 0): 1.25 (d,
J=6.7Hz, 6H), 2.07 (t, J= 6.1 Hz, 4H), 3.65 (s, 2H),
3.94 (d, J=7.2Hz, 2H), 4.09 (d, J = 12.0 Hz, 2H), 4.42
(q, J=7.2Hz, 2H), 4.11 (dt, J=8.8 Hz, J=2.5Hz,
2H), 4.84 (t, J= 6.2 Hz, 2H), 6.78 (d, J = 6.1 Hz, 2H),
7.44 (t, J = 8.9 Hz, 4H), 7.51 (t, J = 8.3 Hz, 2H), 7.81 (d,
J =8.4Hz, 4 H). FAB-MS m/z (%): 469 [M+H]". Anal.
Calcd for C,6H3,N,O4: C, 66.65; H, 6.88; N, 5.98. Found:
C, 66.67; H, 6.70; N, 5.79.

3.1.19. N,N’-Methylene|[(2S,4R,5R)-4-methyl-1,3-dioxan-
2,5-diyl]-[(2’S,5’' R)-1,3-dioxacyclo-octan-2,5-diyl|bisphenyl-
acetamide (7d). A similar procedure was used as that for
the preparation of 7a. Starting from 6c¢ (277 mg,
1.0 mmol) and 4¢ (223 mg, 1.0 mmol), 393 mg (yield
84%) of the title compound was obtained as a colorless
powder. Mp 132-134 °C. IR (KBr, cm™") v: 3552, 3448,
3058, 2973, 2908, 2849, 1652, 1628, 1602, 1527, 1478,
1401, 1373, 1178, 1060, 728, 685. 1H NMR (DMSO-
dg, 0): 1.24 (d, J=6.5Hz, 3H), 1.98 (m, J=5.5Hz,
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2H), 2.05 (t, J=7.5Hz, 2H), 3.65 (s, 2H), 3.95 (d,
J=12.5Hz, J=32Hz, 2H), 3.75 (d, 1H), 3.92 (d,
J=8.2Hz, 2H), 3.95 (d, J=12.5 3.2 Hz, 2H), 4.15 (d,
J=10.5Hz, 2H), 427 (m, J=59Hz, 1H), 447 (m,
J=59Hz, 1H), 4.84 (t, J=48Hz, 1H), 497 (t,
J=92Hz, 1H), 6.78 (d, J=6.7Hz, 1H), 6.83 (d,
J=6.6Hz, 1H), 7.44 (t, J=7.3Hz 2H), 748 (t,
J=73Hz, 2H), 7.78 (d, J=7.4Hz, 2H), 7.83 (d,
J=73Hz, 2H). FAB-MS: milz (%) =469 [M+H]".
(0] —17.2° (¢ 0.02, CH;OH). Anal. Caled for
C26H32N2061 C, 6665, H, 688, N, 5.98. Found: C,
66.46; H, 6.99; N, 6.11.

3.1.20. N,N'-Methylenebis[(2S,4R,5R)I(2S5,4S,5S5)-4-
methyl-1,3-dioxan-2,5-diyl]bisphenyl-acetamide (7¢’). To
a solution of 6b (277 mg, 1.0 mmol), and 4b (223 mg,
1.0 mmol) in 10 mL of chloroform, 20 mg of trifluoroace-
tic acid was added. The reaction mixture was stirred at
15 °C for 4 h, and then neutralized with sodium carbon-
ate, filtered, concentrated. The residue was subjected to
flash chromatography (CHCI;/CH;0H, 30:1) to give
389 mg (yield 83%) of the title compound as colorless
powder. Mp 158-160 °C. IR (KBr, cmfl) v: 3551, 3406,
3052, 2974, 2907, 2862, 1652, 1632, 1601, 1533, 1484,
1402, 1371, 1366, 1185, 1058, 728, 702. 'H NMR
(DMSO-dg, 0): 1.23 (d, J=6.5Hz, 3H), 1.28 (d,
J=6.7Hz, 3H), 2.07 (t, J=6.1 Hz, 2H), 3.66 (s, 2H),
398 (d, J=7.2Hz 2 H), 4.06 (d, J = 12.0 Hz, 2H), 4.09
(dt, J=8.22.4 Hz, 2H), 4.44 (q, J = 7.2 Hz, 2H), 4.80 (t,
J=6.0Hz, 2H), 4.82 (t, J=6.0Hz, 2H), 6.76 (d,
J=6.1Hz, 2H), 745 (t, J=7.5Hz, 4H), 7.52 (t,
J=7.6Hz, 2H), 7.84 (d, J=7.4Hz, 4H). FAB-MS
miz (%): 469 [M+H]". Anal. Calcd for C,sH3,N>O¢: C,
66.65; H, 6.88; N, 5.98. Found: C, 66.80; H, 6.99; N, 5.81.

3.2. In vivo anti-inflammatory assay

3.2.1. Animals. Male Kunming mice (about 25 g) were
inbred and grown in the animal room at the College
of Pharmacy, Peking University. The animal room was
maintained at 23 £ 2 °C with a 12 h light/dark cycle.
Food and tap water were supplied ad libitum. The eth-
ical guidelines described in the NIH guide for care and
use of laboratory animals was followed throughout the
experiments.

3.2.2. Xylene-induced ear edema.'* Male Kunming mice
were randomly divided into three groups of 12 mice,
namely the test group, vehicle control group, and posi-
tive control group. The mice in vehicle control group
were administrated orally a suspension of Aspirin in
CMC at a dosage of 20 mg/kg, and a concentration of
0.3 mg/ml, while the mice in the test group were orally
administrated a suspension of 1,3-dioxacycloalkane in
CMC at a dosage of 20, 4.0, and 0.8 mg/kg, and a con-
centration of 2.0, 0.4, and 0.08 mg/ml. Thirty minutes la-
ter, 0.03 mL of xylene was applied to both the anterior
and posterior surfaces of the right ear. The left ear
was considered as control. Two hours after xylene appli-
cation, the mice were killed and both ears were removed.
Using a cork borer with a diameter of 7 mm, several
circular sections were taken and weighed. The increase

in weight caused by the irritant was measured through
subtracting the weight of the untreated left ear section
from that of the treated right ear section. The statistical
analysis of the data was carried out by use of ANOVA
test, p<0.05 is considered significant. Inhibition
percentage was expressed as a reduction in weight with
respect to the control group.
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Abstract—Bioactivity-guided fractionation of the leaves of Salvia divinorum has resulted in the isolation of three new neoclerodane
diterpenoids: divinatorin D (1), divinatorin E (2), and salvinorin G (3), together with 10 known terpenoids, divinatorin C (4), hard-
wickiic acid (5), salvinorin-A (6), -B (7), -C (8), -D (9), -E (10), and -F (11), presqualene alcohol (12), and (E)-phytol (13). The struc-
tures of these three new compounds were characterized by spectroscopic methods. All these compounds were evaluated for their
binding affinities to the human « opioid receptors. In comparison with divinatorin D (1), divinatorin E (2), and salvinorin G (3),

salvinorin A (6) is still the most potent k agonist.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The kappa (k) opioid receptor (KOR) is one of three
main types of opioid receptors. It is differentiated from
mu (p) and delta () opioid receptors by distinct genes
and proteins, tissue expression patterns, functional
properties, and pharmacological profiles of selective
agonists and antagonists.! Activation of the KOR in
vivo produces numerous effects, including analgesia,
dysphoria, corticosteroid elevation, diuresis, antipruritic
effect, immunomodulation, and decreases in pilocarpine-
induced seizures and associated mossy fiber sprouting
and hilar neuron loss.> The KOR also participates in
the expression of chronic morphine-induced withdrawal
syndrome and mediates the aversive effects of A9-tetra-
hydrocannabinol.>* The synthetic arylacetamides,
U50,488H, U69,593, spiradoline, enadoline, ICI
204448, and asimadoline, are selective KOR agonists.>-

Keywords: « Opioid receptor; Salvia divinorum; Salvinorin A;

Diterpenoid.
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Interestingly, the KOR agonist U69,593 produces
depressive-like effects, and the KOR antagonists nor-
BNI and ANTI produce antidepressant-like effects in
animal models.”-® Furthermore, KOR agonists appear
to affect mood in humans.®!° In addition, several other
compounds, such as TRK 820 and HZ2, were reported
to be KOR agonists and may be useful as analgesics,
water diuretics, and antipruritics.''!# Recently, salvino-
rin A was identified as a KOR agonist.!>1°

As part of our ongoing investigation, we initiated a com-
prehensive fractionation study guided by KOR binding
activity in an attempt to find new KOR agonists or
antagonists from Salvia divinorum (Lamiaceae).
S. divinorum is a traditional medicine of the Mazatec
Indians of Oaxaca, Mexico.?° It has been used for many
hundreds of years, primarily for its psychoactive (hallu-
cinogenic) effects in their divination rites. An extract
prepared from the crushed leaves induces ‘visions’ and
the psychotropic effects, including effects on mood, have
been verified by a number of researchers.?! Salvinorin A,
a nonnitrogenous neoclerodane diterpenoid, was isolat-
ed and identified to be the key ingredient for these
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psychoactive effects.?> In addition, salvinorin A was
confirmed to have very high affinity and selectivity for
the KOR at nanomolar concentrations.!>"!* Previous
phytochemical investigations of this plant have resulted
in the isolation of 15 terpenoids, including salvinorins
A-F and divinatorins A—C.?"23-2° Herein, we report
the isolation and characterization of three new diterpe-
noids (1, 2, and 3) and 10 known terpenoids (4-13),
and their KOR binding activities.

2. Results and discussion

The dried leaves (4.6 kg) of S. divinorum were sequen-
tially extracted with hexane, acetone, and methanol.
The acetone extract showed the most potent binding
activity to human KOR; the hexane and methanol frac-
tions were much less potent. Following published proce-
dures,>*** the pigments in acetone extract were removed
by chromatography on activated carbon. Upon further
recrystallization from acetone and methanol, a signifi-
cant amount of salvinorin A (~10 g) was isolated. The
supernatant of the acetone extract was chromato-
graphed on a silica gel column and eluted with chloro-
form—acetone to give five fractions. The fraction eluted
with chloroform-acetone (20:1) had the most potent
binding activity and was subjected to repeated silica
gel column chromatography to give three new diterpe-
noids: divinatorin D (1), divinatorin E (2), and salvino-
rin G (3), and 10 known compounds, divinatorin C (4),
hardwickiic acid (5), salvinorin-A (6), -B (7), -C (8), -D
(9), -E (10), and -F (11), presqualene alcohol (12), and
(E)-phytol (13). The known compounds were identified
by comparison with their published data.?!-23-26

Compound 1 was isolated as a colorless semi-solid with
[oz]zD3 —172° (¢ 0.10, CHCls). Its molecular formula was
determined to be C,3H3,04 on the basis of the ion peak
at m/z 404.2187 [M]" in the HR EI-MS spectrum. The
'H and '*C NMR data of 1 were closely related to those
of divinatorin B,>* except for additional signals arising
from the acetyl group. The acetyl group was placed at
C-17 by the observation of ester linkage which causes
a downfield shift of H-17 in the "H NMR spectrum as
compared with that of divinatorin B. This was further
evidenced by '3C-'H long-range correlation in the
HMBC spectrum (Fig. 1), in which the correlations were

Figure 1. Selected HMBC correlations of 1, 2, and 3.

COOR,
1. R;=OH, R,=CH,0Ac, R;=CH,
2. R,=OH, R,=CHO, Ry=CH,
4. R;=R;=H, R,=CH,0Ac
5. R,=R;=H, R,=CH,

COOMe

8. R;=R,=0Ac
9. R,=OAc, R,=OH
10. R,=OH, R,=OAc
11. R,;=OH, R,=H

clearly established between H-17 (6 3.80 and 4.28) and
C-7(622.3), C-8 (0 41.4), C-9 (4 39.1), and carbonyl car-
bon (& 171.3) in the acetyl moiety. The 'H and "*C
signals of 1 were assigned by extensive 2D-NMR
methods (Table 1). Consequently, the structure of
1 was proposed for divinatorin D.
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Table 1. NMR data for 1, 2, and 3 in CDCl;*®

5637

Carbon No. 1 2 3
13¢ g 130 4 3¢ g
1 64.2 448 d (4.8) 63.8 4.48 d (4.5) 68.5 5.80d (3.0)
2 38.0 2.55ddd, (19.5, 5.1, 2.4) 38.0 2.58 ddd, (19.8, 5.1, 2.7) 192.9
232 m 2.34 m
3 133.3 6.76 dd (4.5, 3.0) 133.5 6.71 dd (3.9, 3.0) 127.9 6.41 br s
4 141.3 140.9 161.2
5 37.1 37.0 38.2
6 37.8 2.38 m 36.8 2.49 m 353 2.32 dt (13.5, 3.3)
1.13 dd(13.5, 3 6) 1.15 dd (13.2, 4.5) 1.36 dd (13.2, 3.3)
7 22.3 1.73 m 19.0 2.06 m 18.2 2.20 m
1.58 dd (13.5, 3.6) 1.67 m 1.82 dd (13.5, 3.3)
8 414 1.70 m 55.1 2.33 ddd (13.2, 3.9, 3.6) 52.6 2.18m
9 39.1 39.7 36.8
10 48.7 145s 48.6 144 s 53.8 1.91 d(3.0)
11 39.1 2.07 dt (13.8, 4.5) 40.8 2.02 dt (12.6, 4.2) 432 2.58 dd (13.2, 3.3)
1.76 m 1.76 dt (12.3, 3.6) 1.74 br d (12.6)
12 18.2 2.42 dt (13.8, 4.5) 18.4 249 m 71.8 5.51dd (11.7, 5.4)
1.93 dt(12.9, 4.5) 2.12m
13 124.8 124.4 125.1
14 110.8 6.28 br s 110.8 6.28 br s 108.3 6.41 br s
15 142.9 7.35brs 143.0 7.36 t(1.5) 143.9 7.42 brs
16 138.5 722 brs 138.6 7.22 brs 139.5 7.44 br s
17 65.9 4.28 dd (10.8, 3.9) 205.8 9.74 d (3.6) 169.7
3.80 dd (10.8, 8.4)
18 167.2 167.0 166.2
19 214 1.66 s 21.3 1.66 s 22.8 1.78 s
20 20.7 1.23s 21.4 143 s 16.0 1.27 s
COCH; 171.3 170.9
COCH; 21.0 2.02s 21.3 2.14 s
COOCH; 51.3 3.71s 51.4 3.72s 52.1 3.84s

# Chemical shifts in ppm, J values in Hz are in parentheses.

® Assignments were made using "H-'H COSY, HMQC, and HMBC techniques.

Compound 2 was obtained as a colorless semi-solid. The
molecular formula of C,;H,305 was established by HR
EI-MS. The 'H NMR spectrum revealed the presence of
two tertiary methyl groups (6 1.43 and 1.66), a methoxyl
group (J 3.72), an oxygenated methine proton (J 4.48),
four olefinic protons (§ 6.28, 6.71, 7.22, and 7.36), and
an aldehyde proton (8 9.74). The '*C NMR spectrum
of 2 revealed 21 carbon signals, which were ascribed to
three methyls (6 21.3, 21.4, and 51.4), five methylenes
(0 18.4, 19.0, 36.8, 38.0, and 40.8), eight methines (o
48.6, 55.1, 63.8, 110.8, 133.5, 138.6, 143.0, and 205.8),
and five quaternary carbons (6 37.0, 39.7, 124.4, 140.9,
and 167.0). Assignments of the 'H and '°C signals of 2
by 2D-NMR spectra (Fig. 1 and Table 1) showed that
2 was an analogue of divinatorin D (1) in which the car-
bon at the C-17 position was oxidized to an aldehyde.
The relative stereochemistry of the aldehyde at the C-8
position was assigned as o-orientation, based on
NOESY cross-peaks between H-20 to H-17 and H-20
to H-19. On the basis of these data, the structure of 2
was elucidated as divinatorin E.

Compound 3 was isolated as a colorless semi-solid, [¢]5
+180° (¢ 0.05, CHCIs). Its molecular formula was de-
duced as Cp3H,405 by HR ESI-MS. The '"H NMR spec-
trum displayed signals of three tertiary methyls (6 1.27,
1.78, and 2.14), a methoxyl group (6 3.84), two oxygen-
ated methines (6 5.51 and 5.80), and four olefinic pro-
tons (0 6.41x2, 7.42, and 7.44), while the '*C NMR

spectrum of 3 showed 23 carbon signals, which were
ascribed to 3 x CH3, 1 x OCH3, 3 x CH,, 8 x CH, four
quaternary carbons, and four carbonyl carbons. These
data were similar to those of salvinorin D (9) isolated
from the same extract. Comparison of the 'H and '*C
NMR data between 3 and 9?° suggested that the two
compounds differ in the A ring moiety. According to
the "H-'"H COSY, HMQC, and HMBC spectra (Fig. 1
and Table 1), it was confirmed that the hydroxyl group
at C-2 in 9 was replaced by a carbonyl group (6 192.9) in
3. The relative stereochemistry of H-1 was assigned as
B-orientation, based on NOESY cross-peaks between
H-10 to H-1 and H-10 to H-8. From these data, the
structure of 3 was determined as salvinorin G.

The affinities of the isolated compounds for the KOR
were determined by competitive inhibition of [*H]dipre-
norphine (0.2-0.4 nM) binding to the human KOR
(hKOR) stably expressed in Chinese hamster ovary
(CHO) cells as reported previously.!” All compounds
were initially screened to 10 uM. Only compounds
1, 3, 6, and 7 at 10 uM inhibited [*H]diprenorphine
binding to the hKOR by more than 50%. Binding exper-
iments were then carried out with a range of concentra-
tions of the four compounds and the K; value, a measure
of binding affinity, of each compound for the hKOR
was determined (Table 2). [*>S]GTyPS binding to G pro-
teins in membranes, a direct measure of KOR activa-
tion, was used for the determination of potencies and





5638 David Y. W. Lee et al. | Bioorg. Med. Chem. 13 (2005) 5635-5639

Table 2. K;, ECsg, and E,,,.x values of test compounds for the human «
opioid receptor

Compound K; (nM) ECso (nM) Enax (%)
1 230 £ 21 359+ 17 103
2 >10,000 NA NA
3 418 £ 117 NA NA
4 >10,000 NA NA
5 >10,000 NA NA
6 1.0+ 0.1 3.1+1.0 112
7 659 +8.6 172 £22 111
8 >10,000 NA NA
9 >10,000 NA NA
10 >10,000 NA NA
11 >10,000 NA NA
12 >10,000 NA NA
13 >10,000 NA NA
US50,488H 0.6 £0.04 39420 100

NA, ECs¢ was not determined due to low affinities.

efficacies of these compounds. Their ECsq and E, .«
values were calculated from the dose-response curves
(Table 2).

Among the compounds, salvinorin A (6) has the highest
affinity (K; = 1.0 £ 0.1 nM) and is the most potent KOR
agonist, comparable to U50,488H. Salvinorin B (7) has
modest affinity for the KOR (K; = 65.9 + 8.6 nM) and is
a low-potency full agonist. Our results are different from
those of Chavkin et al.,!” who reported that the K; val-
ues of salvinorin A and salvinorin B for the KOR were
18.74 and >10,000 nM, respectively. Roth et al.'® also
reported a K; value of 16 nM for salvinorin A. The dis-
crepancy may result from the different radiolabeled
ligands used in the studies, [°’H]bremazocine in the study
of Roth et al.'> and Chavkin et al.'” and [*H]diprenor-
phine in ours. Rusovici et al.'® have demonstrated that
bremazocine and U69,593 bind to low and high affinity
states, respectively, of the human KOR expressed in
CHO cells. [*H]diprenorphine, an antagonist, in theory,
binds to both states. Under our binding conditions,
U50,488H showed a K; value of 0.6 nM in competitive
inhibition of [*H]diprenorphine binding, consistent with
the notion that ["H]diprenorphine binds to at least the
high-affinity state. In addition, diprenorphine and bre-
mazocine, with different structures, most likely have dis-
tinct contact points within the binding pocket of KOR,
thus salvinorin A and B may have differential abilities to
displace these two ligands. Moreover, Chavkin et al.!”
included 150 mM NacCl in their binding buffer, whereas
we did not. NaCl may reduce binding affinities of salvi-
norin A and salvinorin B. Chavkin et al.!” reported that
salvinorin B did not inhibit forskolin-stimulated adenyl-
yl cyclase activity. We demonstrated that the ECs, value
of salvinorin B in promoting [*>S]|GTPyS binding was
172 nM. The difference is possibly due to the different
functional assays used in the two studies. [*>SJGTPyS
binding assay reflected the direct activation of G protein
upon receptor activation, while adenylyl cyclase inhibi-
tion, mediated by the G; protein, involved more down-
stream effectors. Regardless of the differences in
absolute K; and ECs, values, our study and that of
Chavkin et al.!” are in good agreement that salvinorin

B has much lower affinity and potency for the KOR
than salvinorin A.

Comparison between salvinorin A and salvinorin B indi-
cates that acetyl group at the C-2 position is essential for
high affinity and potency for the KOR. In general,
C-ring opened compounds such as 1, 2, 4, and 5 showed
reduced KOR binding affinities. Furthermore, com-
pounds with an unsaturated bond between C-3 and
C-4, such as 3, 8,9, 10, and 11, did not improve binding
activity, while compound 3 having a C-2 carbonyl group
showed a modest binding affinity.

Since three types of opioid receptors shared high se-
quence homology, the binding affinities of the com-
pounds 1, 3, 6, and 7 were also determined for & and p
opioid receptors stably expressed in CHO cells. Interest-
ingly, 1, with low affinity for KOR (K; = 230 + 21 nM),
also showed modest affinity for & opioid receptor
(K;=625142nM), but not for p opioid receptor
(K; > 10,000 nM). All other compounds did not show
appreciable binding to d or p opioid receptors at 10 pM.

Our findings provided more information on structure—
activity relationships of salvinorin A and determination
of pharmacophores for the hKOR.

3. Experimental
3.1. General experimental procedures

Optical rotations were measured with an AUTOPOL 111
digital polarimeter. NMR spectra were recorded on a
Varian VXR300 spectrometer with TMS as the internal
standard. EI-MS spectra were obtained on a HP5972
Series Mass spectrometer. ESI-TOFMS spectra were
measured on a Micromass Plateform II mass spectro-
meter. Activated Carbon (Aldrich, USA), Celite 545
(Acros Organics, USA), and Silica Gel (Fisher Scientific,
USA) were used for column chromatography. TLC was
performed on precoated silica gel 60 F254 plates
(Merck, Germany).

3.2. Plant material

The dried leaves of S. divinorum were purchased in
August 2003 from Salvia Space (www.salviaspace.com).
A voucher specimen (MCL-2003-09) has been deposited
in the Bio-Organic and Natural Products Laboratory,
McLean Hospital, Belmont, MA.

3.3. Extraction and isolation

The dried leaves of S. divinorum (4.6 kg) were powdered
and extracted three times with hexane (25 L each time)
at room temperature (25 °C) overnight, and the hexane
solution was evaporated in vacuo to give a residue
(70 g). The acetone and methanol extracts (330 and
290 g) were obtained by the same procedure. The ace-
tone extract was fractioned by flash column chromato-
graphy with an equal mixture of activated carbon and
Celite 545 (total 3000 g). The column was eluted with
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acetone and hexane to give a pale yellowish solid (58 g).
Recrystallizations from acetone and methanol gave pure
salvinorin A (10 g). The mother liquor was chromato-
graphed over silica gel (300 g) using chloroform with
increasing amounts of acetone (20:1, 10:1, 5:1, 2.5:1,
and 1:1) to give five fractions A-E. Fraction A (9.0 g),
initially eluted from chloroform-acetone (20:1), was fur-
ther purified by silica gel column (200 g), with a gradient
of hexane and ethyl acetate (15:1-1:1) to afford fractions
1-108 (150 mL/fraction). The combined fractions were
further purified by silica gel column using methylene
chloride—ethyl acetate (20:1-10:1) or hexane—ethyl ace-
tate (5:1-2:1) as the solvent system to give salvinorin-
A (6, 2.5g), -B (7, 270 mg), -C (8, 300 mg), -D (9,
18 mg), -E (10, 12mg), -F (11, 6 mg), and -G (3,
8 mg), divinatorin-C (4, 20 mg), -D (1, 15 mg), and -E
(2, 10 mg), hardwickiic acid (5, 25 mg), presqualene
alcohol (12, 275 mg), and (E)-phytol (13, 120 mg).

3.4. Divinatorin D (1)

Semi-solid; [«];, —172° (¢ 0.10, CHCl3); '"H NMR and
13C NMR data, see Table 1; EI-MS m/z: 404 [M]*
(2.3), 373 (2.1), 357 (12.3), 339 (7.2), 297 (3.8), 249
(25.8), 231 (11.1), 261 (16.0), 217 (25.5), 199 (25.9),
171 (16.1), 95 (100); HR EI-MS: m/z 404.2187 (M™,
calcd for C23H3206 4042199)

3.5. Divinatorin E (2)

Semi-solid; [«]3; —58° (¢ 0.05, CHCls); "H NMR and '*C
NMR data, see Table 1; EI-MS m/z: 360 [M]" (2.1), 342
(1.0), 329 (2.5), 313 (6.4), 295 (6.0), 285 (9.9), 265 (9.7),
235 (9.7), 205 (13.5), 187 (36.6), 159 (31.9), 96 (100); HR
EI-MS: m/z 360.1927 (M", caled for C,1H50s
360.1937).

3.6. Salvinorin G (3)

Semi-solid; [oc]ZD3 +180° (¢ 0.05, CHCl3); '"H NMR and
3C NMR data, see Table 1; ESI-MS m/z: 431 [M+1]*;
HR ESI-MS: m/z 431.1713 (M, caled for C,3H,¢Oq
431.1706).

3.7. Competitive inhibition of [*H]diprenorphine binding
to opioid receptors

The assay was carried out as described previously.!® The
K; value of each compound was calculated from the
competitive inhibition curves using the Prism 3.0 pro-
gram (GraphPad Software Inc., San Diego, CA).

3.8. [*>SIGTPyS binding

The assay was performed as previously detailed.'® ECs
and E,,,. values of each compound were obtained from
dose-response curves by sigmoidal curve fitting using
the Prism 3.0 program (GraphPad Software Inc., San
Diego, CA). The ECsy and E,,, values (relative to
U50,488H) represent the potency and maximal effect
of each compound, respectively, to enhance [*>S|GTPyS
binding to G proteins upon activation of the human
KOR.
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Abstract—We have synthesized a conjugate of cis-4,7,10,13,16,19-docosahexenoic acid (DHA) and 10-hydroxycamptothecin
(HCPT), DHA-HCPT. The antitumor activity of DHA-HCPT was evaluated in vitro against L1210 leukemia cells and in exper-
imental animal tumor models including L1210 leukemia, Lewis lung carcinoma, and colon 38 adenocarcinoma. DHA-HCPT

showed a greatly improved antitumor efficacy compared to HCPT.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The natural product camptothecin (CPT) (Fig. 1) and its
synthetic analogues are among the most promising new
agents for the treatment of human cancers.!> CPT is a
pentacyclic alkaloid, which was first isolated in 1966
from the extract of a Chinese plant, Camptotheca acumi-
nata, by Wall et al.? Initial clinical trials with CPT were
limited by its poor solubility in physiologically compat-
ible media. Early attempts to form a water-soluble sodi-
um salt of CPT by opening the lactone ring with sodium
hydroxide resulted in a compound with poor antitumor
activity.*© It was later reported that the closed lactone
form is an absolute requisite for antitumor activity.’
Intensive efforts in medicinal chemistry over the past
several decades have provided a large number of camp-
tothecin analogues, of which topotecan and irinotecan
are among those clinically approved for the treatment
of cancers (Fig. 1).

DNA topoisomerase I covalently binds to double-
stranded DNA, forming a cleavable complex and pro-
ducing a single-strand break.® This cleavable complex
facilitates the relaxation of torsional strain of the super-
coiled DNA. Once the torsional strain has been relieved,
the enzyme rejoins the cleaved strand of DNA and dis-
sociates from the relaxed double helix.” CPT binds to
and stabilizes the cleavable complex and inhibits the reli-

* Corresponding author. Tel.: +1 650 694 4996; fax: +1 650 694 7717,
e-mail: yugiangwang2001@yahoo.com

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of camptothecin, irinotecan, topotecan, and
SN-38.

gation of DNA, leading to the accumulation of DNA
single-stranded breaks.!%!! The single-stranded breaks
are not in themselves toxic to the cell, because they read-
ily religate upon drug removal; however, collision of the
DNA replication fork with the drug-enzyme-DNA
complex generates an irreversible double-strand break
that ultimately leads to cell death.'> CPT is S-phase-
specific, because ongoing DNA synthesis is needed to
induce the above sequence of events leading to cyto-
toxicity. This mechanism of action has significant impli-
cations for the use of these agents. It suggests that a
prolonged exposure of CPT to tumors is needed to
ensure its optimal therapeutic efficacy.
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Sauer et al.!3"15 had studied the uptake of fatty acids and
other metabolic precursors by tumor cells in tissue-isolat-
ed hepatomas with a single arterial inflow and a single
venous outflow. In these systems, tumors avidly take up
certain kinds of natural fatty acids from the arterial
blood, presumably for use as biochemical precursors
and energy sources. Based on these observations, a conju-
gate of cis-4,7,10,13,16,19-docosahexenoic acid (DHA)
and paclitaxel, DHA-paclitaxel, was synthesized (Fig.
2).'6 Pharmacokinetic studies of paclitaxel and DHA-
paclitaxel in normal rats suggest that most of the
DHA-paclitaxel is confined within the intravascular plas-
ma volume, whereas paclitaxel is rapidly cleared from
plasma and distributed into a large volume of peripheral
tissue space.'® When paclitaxel at 20 mg/kg, DHA—paclit-
axel at 27.4 mg/kg (a dose equimolar with 20 mg/kg of
paclitaxel), and DHA-paclitaxel at 120 mg/kg (a dose
equitoxic with 20 mg/kg of paclitaxel) were injected
through the tail vein of mice bearing M 109 tumors weigh-
ing ~100 mg, paclitaxel remained >2 pM in tumors for
only 16 h. In contrast, paclitaxel derived from DHA-pac-
litaxel at an equitoxic dose of 120 mg/kg remained >2 uM
for 10 days after injection (tumors grow at concentration
below 2 uM).'® Although less potent than free paclitaxel,
DHA-paclitaxel has a significantly higher therapeutic
index than free paclitaxel in mice bearing tumors. In
addition, DHA-paclitaxel has decreased side effects.

HO FgAC Paclitaxel

6 0 DHA-Paclitaxel

Figure 2. Structures of paclitaxel and DHA-paclitaxel.
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Figure 3. Structures of HCPT, PP-HCPT, and DHA-HCPT.

This data suggest that DHA may be used to enhance the
therapeutic efficacy of other antitumor agents, especially
the camptothecins because a prolonged exposure of the
drug to tumor is particularly needed to ensure an opti-
mal efficacy. Herein, we report the design, synthesis,
and antitumor efficacy evaluations of DHA-HCPT, a
conjugate of DHA and 10-hydroxycamptothecin
(HCPT) (Fig. 3).

2. Chemistry
2.1. Rationale of drug design

Experiments demonstrate that tumor cells selectively
take up certain fatty acids including DHA and DHA
conjugate such as the DHA-paclitaxel, which had a
greatly extended half-life. Consequently, DHA-paclit-
axel has a superior therapeutic efficacy to free paclitaxel
with reduced side effects. These data suggest that DHA
may be used to improve the therapeutic index of other
anticancer agents.

The commercially available HCPT is a member of the
camptothecin class of compounds isolated from a Chi-
nese tree, Camptothecca acuminata,'’ and has a wide
spectrum of antitumor activity in vitro and in vivo
through inhibition of topoisomerase 1.'” HCPT is more
potent and less toxic than camptothecin. For example,
in a Topo I inhibition assay, the ICs, values of HCPT,
CPT, and topotecan are 0.106, 0.677, and 1.11 pM,
respectively.'® HCPT has been approved for treatment
of human cancers in China for more than 10 years. Syn-
thesis of simple saturated long-chain fatty acid esters of
HCPT has been reported.!® The reported compounds
are hydrolyzed by carboxylate esterase in vitro, but no
in vivo antitumor activities are seen. Both CPT and
HCPT have poor water solubility, leading to difficulty
in formulation. Simply conjugating a fatty acid moiety
to them will further decrease their water solubility. Fur-
thermore, an ester bond is easily hydrolyzed by car-
boxylate esterase, which exists abundantly in serum. A
carbamoyl bond is more stable than an ester bond to
hydrolysis by carboxylate esterase. Consequently, com-
pounds such as irinotecan have a longer half-life. Based
on these considerations, we designed and synthesized
DHA-HCPT. DHA is expected to provide a prolonged
exposure of the drug to cancer cells, resulting in an en-
hanced therapeutic index. In DHA-HCPT, a piperazine
linker was used. The tertiary nitrogen of piperazine is
expected to be protonated at physiologic pH, leading
to increased aqueous solubility. In addition, the pipera-
zine and HCPT were linked through a carbamoyl bond,
which should provide certain stability to cleavage by
carboxylate esterase. However, this carbamoyl bond will
be cleaved by carboxylate esterase to release HCPT,
leading to the Kkilling of cancer cells.

2.2. Chemical synthesis
The commercially available tert-butyl-1-piperazine car-

boxylate, 1, and 4-nitrobenzyl bromide, 2, were coupled
in N,N-dimethylformamide catalyzed by potassium
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Scheme 1. Synthesis of compound 6. Reagents: (a) K,CO3;, DMF;
(b) H,, Pd/c; (c) DHA, HBTU; (d) HCI/EtOAC.

carbonate to afford compound 3 in 95% yield. The nitro
group of compound 3 was reduced by hydrogenation cat-
alyzed by 10% Pd/C, cleanly affording amine 4. The latter
was then coupled with the commercially available DHA
in the presence of 2-(1-benzotriazol-1-yl)-1,1,3,3-tetram-
ethyluronium hexafluorophosphate (HBTU), producing
compound 5 in good yield. Removal of the Boc protect-
ing group of 5 with saturated anhydrous HCI in ethyl
acetate produced the required amine 6 (Scheme 1). The
commercially available HCPT was first dissolved in tet-
rahydrofuran, and was treated with 4-nitrophenylchlo-
roformate, affording carbonate 8. The product was
pure enough for the next reaction without further purifi-
cation. Carbonate 8 in tetrahydrofuran was allowed to
react with amine 6 to produce the target DHA-HCPT.
To increase water solubility, DHA-HCPT was converted
to the hydrochloride by treatment with saturated anhy-
drous HCI in ethyl acetate. Piperidinopiperidine (PP)-

4-piperidino-
piperidine
_

6
\\\735\*» DHA-HCPT

PP-HCPT

Scheme 2. Synthesis of DHA-HCPT and PP-HCPT.

HCPT was synthesized by treatment of carbonate 8 with
4-piperidinopiperidine (Scheme 2).

3. Results and discussion
3.1. Cytotoxicity

We tested the antitumor activity of DHA-HCPT
against L1210 leukemia cells in vitro, and the results
are shown in Table 1. DHA-HCPT was 8-fold less po-
tent than its parent HCPT in this 48 h cell growth inhi-
bition assay with an ICsy value of 1.8 uM. PP-HCPT
was 16- and 128-fold less potent than DHA-HCPT
and HCPT, respectively, with an ICs, value of 30 uM.
Doxorubicin (Dox) was used as a positive control. This
data correlate well with the previously reported data
showing that irinotecan was 500-fold less potent than
its free drug SN-38 against HL-60 leukemia cells in a
72 h assay in vitro.?°

3.2. Antitumor activity in mouse tumor models

We tested DHA-HCPT in three different mouse tumor
models including L1210 leukemia, Lewis lung carci-
noma, and colon 38 adenocarcinoma. In the L1210 leu-
kemia model, when one dose was administered, DHA-
HCPT was much more efficacious than its parent HCPT
(Table 2). For example, at the optimal dose (best thera-
peutic efficacy and bodyweight loss <15% and/or toxic
death <15%), HCPT had a 77% increase in life span
(ILS) with no long-term survivors. In contrast, DHA-
HCPT had an ILS of 154% with two long-term survi-
vors at a dose of 180 mg/kg. At an equimolar dose,
DHA-HCPT (40 mg/kg) had a much higher therapeutic

Table 1. Antitumor activity against L1210 leukemia in vitro®

Drug ICso (LM)
HCPT 0.23£0.03
DHA-HCPT 1.8£1.5
PP-HCPT 30+ 0.6
Dox 0.18 £ 0.09

# Cytotoxicity was measured in a 48 h proliferation assay. The results
were reported as the minimal drug concentration that inhibits uptake
of [*H]thymidine by 50% and were the mean values of at least three
experiments.

Table 2. Antitumor activity against L1210 leukemia in mice®

Drug Dose (mg/kg)  %Weight  %ILS 30 day
change® survivors

HCPT 20 —-16 108 0

15 —10 77 0
DHA-HCPT 180 -12 154 2

60 +1 138 0

40 +2 108 0
PP-HCPT 73 +2 77 0

37 +5 46 0

2 Male BDF, mice (6/group) were injected ip with 10° cells on day 0.
Drugs were administered ip on day 1.

® Group bodyweight change was between day 0 and the day at which
time the group of mice had the lightest weight. The median number
of days of survival of the untreated mice was 6.5.
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efficacy (ILS: 108%) than HCPT (15 mg/kg, ILS: 77%).
Furthermore, DHA-HCPT had a greatly decreased tox-
icity compared to HCPT (bodyweight loss of 10% for
HCPT versus a 2% gain for DHA-HCPT).

To find out if the enhanced therapeutic index of DHA—
HCPT is simply due to the addition of a carbamate moi-
ety to HCPT as in the case of irinotecan and its free drug
SN-38, we synthesized PP-HCPT, a conjugate of piperi-
dinopiperidine (the same group used in irinotecan) and
HCPT (Fig. 3), and tested its antitumor activity.
Clearly, PP-HCPT was better than HCPT. For exam-
ple, although PP-HCPT at 73 mg/kg and HCPT at
15 mg/kg had the same ILS (77%), PP-HCPT was much
less toxic (weight gain of 2%) to the animal than HCPT
(weight loss of 10%). At an equimolar dose, the
therapeutic efficacy of DHA-HCPT (60 mg/kg, ILS:
138%) was three-times higher than that of PP-HCPT
(37 mg/kg, ILS: 46%). At an equitoxic dose, DHA-
HCPT (40 mg/kg) had an ILS of 108% while the ILS
produced by PP-HCPT (73 mg/kg) was only 77%. Fur-
thermore, on a molar basis, 40 mg of DHA-HCPT was
only 1/3 of 73 mg of PP-HCPT. These results demon-
strate that DHA-HCPT is better than PP-HCPT, sug-
gesting that conjugating DHA to HCPT leads to an
increased therapeutic index.

We then tested DHA-HCPT using multiple doses (days

1, 5, and 9) (Table 3). At a dose of 120 mg/kg, DHA-
HCPT produced an ILS of 323% with three cures. In

Table 3. Antitumor activity against L1210 leukemia in mice®

Drug Dose (mg/kg)  %Weight  %ILS 30 day
change® survivors

DHA-HCPT 120 -12 323 3

PP-HCPT 150 —18 123 0

2 Male BDF; mice (6/group) were injected ip with 10° cells on day 0.
Drugs were administered ip on days 1, 5, and 9.

® Group bodyweight change was between day 0 and the day at which
time the group of mice had the lightest weight. The median number
of days of survival of the untreated mice was 6.5.

Table 4. Antitumor activity against Lewis lung carcinoma in mice®

contrast, PP-HCPT only produced an ILS of 123% with
no cure. Once again, the therapeutic efficacy of DHA-
HCPT is higher than that of PP-HCPT.

Next, the compound was tested in the mouse Lewis lung
carcinoma model. When the drug was given one dose, ip
DHA-HCPT showed significant activity in the mouse
Lewis lung carcinoma model (Table 4). At a dose of
120 mg/kg, it inhibited tumor growth by 83% while the
bodyweight loss was only 10%. In contrast, the parent
HCPT inhibited tumor growth by 57% at a dose of
20 mg/kg with a 24% weight loss. The group treated with
DHA-HCPT also lived longer.

In the multiple dose experiment (days 1, 5, and 9), at a
dose of 100 mg/kg, DHA-HCPT produced a tumor
growth inhibition (TGI) of 88% with a 9% bodyweight
loss. In contrast, cisplatin, one of the most effective
drugs for treating lung cancer, produced a TGI of 73%
at a very toxic dose of 5 mg/kg (19% bodyweight loss).
These results suggest that DHA-HCPT is a reasonable
alternative to cisplatin and is less toxic (Table 5).

Irinotecan first received FDA approval for the treatment
of human colorectal cancer. For this reason, we tested
DHA-HCPT against colon cancer in mice. Colon 38 is
a well-characterized mouse colon cancer and has been
widely used in the primary anticancer activity screening
of new agents. When the drug was given once, at a dose
of 120 mg/kg, DHA-HCPT significantly inhibited the
tumor growth with a TGI of 91% (Table 6). In contrast,
cisplatin produced a TGI of 88%. However, DHA-
HCPT produced less weight loss than cisplatin.

Next, the drug was evaluated on a multiple dose sche-
dule. Two multiple dose experiments (days 1, 5, and 9)
were performed. The first experiment was designed to
evaluate the antitumor activity of the drugs against early
tumor, that is, the tumors were transplanted on day 0,
and the drugs were given beginning the next day. The
second experiment was designed to evaluate the drug’s
activity against the established tumor, that is, the

Drug Dose (mg/kg) %Weight change® Tumor weight (g, £SD) %TGI Y%ILS P value®
Control — — 1.77+£0.89 — — —
HCPT 20 -24 0.76 £ 0.59 57 16 <0.01
DHA-HCPT 120 -10 0.31£0.18 83 33 <0.01
80 -5 0.93 £0.53 48 23 <0.01

* Male BDF, mice (8/group) were injected sc with 10 cells on day 0. Drugs were administered ip on day 1.

® Group bodyweight change was between day 0 and the day at which time the group of mice had the lightest weight.

¢ Comparing to the control.

Table 5. Antitumor activity against Lewis lung carcinoma in mice®
Drug Dose (mg/kg) %Weight change® Tumor weight (g, £SD) %TGI P value®
Control — 1.20 £ 0.61 —
DHA-HCPT 100 -9 0.15%0.10 88 <0.01
Cisplatin 5 -19 0.32%0.17 73 <0.01

2 Male BDF,; mice (8/group) were injected sc with 10° cells on day 0. Drugs were administered ip on days 1, 5, and 9.
® Group bodyweight change was between day 0 and the day at which time the group of mice had the lightest weight.

¢ Comparing to the control.
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Table 6. Antitumor activity against colon 38 carcinoma in mice®

Drug Dose (mg/kg) %Weight change® Tumor weight (g, £SD) %TGI P value®
Control — — 1.20 £ 0.84 —

Cisplatin 10 -20 0.14 £0.07 88 <0.01
DHA-HCPT 120 —16 0.11£0.09 91 <0.01

2 Male BDF; mice (8/group) were injected sc with 10° cells on day 0. Drugs were administered ip on day 1.
® Group bodyweight change was between day 0 and the day at which time the group of mice had the lightest weight.

¢ Comparing to the control.

tumors were transplanted on day 0, and the drugs were
given when the tumors grew to 3-4 mm in size. In the
early stage tumor model, at a dose of 100 mg/kg,
DHA-HCPT significantly inhibited the tumor growth
with a TGI of 78% (Table 7). In the late stage tumor
model, at a dose of 100 mg/kg, DHA-HCPT inhibited
tumor growth by 80% (Table 8). These data suggest that
DHA-HCPT is equally effective in both the early and
late stage tumor models.

The CPT compounds have emerged as one of the most
promising class of anticancer agents. Over the last two
decades, intensive research has led to the development
of improved analogues with increased solubility and
impressive antitumor efficacy. Among the analogues
synthesized, some are new compounds, and others are
prodrugs of existing compounds. Efforts are made to ad-
dress several important aspects of the CPT compounds.
Because CPT failed clinical development mainly due to
its low water solubility of the lactone form, an amino
group has been incorporated into irinotecan, topotecan,
9-aminocamptothecin, GI-147211, and exatecan to im-
prove their aqueous solubility.!> At physiologic pH,
the amino group is protonated, and thus, all of these
compounds have improved solubility in aqueous media.
In addition to an improved aqueous solubility, modifica-
tion of the CPT structure also shifted the equilibrium
between the lactone and carboxylate forms of the mole-
cule to the favored lactone form in some of these com-

Table 7. Antitumor activity against early stage colon 38 carcinoma in mice®

pounds.?! Because CPT is a S-phase-specific drug,

prolonged exposure to cancer cells is especially impor-
tant for achieving optimal efficacy. O’Leary and Mug-
gia®? reported that CPTs require a prolonged schedule
of administration given continuously at low doses to
achieve the optimal efficacy. One approach used to in-
crease the half-life of CPT is to make a prodrug such
as irinotecan or to conjugate it to a polymer. For exam-
ple, the half-life of the lactone form of SN-38, an active
metabolite released from irinotecan, was 11.5 h, which is
much longer than that of topotecan, 2.4 h.! Zamai et
al.>? reported that camptothecin—polymer conjugate
had a prolonged exposure to tumors, which led to a
remarkably enhanced efficacy.

The improved therapeutic efficacy of DHA—paclitaxel
over free paclitaxel was mainly attributed to its extensive
binding to plasma proteins, which led to a small volume
of distribution (~4 L) and slow systemic clearance
(~0.11 L/h).>* In experimental animals, the concentra-
tion of paclitaxel after DHA-paclitaxel administration
was maintained at >2 uM for 10 days, while that after
paclitaxel administration was only 16 h.'® In this report,
DHA-HCPT was designed as a prodrug, which incor-
porates a DHA moiety to prolong its half-life and to
increase its accumulation in tumors. As expected,
DHA-HCPT showed greatly improved therapeutic effi-
cacies in all tumor models tested, compared to the free
HCPT and PP-HCPT. At this time, we do not know

Drug Dose (mg/kg) %Weight change® Tumor weight (g, £SD) %TGI P value®
Control — — 1.13£0.39 —
DHA-HCPT 1504 — 0.18 £0.12 84 <0.01
100 —12 0.25+0.22 78 <0.01
67 -10 0.64 = 0.50 43 <0.01
2 Male BDF, mice (8/group) were injected sc with 10 cells on day 0. Drugs were administered ip on days 1, 5, and 9.
® Group bodyweight change was between day 0 and the day at which time the group of mice had the lightest weight.
¢ Comparing to the control.
9 Drugs were given on days 1 and 5, and four mice died of toxicity.
Table 8. Antitumor activity against late stage colon 38 carcinoma in mice®
Drug Dose (mg/kg) %Weight change® Tumor weight (g, £SD) %TGI P value®
Control — — 1.13£0.39 —
DHA-HCPT 150¢ — 0.24 £0.18 79 <0.01
100 —14 0.22%0.14 80 <0.01

4 Male BDF, mice (8/group) were injected sc with 10 cells on day 0. Drugs were administered ip on days 9, 13, and 17.
® Group bodyweight change was between day 0 and the day at which time the group of mice had the lightest weight.

¢ Comparing to the control.
4 Drugs were given on days 9 and 13, and three mice died of toxicity.
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if the enhanced therapeutic efficacy of DHA-HCPT is
due to a prolonged half-life in vivo and/or a selective
accumulation by tumors. We will perform experiments
to answer these and other questions related to the mech-
anism of action of DHA-HCPT and will report the
results in due course.

4. Experimental
4.1. Chemistry

Melting points were measured using a Mel-Temp II
instrument and are uncorrected. '"H NMR spectra were
recorded at ambient temperature on an NT-400 spec-
trometer. Mass spectra (electrospray ionization, EI)
were recorded using a Micromass Q-Tof 1 mass spec-
trometer. Atlantic Microlab, Inc., Norcross, GA, per-
formed the elemental analyses, and the results were
within +0.4% of the theoretical values unless otherwise
noted. Analytical thin-layer chromatography was
performed on silica-coated plastic plates (silica gel 60
F-254, Merck) and was visualized under UV light.
Preparative separations were performed by flash
chromatography on silica gel (Merck, 70-230 mesh).

4.1.1. tert-Butyl 4-(4-nitrobenzyl)-1-piperazinecarboxyl-
ate (3). To a solution of tert-butyl 1-piperazinecarboxyl-
ate, 1 (0.74 g, 4 mmol), and 4-nitrobenzyl bromide, 2
(0.86 g, 4 mmol), in N,N-dimethylformamide (DMF,
5mL) was added potassium carbonate (3 g), and the
reaction mixture was stirred at room temperature for
4h. The product was extracted with ethyl acetate
(50 mL), and the organic phase was washed with water
(20 mL x 3). The solution was dried with sodium sulfate
and the solvent was removed in vacuo. The product was
purified by column chromatography, eluting with ethyl
acetate to afford 3 as a solid (1.22 g, 95% yield), mp
99-100 °C. '"H NMR (DMSO-d;): 8.21-8.19 (d, 2H,
J=8.8 Hz, ArH), 7.61-7.59 (d, 2H, J = 8.0 Hz, ArH),
3.63 (s, 2H, CH,), 3.34-3.30 (m, 4H, partially obscured,
2x CH,), 2.35-2.32 (m, 4H, 2x CH,), 1.39 (s, 9H, 3x
CH3) Anal. (C16H23N3O4) C, H, N.

4.1.2. tert-Butyl 4-[4-(cis-4,7,10,13,16,19-docosahexe-
noyl)amino]benzyl-1-piperazinecarboxylate (5). To com-
pound 3 (0.68 g, 2.1 mmol) in ethyl acetate (100 mL)
was added 10% Pd/C (0.1 g), and the reaction mixture
was hydrogenated for 2 h under a hydrogen pressure
of 60 Ib/in.”. The product was filtered, and the solvent
was removed in vacuo to afford amine 4 (0.6 g, 97%
yield). Without further purification, to amine 4 (0.6 g,
2.06 mmol) dissolved in acetonitrile (90 mL) was added
cis-4,7,10,13,16,19-docosahexenoic acid (DHA, 0.67 g,
2 mmol), 2-(1-benzotriazol-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate (HBTU, 0.94 g, 2.5 mmol),
and N,N-diisopropylethylamine (2.1 mL). The reaction
mixture was stirred overnight. The solvent was removed
in vacuo, and the product was purified by column chro-
matography, eluting with ethyl acetate to afford 5 as an
oil (0.91 g, 73% yield). "H NMR (DMSO-dq): 9.84 (s,
1H, NH), 7.53-7.51 (d, 2H, J =8.80 Hz, ArH), 7.19-
7.17 (d, 2H, J=8.40 Hz, ArH), 5.35-5.31 (m, 12H,

CH=CH), 3.40 (s, 2H, CH,), 3.29 (br s, 4H, 2x CH,),
2.83-2.75 (m, 10H, 5x CH,), 2.35 (br s, 4H, 2x CH,),
2.27 (t, 4H, J=4.80 Hz, 2x CH,), 2.04-2.00 (m, 2H,
CH,), 1.38 (s, 9H, 3x CHs), 091 (t, 3H, J=7.20 Hz,
CHs;). Anal. Caled for (C33HssN3O54.1H,0) C, 67.55;
H, 9.42; N, 6.21. Found: C, 67.91; H, 9.42; N, 5.86.

4.1.3. 10-[4-[[4-(cis-4,7,10,13,16,19-Docosahexenoyl)ami-
no]benzyl]-1-piperazino]carbonyloxy-camptothecin. Com-
pound 5 (0.85g, 1.4mmol) was dissolved in ethyl
acetate (10 mL), and saturated anhydrous HCI in ethyl
acetate (7 mL) was added. The reaction mixture was
stirred at room temperature for 30 min. The precipitate
was filtered, and the solid was washed with ethyl ether to
afford 6 (0.68 g, 90% yield). The product was used for
the next reaction without further purification.

HCPT (1.0 g, 2.76 mmol) in tetrahydrofuran (THF,
200 mL) was treated with 4-nitrophenyl chloroformate,
7 (2.16 g, 10.8 mmol), and triethylamine (4.0 mL), and
the reaction was allowed to proceed at room tempera-
ture for 1 h. The product was extracted with ethyl ace-
tate (1 L) and the organic phase was washed with
water (500 mL x 3). The solution was dried with sodium
sulfate and the solvent was removed in vacuo. The prod-
uct was purified by column chromatography, eluting
with ethyl acetate to afford 8 as a yellow solid (1.32 g,
91% yield). The product was used for the next reaction
without further purification. Carbonate 8 (0.66 g,
1.25 mmol) in THF (60 mL) was treated with amine 6
(0.85g, 1.58 mmol) in the presence of triethylamine
(2.4 mL), and the reaction mixture was stirred at room
temperature for 2 h. The solvent was removed in vacuo,
and the product was purified by column chromatogra-
phy, eluting with ethyl acetate and methanol (15:1,
vlv) to afford DHA-HCPT as a yellow solid (0.8 g,
72% yield), mp 196-199 °C. MS m/z (M"+H): 893.0.
The product was dissolved in a mixture of THF and eth-
yl acetate, and anhydrous HCI in ethyl acetate was then
added. The precipitate was filtered and the solid was
dried to afford DHA-HCPT as a HCI salt, mp 230 °C
(dec). "H NMR (DMSO-d;): 9.89 (s, 1H, NH), 8.66—
7.26 (m, 9H, ArH), 6.53 (s, 1H, OH), 5.43-5.30 (m,
16H), 3.68 (s, 1H, CH,), 3.50 (br s, 4H, 2x CH,),
3.21-3.18 (m, 2H, CH;CH,), 2.84-2.76 (m, 10H), 2.48
(br s, 4H, 2x CH,), 2.35 (br s, 4H, 2x CHj,), 2.05-2.01
(m, 2H, CH,), 1.91-1.84 (m, 2H, CH,), 1.29 (t, 1H,
J=8.0 Hz, CHj;), 0.93-0.87 (m, 6H, 2x CHj3). Anal.
Calcd for (C54H61N507'HC1'5H20)2 C, 6367, H, 713,
N, 6.87. Found: C, 63.88; H, 6.03; N, 6.71.

4.1.4. 10-[4-(1-Piperidino)-1-piperidino]carbonyloxycam-
ptothecin. Carbonate 8 (0.53 g, I mmol) in THF (55 mL)
was treated with 4-piperidinopiperidine (0.17 g, 1 mmol)
and triethylamine (1 mL), and the reaction mixture was
stirred at room temperature for 2 h. The solvent was re-
moved in vacuo, and the product was purified by col-
umn chromatography, eluting with dichloromethane
and methanol (5:1, v/v) to afford PP-HCPT as a yellow
solid (0.41 g, 73% yield). The product was dissolved in a
mixture of THF and ethyl acetate, and anhydrous HCI
in ethyl acetate was added. The precipitate was filtered,
and the solid was dried to afford PP-HCPT as a HCI
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salt, mp 235°C (dec). '"H NMR (DMSO-dy): 8.66 (s,
1H), 8.19-8.17 (d, 1H, J=9.2 Hz), 7.92-7.91 (d, 1H,
J=2.8Hz), 7.70-7.67 (dd, 1H, J=3.2, 9.6 Hz), 7.35
(s, 1H), 6.54 (s, 1H), 5.44 (s, 2H), 5.30 (s, 2H), 4.29-
4.26 (d, J=13.59 Hz, 1H), 4.12-4.08 (d, J=13.99 Hz,
1H), 3.06 (t, J=9.59 Hz, 1H), 2.91 (t, J=9.59 Hz,
1H), 1.91-1.82 (m, 4H), 1.53-1.42 (m, 8H), 0.89 (t,
3H, J=74Hz). MS m/z (M"+H): 559.64. Anal.
(C31H34N406‘HC1'3H20) C, H, N.

4.2. Drugs

For the cytotoxicity study, the drugs were dissolved in
DMSO to provide a stock solution of 3 mg/mL, which
were stored at —20 °C. For each experiment, drug solu-
tions were freshly prepared from the stock solution by
the addition of sterile water to afford concentrations suit-
able for the experiment. For animal experiments, drugs
were first dissolved in DMSO and Tween 80 was then
added. The solution was then diluted with sterile water.

4.3. Cytotoxicity

The L1210 mouse leukemia cells were cultured in RPMI
1640 plus 10% FCS with the addition of 100 U/mL pen-
icillin and 100 pg/mL streptomycin. Cytotoxic effects of
the drugs were measured by inhibition of DNA synthe-
sis. L1210 leukemia cells in RPMI-1640 plus 10% FCS
medium were seeded at 5x 10* cells/well in a 96-well
plate. Drugs (10 pL) at increasing concentrations were
added to each well, and the total volume was adjusted
to 0.1 mL/well using the same medium. The plate was
incubated for 24 h at 37 °C followed by the addition
of 10 puL of [*H]thymidine (20 uCi/mL). The plate was
incubated for another 24 h. The cells were harvested
and radioactivity was counted using the Packard Matrix
96 beta counter. The percentage growth inhibition was
calculated as follows:

%growth inhibition = [(total cpm
— experimental cpm)/total cpm)]
x 100.

This was used to estimate the ICs, values.
4.4. Antitumor screening in mice

For all experiments, tumors were implanted on day 0 to
male BDF, mice, weighing 18-22 g (6/group for the
L1210 model, and 8/group for the solid tumor models),
and drugs (0.1 mL) were administered ip on the dates as
indicated in the experiment. Animals were monitored
and weighed daily.

L1210 leukemia cells (10° cells/mouse, 0.1 mL) were
inoculated ip to mice. Antitumor activity was deter-
mined by comparing the median survival time of the
treated groups (7) with that of a control group (C),
and was expressed as a percentage of ILS [increase of life
span, where %ILS = (7/C—1) x 100]. These calculations
considered dying animals only. Long-term (30 days)
survivors were noted separately. The median number

of days the untreated group of mice (given the vehicle
only) died was 6.5.

Lewis lung carcinoma was maintained by continuous sc
passage by inoculating syngeneic male C57BL/6 mice
with 10° tumor cells. For antitumor efficacy studies,
mice were implanted sc with 10° cells. The antitumor
activity was determined by comparing the tumor weight
of the treated groups (7) with that of a control group
(C), and was expressed as a percentage of the tumor
growth inhibition (TGI, where %TGI = 1-T/C x 100).
The TGI was determined when the tumors weighed 1-
1.5 g (four weeks). Long-term survivors (60 days) were
noted separately.

Colon 38 was maintained by continuous sc passage by
implanting 10° cells in syngeneic male Cs;BL/6 mice.
For antitumor efficacy studies, mice were implanted
with 10° cells sc. The TGI was determined when the
tumors weighed 1-1.5 g (4 weeks). Long-term survivors
(60 days) were noted separately.
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Abstract—The potential of novel and known pyridyl thiourea derivatives (non-nucleoside inhibitors (NNI) of HIV reverse transcrip-
tase) as bifunctional organic catalysts in the asymmetric Strecker synthesis was investigated. It was shown that incorporation of the
imidazolyl moiety in place of a pyridyl group results in a new thiourea derivative that displays a much higher catalytic activity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Chiral catalysts that contain both an acidic and a basic/
nucleophilic structural unit are of growing importance
in the development of asymmetric catalysis.'-?

Recently, several enantioselective bifunctional organic
catalysts have been identified.> Among them are chiral
organic catalysts for the Strecker synthesis, including a
guanidine-bearing diketopiperazine,* a C,-symmetric
guanidine catalyst® and the chiral peptide-like catalysts
described by Jacobsen, which possess both acidic (urea
and/or thiourea moiety) as well as basic functionality
(Schiff base).®® Furthermore, the use of chiral bifunc-
tional thioureca-based organocatalysts in the enantio-
selective Michael addition,'® the Aza-Henry,'' Baylis—
Hillman,'>!3  Acyl-Pictet-Spengler'* and Nitro-Man-
nich!® reactions as well as for the dynamic kinetic reso-
lution of azalactones'® has recently been reported.

Many known compounds displaying important biologi-
cal activity contain both a thiourea moiety as well as a

Keywords: NNI; Inhibitor; Thiourea derivative; Strecker synthesis;

Bifunctional organocatalyst.
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pyridine residue.!”2! For instance, chiral a-methyl ben-
zyl pyridyl thiourea compounds 1 and 2 (Fig. 1) were re-
ported by Uckun and co-workers to be non-nucleoside
inhibitors (NNI) of the reverse transcriptase enzyme of
the human immunodeficiency virus (HIV).?>%>

These structures incorporate both the acidic and the
basic/nucleophilic  bifunctionality of interest with
respect to potential enantioselective bifunctional
organocatalysts.

This prompted us to apply these pyridine based thiourea
compounds, as well as the novel thiourea derivatives 3-5
(Fig. 1), synthesised in our laboratory, as catalysts for
C-C bond formation reactions.

In particular, we were interested in the Strecker synthe-
sis,2027 which provides synthetically useful building
blocks and has many important applications both in
natural product synthesis as well as in the industrial
preparation of pharmaceuticals and agrochemicals.

2. Results and discussion

The syntheses of the thiourea compounds were accom-
plished by known methods?®?° as summarised in
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Scheme 1. Three different amines: (R)-(+)-1-phenylethyl-
amine (6), (1R,25)-(—)-2-amino-1-methoxy-1-phenyl-
propane (7) and (S)-phenylalanine methyl ester (8)
were employed for the synthesis of chiral isothiocya-
nates 9-11. Subsequent treatment of these chiral isothio-
cyanates with 2-amino-6-methylpyridine (12) and
2-amino-5-chloropyridine (13) gave the target pyridyl
thioureas 1-4.

The addition of hydrogen cyanide to aldimines 15 and
16 (Scheme 2) was employed to determine the catalytic
activity of the pyridyl thiourea derivatives 1-4 (Fig. 1)
and thus their potential as bifunctional organocatalysts.
Aldimines 15 and 16 were selected as the substrates of
choice to enable an effective comparison with earlier
investigations in the literature.> All reactions were per-
formed as solutions in toluene with 10 mol % of the
appropriate catalyst and were stirred for 2.5h at
—40 °C and subsequently for a further 16 h at —20 °C.

Low conversions (up to 25%) and enantioselectivities
(up to 14%) were observed in all cases (entries 1-4, Table

1.

In searching for ways to improve the catalyst activity,
we were drawn to the strategy of base variation. There-

=
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16 R = CH,Ph 18 R =CHyPh
Scheme 2.

fore, we continued our investigation with an examina-
tion of the catalytic efficacy of some available organic
bases (entries 5-8, Table 1). We have found that use
of imidazole as a base generally gave a better conversion
(32%, entry 8) than pyridine (5%, entry 5), pyrrolidine
(11%, entry 6) or EtzN (6%, entry 7).

Thus, in the chiral thiourea 5 (Scheme 1), the methylpyr-
idyl group of 1 was replaced by an imidazolyl
substituent.

Intriguingly, whereas imidazole and/or biotin alone, as
well as their mixture gave the Strecker product from
the substrate 15 in only 32%, 10% and 37% yields,
respectively (entries 8-10), high conversion was ob-
served with substrates 15 and 16 under the same

\ H H
H-C” >N" " NH “N__N__N__CH,
. cs,/DCC . o2 RO
R'NH, ~ 7 R'NCS S _
6 9 94% 1 47%
7 10 94% 3 54%
8 11 80% 4 90%
) \2 HiCO  CH, ,MeOQC))a
= = /. R =
R Ph G
Ph g, 9,1 7,10,3 Ph"8,11,4
cl H
N
H H ~ | [ 2—NH, H H
NTN N\ SN NH, NCS N N H
LT T os =Y N
cl DMF Ph  DMFToluene @2) F" S N
2 46% 9 5 30%

Scheme 1.
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Table 1. Strecker reactions catalyzed by thiourea derivatives 1-5
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Entry Catalyst (10 mol %) Substrate 2.5h at —40 °C;
16 h at —20 °C
Conversion (%0)* ee (%)*

1 1 15 17 14
2 2 15 25 12
3 3 15 9 6
4 4 15 9 4
5 Pyridine 15 5 —
6 Pyrrolidine 15 11 —
7 Et;N 15 6 —
8 Imidazole 15 32 —
9 Biotin 15 10 4
10 Biotin® + Imidazole” 15 37 4
11 5 15 85 6
12 5 16 100 7

# Determined by HPLC after 16 h of reaction at —20 °C. Reported conversions and ee values are the average of 2 runs.

° 10 mol % of co-catalyst.

conditions in the presence of imidazolyl thiourea cata-
lyst 5 (85% and 100%, respectively, entries 11 and 12,
Table 1), which represented up to 76% improvement in
the conversion of imine 15 over the corresponding pyr-
idyl thiourea based catalysts 1-4 (entries 1-4). These re-
sults indicate that for a high conversion the catalyst
should possess both an imidazole group and a urea/thio-
urea moiety within one molecule. More probably, the
basic group and the thiourea reaction centre act in a syn-
ergistic manner within the catalyst.

The enantioselectivities obtained with imidazolyl thio-
urea 5, however, proved to be in the same range as those
observed with pyridyl thioureas 1-4.

The X-ray crystal structure of the new thiourea deriva-
tive 3 (chiral methylpyridyl thiourea) sheds light on
the cause of the low chiral induction observed in the
Strecker reaction using bifunctional catalysts 1-5.

As already reported by Vachal and Jacobsen® and
Schreiner and Wittkopp,*! ureas and thioureas are able
to provide two hydrogen bonds to bind the H-bond
acceptors (carbonyl or imine groups). It appears likely
that a bridged structure, in which the imine forms
hydrogen-bonds to both thiourea hydrogen atoms
simultaneously, is important for catalyst activity and
selectivity.” The X-ray structure®® of methylpyridyl thio-
urea 3 shows, however, that an intramolecular hydrogen
bond is formed between the thiourea N'°~H group and
the basic nitrogen atom (N7) of the pyridyl group as well
as an intermolecular hydrogen bond from N®-H to the
sulfur of a crystallographic independent second mole-
cule leading to a dimer. There are two of these nearly
identical dimers in the asymmetric unit (Fig. 2).

As a result, the imine substrate cannot be placed in a
bridging mode between the two thiourea hydrogen
atoms, which might serve to explain the low enantiose-

Figure 2. X-ray crystal structure of two molecules of compound 3; thermal ellipsoids are shown at 50% probability level.
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lectivities obtained with catalyst 3, as well as with all the
other thiourea derivatives presented here (since struc-
tural similarities are evident). These observations are
consistent with the postulation that H-bonding interac-
tions are central to reaction selectivity.’

Based on these results and the observation that imida-
zole as a base is essential for catalyst activity, we have
targeted imidazolyl thiourea derivative 5 as a candidate
that might be further modified to improve catalyst
enantioselectivity.

3. Conclusion

The examination of the catalytic potential of the pyridyl
thiourea derivatives 1-4, as well as an X-ray analysis of
the new compound 3 proved that the formation of H-
bonding interactions between imine substrates and the
thiourea moiety of the catalysts is crucial for good yields
and enantioselectivities.

Furthermore, we established that the substitution of an
imidazolyl moiety for a pyridyl group (derivative 5) re-
sulted in a much more active catalyst.

The results presented herein indicate that the combina-
tion of an imidazolyl group with suitable chiral aliphatic
or aromatic substituents leads to substantial improve-
ments in the catalytic activity of the thiourea catalyst.

Further design, synthesis and application of new im-
proved bifunctional organocatalysts are presently
underway in our laboratories.

4. Experimental
4.1. General

All solvents were purified by standard procedures and
distilled prior to use. Reagents obtained from commer-
cial sources were used without further purification.
TLC was performed on precoated aluminium silica gel
SIL G/UV,s4 plates (Marcherey, Nagel&Co.) or silica
gel 60-F,s4 precoated glass plates (Merck). All reactions
were conducted under an argon or nitrogen atmosphere.
"H NMR spectra were recorded on a Varian Unity 300
spectrometer. EI mass spectra were measured with a
Finnigan MAT 95: Alpha AXP DEC station 3000-
300LX; ESI mass spectra were recorded with a LCQ
Finnigan spectrometer. A Perkin-Elmer 241 polarimeter
was used for optical rotation measurements.

4.2. Compound 1

(R)-1-Phenylethylisothiocyanate (9) (350 mg, 2.14 mmol)
was added to a stirred solution of 2-amino-6-methylpyri-
dine (12) (231 mg, 2.14 mmol) in ethanol (10.7 ml). The
reaction mixture was heated to reflux for 5 h. The solvent
was removed under reduced pressure and the residue was
allowed to cool. The precipitate formed was filtered off
and washed with ethanol. Further purification by flash

chromatography on SiO, (Zhexane/EA, 3:0.5) gave 1 as a
white solid. Yield 47%; [«]3y —134.8 (¢ 0.25, CHCl3); 'H
NMR (CDCl) 6 12.4 (br s, 1H, NH), 8.1 (s, 1H, NH),
7.47-7.52 (m, 1H), 7.26-7.43 (m, 5H), 6.78 (d, J = 6.9,
1H), 6.46 (d, J=28.1 Hz, 1H), 5.56-5.61 (m, 1H), 2.39
(s, 3H), 1.67 (d, J=17.2, 3H); >*C NMR (CDCl;) ¢
178.50, 154.87, 152.96, 142.93, 138.89, 128.59, 127.23,
126.26, 117.08, 108.92, 55.08, 23.74, 22.47. EI-MS m/z
(rel intensity) 271.2 (M™, 100), 151.1 (33), 120.1 (53),
109.1 (42), 92.1 (25); the exact molecular mass m/
z=271.1143 + 2 ppm (M") was confirmed by HRMS
(EL, 70 eV).

4.3. Compound 2

This compound was prepared from (R)-1-phenylethylis-
othiocyanate (9) and 2-amino-5-chloropyridine (13) in a
manner analogous to that used for 1 with the difference
that the reaction was carried out in DMF and that the
reaction mixture was stirred at 65 °C for 5 days. Product
2 was obtained as a colourless solid. Yield 46%; [oc]f)o
—189.0 (¢ 0.5, CHCl3); '"H NMR (DMSO-d) o 11.74
(d, 1H, NH), 10.7 (s, 1H, NH), 8.32 (d, J =2.7, 1H),
7.87-7.91 (dd, 1H), 7.36-7.38 (m, 5H), 7.22 (m, 1H),
5.53-5.62 (m, 1H), 1.55 (d, J = 6.6, 3H). ESI-MS (posi-
tive ion): m/z 314.1 [M+Na]". ESI-MS (negative ion): m/
2290.1 [M—H]; EI-MS mi/z (rel intensity) 291 (M™, 90),
149.1 (25), 129.0 (39), 120.1 (100), 105.1 (44); the exact
molecular mass m/z = 291.0597 = 2 ppm (M) was con-
firmed by HRMS (EL, 70 eV).

4.4. Compound 3

This compound was prepared from isothiocyanate 10
and 2-amino-6-methylpyridine (12) in a manner analo-
gous to that used for 1 with the difference that the reac-
tion was carried out in toluene and that the reaction
mixture was stirred at 60 °C for 4 days. Product 3 was
obtained as a white solid. Yield 54%; [y —11.5 (c
0.4, CHCl3); 'H NMR (DMSO-ds) 6 12.18 (d, 1H,
NH), 10.45 (s, 1H, NH), 7.62 (t, 1H), 7.28-7.43 (m,
5H), 6.95 (dd, 2H), 4.57-4.61 (m, 2H), 3.31 (s, 3H,
CH;0), 2.43 (s, 3H), 1.02 (d, J= 6.3, 3H); '°*C NMR
(DMSO-dg) 6 178.42, 154.31, 153.25, 139.02, 138.60,
128.26, 127.44, 126.40, 116.72, 109.28, 84.12, 57.32,
55.44, 23.37, 12.99. EI-MS m/z (rel intensity) 315.2
(M™, 4), 283.2 (12), 194.1 (54), 151.1 (100), 92.1 (42);
the exact molecular mass m/z = 315.1405 £ 2 ppm (M™)
was confirmed by HRMS (EI, 70 eV). Anal. Calcd for
C7H,N30S: C, 64.73; H, 6.71; N, 13.32. Found: C,
64.84; H, 6.46, N, 13.78.

4.5. Compound 4

This compound was prepared from isothiocyanate 11 and
2-amino-6-methylpyridine (12) in a manner analogous
to 3 and was obtained as a white solid. Yield 90%; [o]p)
—2.8 (¢ 1, CHCl3); '"H NMR (CDCls) 6 12.55 (d, 1H,
NH), 8.88 (s, 1H, NH), 7.50 (t, 1H), 7.11-7.21 (m, 5H),
6.74 (d, J=1.5, 1H), 6.47 (d, J=9.0, 1H), 545-5.55
(m, 1H), 3.71 (s, 3H), 3.30-3.35 (m, 2H), 2.21 (s, 3H);
3C NMR (CDCly) 6 178.98, 171.45, 155.47, 152.47,
138.82, 136.01, 129.38, 128.30, 126.00, 117.36, 108.54,
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59.47, 52.18, 37.81, 23.44. ESI-MS (positive ion): m/z
352.1 [M + Na]". EI-MS m/z (rel intensity) 329.2 (M",
38), 167.1 (100), 151.1 (95), 134.1 (56), 108.1 (81), 92.1
(71); the exact molecular mass m/z = 329.1198 + 2 ppm
(M™) was confirmed by HRMS (EI, 70 eV).

4.6. Compound 5

This compound was prepared from (R)-1-phenylethylis-
othiocyanate (9) and 2-aminoimidazole (14) in a manner
analogous to that used for 1 with the difference that the
reaction was carried out in a 9:2 mixture of DMF and
toluene and that the reaction mixture was stirred at
60 °C for 20 h. The desired product was obtained as a
colourless solid. Yield 30%; [oc]fjo —238.0 (¢ 0.2, CHCly);
'"H NMR (DMSO-dy) & 11.26 (br s, NH), 10.6 (br s, 2H,
2x NH), 7.22-7.40 (m, 5H), 6.78 (br s, 2H of imidazole),
5.50-5.60 (m, 1H), 1.52 (d, J = 6.9 Hz, 3H); '*C NMR
(DMSO-dg, 150.8 MHz) o 176.27, 143.22, 142.85,
128.41, 126.87, 125.93, 53.31, 22.25. ESI-MS (positive
ion): m/z 247.1 [M+H]", 269.1 [M+Na]": ESI-MS
(negative ion): m/z 245.2 [M—H]; EI-MS m/z (rel inten-
sity) 246.2 (M, 100), 126.0 (38), 120.1 (30), 105.1 (83),
84.0 (52), 83.0 (72), 77.0 (32); the exact molecular mass
m/z = 246.0939 + 2ppm (M"*) was confirmed by
HRMS (EI, 70 eV).

4.7. Compound 9

To a solution of (R)-1-phenylethylamine (6) (0.42 ml,
3.3 mmol) in dry ether (4.2 ml) at —10 °C were added
CS, (1.26 ml) and DCC (680 mg, 3.3 mmol). The reac-
tion mixture was allowed to warm slowly to room tem-
perature over a period of 3 h and was then stirred for a
further 12 h at room temperature. The thiourea which
precipitated was removed by filtration and the solvent
was subsequently removed under vacuum. The residue
was taken up in ether and more of the thiourea was able
to be removed by filtration. Evaporation of the solvent
and rapid filtration on silica gel (with hexane) gave
product 9 as a liquid. Yield 94%; [«]5, —4.3 (¢ 1.0, ace-
tone); '"H NMR (CDCls) é 7.30-7.43 (m, 5H), 4.93 (q,
1H), 1.69 (d, J=6.6Hz, 3H); *C NMR (CDCl;,
150.8 MHz) ¢ 140.11, 128.84, 128.14, 125.35, 56.98,
24.90. EI-MS m/z (rel intensity) 163.1 (M™, 16), 105.1
(100), 77.1 (13), 51.0 (6).

4.8. Compound 10

This compound was prepared from (1R,2S5)-(—)-2-ami-
no-1-methoxy-1-phenylpropane (7) in a manner analo-
gous to 9 and was isolated as a ?/ellowish solid. Yield
94%; [oc]]ZDO —100.0 (¢ 1, acetone); ' H NMR (DMSO-dy)
0 7.32-7.42 (m, 5H), 4.35 (d, J = 4.8, 1H), 4.25-4.27 (m,
1H), 3.22 (s, 3H, CH;0), 1.17 (d, J=6.3, 3H); 13C
NMR (DMSO-ds) 6 136.76, 128.15, 127.33, 84.11,
57.20, 56.54, 16.88. Anal. Calcd for C;;H3NOS: C,
63.73; H, 6.32; N, 6.76. Found: C, 63.89; H, 6.37; N, 6.80.

4.9. Compound 11

This compound was prepared from (S)-phenylalanine
methyl ester (8) in a manner analogous to that used

for 9 with the difference that the reaction was carried
out in dry DMF. Product 11 was obtained as a liquid.
Yield 80%; [o]y —60.0 (¢ 1, toluene); 'H NMR
(DMSO-dg) 6 7.22-7.34 (m, 5H), 5.09-5.13 (m, 1H),
3.74 (s, 3H), 3.13-3.23 (m, 2H); *C NMR (DMSO-
dg), 0 167.92, 135.32, 129.22, 128.37, 127.15, 60.04,
52.94, 38.17. EI-MS mi/z (rel intensity) 221.1 (M*, 9.5),
162.1 (100), 128.1 (20), 91.1 (72).

4.10. General procedure for the addition of hydrogen
cyanide to substituted imines 15 and 16

A solution of hydrogen cyanide (1.5 mmol) in dry tolu-
ene (1.5 ml) was added in one batch to a suspension of
catalyst (10 mol %) and an aldimine (15 or 16, 1 mmol)
in dry toluene (3.5 ml) under an argon atmosphere at
—40 °C. The mixture was then stirred at —40 °C for
2.5h and subsequently at —20 °C for a further 16 h.
The crude reaction mixture was analysed by HPLC
using a Daicel Chiralpak AS 250 column at 22 °C
(n-hexane/2-propanol = 90:10, flow rate 1 ml/min,
/=210 nm; amino nitrile 17: g (major) = 8.9 min, g
(minor) = 14.4 min; amino nitrile 18: tg; (major) =
9.8 min, g, (minor) = 8.7 min).

Compound 17: '"H NMR (CDCl;) § 7.2-7.6 (m, 15H),
5.25 (s, 1H), 4.60 (s, 1H), 2.15 (d, 1H).

Compound 18: '"H NMR (DMSO-dy) 6 7.56-7.23 (m,
10H), 5.0 (d, 1H, NH), 3.89-3.75 (m, 2H), 3.62-3.57
(m, 1H).
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Abstract—The synthesis and biological activity of a series of novel 5-substituted-4-hydroxy-8-nitroquinazolines that may function as
inhibitors of EGFR- and/or ErbB-2-related oncogenic signaling are described. These compounds were prepared by SyAr reaction of
5-chloro-4-hydroxy-8-nitroquinazoline with alkyl or aryl amines, or alkyl alcohol as nucleophiles. Although the enzyme assay
showed a weak inhibition effect against both EGFR and ErbB-2 tyrosine kinases, the cell-based antitumor activity turned out prom-
ising. Compounds having 5-anilino substituent exhibit high potency with 5-(4-methoxy)anilino-4-hydroxy-8-nitroquinazoline (1h)
being the best dual EGFR/ErbB-2 inhibitors, which effectively inhibited the growth of both EGFR (MDA-MB-468,
IC50 < 0.01 uM) and ErbB-2 (SK-BR-3, IC5y = 13 uM) overexpressing human tumor cell lines in vitro. More interestingly, the var-
iation of the substituent(s) at the 3- and/or 4-position of the 5-anilino portion was found to modulate the selectivity and potency
dramatically. However, compounds having an alkylamino or alkyloxy group at the 5-position of 4-hydroxy-8-nitroquinazolines
are essentially inactive. These results are consistent with molecular modeling observations. This study was the first attempt to iden-
tify new structural types of dual EGFR/ErbB-2-related signaling inhibitors by incorporation of the anilino group at the 5-position of
4-hydroxy-8-nitroquinazolines’ core structure, providing promising new templates for further development of potent inhibitors tar-
geting both EGFR and ErbB-2 tyrosine kinases.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction exist as inactive monomers, which dimerize after ligand
activation. This causes homodimerization or heterodi-

Growth factor signaling pathways play a fundamental merization between EGFR and another member of the

role in regulating key cellular functions, including cell
proliferation, differentiation, metastasis, and survival.!
An important mediator of growth-factor signaling path-
ways is the epidermal growth factor receptor (EGFR).!
EGFR is a member of a family of four closely related
receptors: EGFR (or ErbB-1), HER-2/neu (ErbB-2),
HER-3 (ErbB-3), and HER-4 (ErbB-4). The receptors

Keywords: EGFR inhibitor; Quinazolines; ErbB-2; Breast cancer;

Cellular signaling.
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ErbB receptor family, with HER-2 being a preferred
heterodimeric partner.? After ligand binding, the tyro-
sine kinase intracellular domain of the receptor is acti-
vated, with autophosphorylation of the intracellular
domain, which initiates a cascade of intracellular events
including activation of ras and mitogen-activated pro-
tein kinase followed by the activation of several nuclear
proteins including cyclin D1, a protein required for cell
cycle progression from GI1 to S phase. The EGFR sig-
naling is important for tumor cell proliferation, inhibi-
tion of apoptosis, angiogenesis, metastasis, and
sensitivity to chemotherapy and radiotherapy. Overex-
pression of EGFR and ErbB-2 is common in a variety
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of major human solid tumors and has been correlated
with poor prognosis in patients.> Consequently, inhibi-
tors of the EGFR and/or HER-2 have emerged as prom-
ising anticancer agents, which was validated by the
recent success in the clinical evaluation of EGFR/
HER-2 TK inhibitors.*

Two therapeutic approaches have been used in clinical
studies to inhibit the EGFR family members: human-
ized monoclonal antibodies (MAbs), and small molecule
inhibitors of the EGFR tyrosine kinase (TKIs). MAbs
are generally directed at the ectodomain of the EGFR
to block ligand binding and receptor activation; TKIs
prevent the autophosphorylation of the intracellular
tyrosine kinase domain of the EGFR. The most promis-
ing small molecule selective EGFR-TKIs are currently
three series of compounds, which include 4-anilinoqui-
nazolines, 4-[ar(alk)ylamino]pyridopyrimidines, and 4-
phenylaminopyrrolo-pyrimidines (Fig. 1).°> Of these,
the anilinoquinazolines are the most developed class of
inhibitors. Figure 1 includes some examples in the qui-
nazoline series that are currently approved drugs or in
clinical trials.

The quinazoline scaffold provides the necessary binding
properties for inhibition of the ErbB family of tyrosine
kinases.® However, most of the structure-activity rela-
tionship studies were focused on the substitutions in
the 6- and 7-positions of the quinazoline core structure
as well as the substitutions at the 3’- and 4’-positions
of the 4-anilino portion.”!! Few data have been pub-
lished describing the antitumor activity of 5-substitut-
ed-4-hydroxyquinazolines. Since small substitution
changes in kinase inhibitors greatly affect the kinase
inhibition and drug properties, we were intrigued to
determine the effect on the EGFR/ErbB-2 kinase activi-
ty resulting from the substitution at the 5-position of 4-
hydroxyquinazoline core structure. Enlightened by the
recently reported small molecule ErbB-2 TK inhibitor,
namely B-17 (Fig. 1),!> we put nitro group at the

para-position of the 5-substituent of the quinazoline
ring to see if it enhanced the interaction with the
ErbB-2 tyrosine kinase. The aim of the study was to find
new structural types of tyrosine kinase inhibitors which
specifically target both EGFR and ErbB-2 TK. Dual
inhibition of EGFR and ErbB-2 may offer increased
activity over agents which target only one of these recep-
tor kinases.

In this present work, we would like to report the synthe-
sis and biological activity of a series of novel 5-substitut-
ed quinazoline derivatives represented by the general
formula of 1 in Figure 1. The enzyme inhibitory activity
as well as cellular activity in relevant tumor cell lines will
be discussed to develop the structure—activity relation-
ship of this new series. This work was the first attempt
to explore the effect of 5-substitution on the EGFR/
ErbB-2 kinase activity of the 4-hydroxyquinazoline ser-
ies. Significantly, several of these compounds showed
promising anti-proliferative effect against the EGFR
and ErbB-2-overexpressing tumor cell lines.

2. Chemistry

We developed an efficient and facile synthesis approach
to prepare a variety of quinazoline derivatives with
various C-5 substituents. As depicted in Scheme 1,
the straightforward six-step synthetic route allowed us
to diversify position 5 of the quinazoline moiety via
the key intermediate 6 at a later stage. Beginning with
the commercially available 3-chloro-2-methyl aniline,
the acetylation with acetyl chloride gave the protected
aniline 2 in good yield (90%) using simple filtration iso-
lation. Oxidation of the methyl group of 2 with
KMnO4 and MgSO, in refluxing water yielded 3.
Deacetylation of 3 in concentrated HCI solution at
the temperature below 90 °C afforded 4 in excellent
yields. The 5-chloroquinazoline 5 was prepared via
Neimentowski synthesis by refluxing 4 in formamide,

4
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Figure 1. Representative small-molecule inhibitors of the tyrosine kinase domain of the EGFR. The quinazoline numbering convention is indicated.
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Scheme 1. Reagents and conditions: (i) CH;COCI/CH,Cl,, rt, 6 h, 90.2%; (ii) KMnO,4, MgSO4/H,0, reflux, 5 h, 65.7%; (iii) conc. HCI, 85 °C, 1.5 h,

98%; (iv) formamide, 130 °C for 45 min, 175 °C for 75 min, 67.6%; (v) conc. H,SOy, conc. HNO;, 0

THEF, reflux, 12-24 h, 50-80%.

followed by an extractive basic workup. Treatment of 5
with the mixture solution of conc. H,SO, acid and
fuming HNOj; acid furnished the selective nitration
product 6. Nucleophilic displacement of the key inter-
mediate 6 with the appropriate secondary amine or
alcohol in basic refluxing THF solution generated the
desired final products, 5-substituted-4-hydroxy-8-nitro-
quinazolines (la-n) in good yields (50-80%). The elec-
tron-withdrawing group nitro at the 8-position of the
quinazoline ring is beneficial for the SNyAr displacement
reaction, and endows a large tolerance for the substitu-
tion in the 5-position of the quinazoline.

3. Results and discussion

Kinase inhibitory activity of the compounds was evalu-
ated using EGFR and ErbB-2 kinase activity assays by
ELISA. The effect of the compounds on cell prolifera-
tion was measured using human tumor cell lines highly
related with the aberrant EGFR signaling by sulforho-
damine B assay.'? Three human carcinoma cell lines
were chosen for the cell proliferation assay: MDA-
MB-468 (breast), which overexpresses EGFR, was used
to determine the effectiveness of the EGFR TK inhibito-
ry properties; SK-BR-3 (breast) overexpresses ErbB-2
and to a lesser extent EGFR and should be potently
inhibited by a dual ErbB-2/EGFR TK inhibitor;
MDA-MB-435 (breast) which is believed not to express

°C, 10 min, 51.6%; (vi) RNH, or ROH/RONa,

either ErbB-2 or EGFR to a significant degree. Com-
pounds known to inhibit ErbB-2 or EGFR tyrosine
kinases were used as a positive control for the assays.
The biological results for the 5-substituted-4-hydroxy-
quinazoline inhibitors are shown in Tables 1 and 2.

Table 1. Enzyme inhibitory activity of 4-hydroxy-8-nitroquinazolines
with various C-5 substituents

Compound Enzyme assays, inhibition % at
10 pM*
EGFR ErbB-2

la 17.7 2.4
1b 5.2 10.8
1c 17.1 0.3
1d 18.3 0

le 0 4.8
1f 0 10.5
1g 3.9 0

1h 12.2 1.4
1i 0 0

1j 21.1 7.2
1k 0 4.1
11 7.9 6.6
1m 5.6 3.7
1n 6.5 6.8
B17 28.0 23

#The percent inhibition of the kinase activity was generated by mea-
suring the inhibition of phosphorylation of a peptide substrate added
to enzyme reaction in the presence of 10 um inhibitor.
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Table 2. Inhibitory effect of compounds 1a-n on the growth of tumor cell lines

R OH
~N
)
N
NO; la-n
Compound R Tumor cell ICsq (uWM)?
MDA-MB-468" SK-BR-3° MDA-MB-435"
la NEL‘ 0.48 33.4% inhibition at 10 pM 10.0% inhibition at 10 uM
H

H
1c /©\
Cl

Cl
! L

1 BN
¢ HsC N}H

H
1t o
HaC
o_
1
& Hsc—/ :
oH
(e}
1h
N}H
H
H,N
1i
rPh N
. O
1j i
N
H
v D
1 EN_‘
OH
1m (o] S
HN
1n
HO N}s
0 H

12.1% inhibition at 10 uM

32.5% inhibition at 10 uM

28.6% inhibition at 10 pM

15.2% inhibition at 10 pM

35.8% inhibition at 100 uM

32.3% inhibition at 10 uM

<0.01 (75.5% inhibition at 0.01 pM)

4.0

4.2

23.3% inhibition at 100 pM

34.6% inhibition at 10 uM

19.9% inhibition at 100 pM

29.2% inhibition at 100 pM

No inhibition at 10 pM

8.0

32.7% inhibition at 10 pM

No inhibition at 10 uM

13.4% inhibition at 10 pM

No inhibition at 10 uM

No inhibition at 10 pM

7.0

19.5% inhibition at 100 pM

No inhibition at 10 pM

No inhibition at 10 uM

No inhibition at 10 uM

18.5% inhibition at 10 pM

42.8% inhibition at 10 pM

38.8% inhibition at 10 uM

15.8% inhibition at 10 uM

17.4% inhibition at 10 pM

No inhibition at 10 uM

<0.01 (76.0% inhibition at 0.01 uM)

No inhibition at 10 pM

29.0% inhibition at 10 pM

No inhibition at 10 uM

No inhibition at 10 pM

No inhibition at 10 uM

No inhibition at 10 uM

# Cell line SK-BR-3 (breast carcinoma) overexpresses ErbB-2; cell line MDA-MB-468 (breast carcinoma) overexpresses EGFR; cell line MDA-MB-435 (breast
carcinoma) is believed not to express EGFR or ErbB-2 to a significant extent.

® Dose-response curves were determined at five concentrations. The ICs, values are the concentrations in micromolar needed to inhibit cell growth by 50% as
determined from these curves.
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The enzyme assay data are summarized in Table 1. Dis-
appointingly, most compounds just display low to mod-
erate inhibition against the enzyme activity of EGFR
and ErbB-2 kinases at the concentration of 10 uM. To
some extent, compounds 1a, 1¢, 1d, and 1j exhibited a
better ability to inhibit EGFR kinase than ErbB-2 ki-
nase, whereas 1j is a dual inhibitor of EGFR and
ErbB-2 kinases. However, the cellular assay turned out
more encouraging (Table 2). The 5-substituted quinazo-
line compounds show much more effectiveness in inhib-
iting the growth of the tumor cell lines known to express
high levels of EGFR or ErbB-2. The inconsistency be-
tween the enzyme activity and the cellular efficiency
could suggest that the new type of quinazoline com-
pounds might function by inhibiting multiple key pro-
teins involved in the EGFR signaling pathways, not
only targeting the tyrosine kinase, thus leading to the
significant antiproliferation effect against EGFR depen-
dent tumor cell lines, which is highly relevant to the
overexpression of EGFR or ErbB-2. The definite mech-
anism is still under study.

So, we used the cellular efficiency to investigate the SAR
to determine the preferred substitutions of this novel
quinazoline series as inhibitors of the EGFR-related tu-
mors. Conventional quinazoline-based EGFR TK
inhibitor requires an anilino substituent at the 4-position
of the quinazoline scaffold for retaining high potency,
thus 4-anilinoquinazolines are the most developed class
of drugs that inhibit EGFR kinase intracellularly.* In
our study with the 5-substituted-4-hydroxy-8-nitroqui-
nazoline series, a similar observation was made; namely,
the compounds not containing an anilino moiety at the
5-position such as 1b, 1f, 1g, and 1k—-n, are significantly
less potent than the compounds having a 5-anilino sub-
stitution, such as 1a, 1c, 1h, 1i, and 1j, with respect to the
inhibition of the proliferation of MDA-MB-468 and
SK-BR-3 cell lines. Fither 5-alkoxy (1f, 1g) or 5-alkyla-
mino (including the benzylamine) compounds (1b, 1k—-n)
are essentially inactive. The results suggest that the ani-
lino portion may play a strong role in determining the
potency and selectivity of the quinazoline series as ki-
nase inhibitors, regardless of the substitution position
(4- or 5-) on the quinazoline ring. It is noteworthy that
the substitution in the anilino portion is another impor-
tant factor for the activity.

It is of interest to compare the inhibitory activities of the
S-anilinoquinazoline series with various substitutions at
the 3’- and 4’-positions of the anilino moiety. The unsub-
stituted 5-aniline compound 1a displayed excellent activ-
ity for the EGFR overexpressing cell line MDA-MB-468
(ICsp = 0.48 puM) but was much less effective to inhibit the
ErbB-2 overexpressing cell line SK-BR-3 (IC5, > 10 uM).
Interestingly, the selectivity was completely inversed by
the introduction of 3-chloro substituent at the aniline
ring, resulting in a selective ErbB-2 inhibitor (1¢) with im-
proved activity for the SKBR3 cell line (ICsg = 8.0 uM)
but poor potency in inhibiting the growth of MDA-MB-
468 cell line (ICso > 10 uM). The utility of small lipophilic
groups in the 3-position of the aniline ring was reported
for EGFR inhibition.'* In our case, 3-substitution seems
more important for ErbB-2 inhibition. But the methyl

substitution at the 3-position (le) completely abolished
the activity. With respect to the substituent effect at the
4-position of the anilino portion, the small lipophilic sub-
stituent was found to be detrimental to the activity of our
5-anilinoquinazoline series, e.g., the 4-chloro compound
(1d) demonstrated much less activity in the two cell prolif-
eration assays. Encouragingly, further elaboration of the
4-substitution in the anilino ring with electron-donating
groups showed a remarkable positive response. The lipo-
philic electron-donating groups at the 4-position were
beneficial, with the 4-methoxy and 4-benzyloxy deriva-
tives (1h, 1j) being the most potent dual inhibitors of
EGFR and ErbB-2 signaling. The 4-methoxy-anilino sub-
stitution afforded the best dual inhibitor of the growth of
both target cell lines (1h) (ICso < 0.01 and 13.0 uM, for
EGFR and ErbB-2, respectively). The large benzyloxy
substitution at the 4-position (1j) conferred a better inhib-
itor for ErbB-2 (ICsg = 7.0 uM) but an inferior inhibitor
for EGFR overexpression cell line (ICsy = 4.2 pM) com-
pared to 1h, suggesting that ErbB-2 inhibition prefers
large substitution at the 4’-position of the 5-anilino substi-
tuent. In contrast, the small hydrophilic group at the 4'-
position of the 5-aniline ring was disfavored for the
ErbB-2 binding, whereby the 4’-amine group greatly re-
duced the activity for the ErbB-2 while retaining moder-
ate potency against EGFR (ICsq = 4.0 uM). So far, it is
very apparent that for the novel 5-anilino-4-hydroxyqui-
nazoline inhibitors of EGFR/ErbB-2-related tumors, the
target affinity and selectivity could be modulated to a
great extent via the substitutions on 5-anilino moiety,
with the position and the nature of the substituent being
the determining factors.

It was also evident that the 5-substituted quinazoline
compounds are a much better inhibitor of the MDA-
MB-468 and SK-BR-3 cell lines than the MDA-MB-
435 line, except for compound 1h. This is consistent with
our proposed mechanism of cell growth inhibition being
reliant, to some degree, on EGFR signaling. The obser-
vation that the most potent inhibitor 1h does inhibit the
growth of the MDA-MB-435 could suggest that this line
has some dependence on EGFR or ErbB-2, even though
these receptors are not expressed to a significant extent.

4. Molecular modeling

The earlier observations can be nicely rationalized from
the results of molecular modeling experiments. Recently
the X-ray crystal structure of EGFR kinase having a
bound quinazoline-based ligand (GW572106) was report-
ed.!> GW572016 was a potent dual EGFR/ErbB-2 inhib-
itor, so the published coordinates from this X-ray
structure was used as the starting point for the modeling
studies in the present study. The automated molecular
docking can produce several optional conformation of
the inhibitor. The conformation of the inhibitor 1h corre-
sponding to the lowest binding energy was selected as the
possible binding conformation, shown in Figure 2.

In the final model (Fig. 2), the N1 and N3 atoms of 1h
are hydrogen-bonded to the backbone carbonyl oxygen
of Phe832 and the sidechain carboxyl oxygen of Asp831,
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Figure 2. Two-dimensional representative of the interaction model of compound 1h with the kinase domain of EGFR. This image was generated

with LIGPLOT program.'®

respectively. And the quinazoline ring forms hydropho-
bic interactions with residues Met742, Leu753, and
Leu834. Of particular significance to the case of 5-
substituted-8-nitroquinazoline series, the 8-nitro group
of 1h is involved in the interaction with the active site
of EGFR via its oxygen atom forming hydrogen bond
with the backbone NH of Leu753, and the 5-(4-methox-
yaniline) moiety lies in a hydrophobic pocket containing
Val702, Thr766, Ala719, Arg752, Leu820, and Leu768.
We believe that this might account for the large differ-
ence in activity we see between the 5-alkoxy(or alkyami-
no-) and 5-anilinoquinazolines.

This binding mode is not similar to the original ligand
GW-572016, which is much larger than the inhibitor
1h. GW572016 has a bulky 6-anilino substituent reach-
ing deep into an opened back pocket, which may result
in the slow-off rate in dissociation. From the binding
mode of 1h with EGFR, we found that it just occupied
the sub-pocket, suggesting why the 5-substituted-8-
nitroquinazolines are not potent with respect to
EGFR/ErbB-2 tyrosine kinase assay. This model will
be helpful for our further structural elaboration of the
novel quinazoline series to improve the kinase activity.

5. Conclusions

We have synthesized and assessed a series of novel 5-
substituted-4-hydroxy-8-nitroquinazolines that may
function as inhibitors of EGFR/ErbB-2-mediated cellu-
lar signaling pathways. The SAR was discussed in terms

of the inhibitory activity against the proliferation of two
human carcinoma cell lines known to express high levels
of EGFR and ErbB-2. For the new 5,8-disubstituted
quinazoline derivatives, the 5-anilino substitution is
essential for its activity. Furthermore, the substitution
on the S5-anilino portion has a substantial effect on the
potency and selectivity of the resulting compound with
respect to the inhibition of EGFR and ErbB-2 receptors.
The S5-anilinoquinazoline (1a) was a selective inhibitor of
EGFR, whereas the 5-(3-chloroanilino)-quinazoline (1c)
displayed selective inhibition of ErbB-2. More signifi-
cantly, two potent dual inhibitors (1h and 1j) of EGFR
and ErbB-2 were discovered by the alkoxy substitution
at the 4’-position of 5-anilino substituent. A binding
mode of these compounds autodocked into the active
site of an EGFR kinase domain is helpful for explaining
the SAR of 5-aniline. This study was the first attempt to
identify new structural types of EGFR/ErbB-2 signaling
inhibitors, by the incorporation of the anilino group at
the 5-position of 4-hydroxy-8-nitroquinazolines’ core
structure, providing promising new templates for further
development of potent inhibitors targeting both EGFR
and ErbB-2 tyrosine kinases.

6. Experimental
6.1. Molecular modeling
The crystal structure of kinase domain of EGFR in

complex with its inhibitor GW572016 (PDB entry code
IXKK)!> was recovered from Brookhaven Protein
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Database (PDB). The missed atoms and residues were
modeled by Sybyl 6.8.17 The kinds of atomic charges
were taken as Kollman-united-atom'® for the macro-
molecule and Gasteiger—Marsili'® for the inhibitor.

To find the binding mode of the compound 1h to the ki-
nase domain of EGFR, the advanced docking program
Autodock 3.0.32%2! was used to automatically dock the
inhibitor to the enzyme. The Lamarckian genetic algo-
rithm (LGA)?® was applied to deal with the inhibitor—
enzyme interaction. A Solis and Wets local search
performed the energy minimization on a user-specified
proportion of the population. The docked conforma-
tions of the inhibitor were generated after a reasonable
number of evaluations.

The whole docking operation in this study could be stat-
ed as follows. First, the kinase domain of EGFR was
checked for polar hydrogen and assigned for partial
atomic charges, then a PDBQ file was created, and then
the atomic solvation parameters were also assigned for
the macromolecule. Meanwhile, some of the torsion an-
gles of the inhibitor that would be explored during
molecular docking stage were defined, allowing the con-
formation search for the ligand during the docking pro-
cess. Second, the grid map with 60 x 60 x 60 points and
a spacing of 0.375 A was calculated using the AutoGrid
program,?® to evaluate the binding energies between the
inhibitor and the macromolecule. Third, some impor-
tant parameters for LGA calculations were reasonably
set on. Not only the atom types, but also the generations
and the number of runs for the LGA algorithm were
edited and properly assigned according to the require-
ment of the Amber force field. The maximum number
of generations, energy evaluations, and docking runs
were set to 3.0x 10, 1.5x 107, and 30, respectively.
Finally, the docked complex of the inhibitor-enzyme
for the inhibitor was selected according to the criterion
of interaction energy combined with geometrical match-
ing quality.

6.2. Biology

6.2.1. EGFR and ErbB-2 kinase activity assays by
ELISA. The assay was performed in 96-well plates
pre-coated with 20 pg/mL Poly(Glu, Tyr)s.; (Sigma) as
a substrate. In each well, 85 uL of 8§ uM ATP solution
and 10 pL of the title compound were added at varying
concentrations. AG825 and PD153035 were used as a
positive control for ErbB-2 and EGFR kinase, respec-
tively, and 0.1% (v/v) DMSO was the negative control.
Experiments at each concentration were performed in
triplicate. The reaction was initiated by adding 5 uL of
ErbB-2-CD or EGFR kinase. After incubation for 1h
at 37 °C, the plate was washed three times with PBS con-
taining 0.1% Tween 20 (T-PBS). Next, 100 pL. anti-
phosphotyrosine (PY99) (1:500 dilution) antibody was
added. After 1h of incubation at room temperature,
the plate was washed three times. Goat anti-mouse
IgG horseradish peroxidase (100 pL) (1:2000 dilution)
diluted in T-PBS containing 5 mg/mL BSA was added.
The plate was reincubated at room temperature for
1 h, and washed as before. Finally, a 100 pL solution

(0.03% H,0,, 2 mg/mL o-phenylenediamine in citrate
buffer 0.1 M, pH 5.5) was added and incubated at room
temperature until color emerged. The reaction was ter-
minated by the addition of 100 uL of 2 M H,SOy4, and
A492 was measured using a multiwell spectrophotome-
ter (VERSAmax™). The inhibition rate (%) was calcu-
lated using the equation:

The inhibition rate(%) = [1 — (4492/Aag2control)]
x 100%.

6.2.2. Cell growth inhibition assay. Two human carci-
noma cell lines, SKBR3 (breast carcinoma) and MDA-
MB-468 (breast carcinoma), that were obtained from
American Type Culture Collection (Rockville, MD),
were used for the cell proliferation assay. Cells were
maintained in RPMI-1640 medium supplemented with
10% (v/v) fetal bovine serum, 2 mmol/L. glutamine,
100 U/mL penicillin, and 100 ug/mL streptomycin (Gib-
co, Grand Island, NY, USA) in a highly humidified
atmosphere of 95% air with 5% CO, at 37 °C. The
growth inhibition was analyzed by the sulforhodamine
B (SRB, Sigma) assay.!? Briefly, the cells were seeded
at 6000 cells/well in 96-well plates (Falcon, CA, USA),
and allowed to attach overnight. The cells were treated
in triplicate with grade concentrations of compounds
at 37 °C for 72 h. Then, they were fixed with 10% tri-
chloroacetic acid and incubated for 60 min at 4 °C.
Then, the plates were washed and dried. SRB solution
(0.4% w/v in 1% acetic acid) was added and the culture
was incubated for an additional 15 min. After the plates
were washed and dried, bound stain was solubilized with
Tris buffer, and the optical densities were read on the
plate reader (model VERSA Max, Molecular Devices)
at 515 nm. The growth inhibitory rate of treated cells
was calculated by the following formula: [1 — (As;s
treated/A5;5 control)] X 100%. The results were also ex-
pressed as 1Csg (the compound concentration required
for 50% growth inhibition of tumor cells), which was
calculated by the Logit method. The mean ICsy, was
determined from the results of three independent tests.

6.3. Chemistry

Unless otherwise stated, the 'H NMR spectra were
recorded on a Varian 400-MHz spectrometer. The data
are reported in parts per million relative to TMS and
referenced to the solvent in which they were run. Ele-
mental analyses were obtained using a Vario EL spec-
trometer.  Melting  points  (uncorrected)  were
determined on a Buchi-510 capillary apparatus. Low
resolution mass spectra (EI) was determined on Finni-
gan MAT-95 mass spectrometer. The solvent was re-
moved by rotary evaporation under reduced pressure,
and flash column chromatography was performed on
silica gel H (10-40 pm). Anhydrous solvents were ob-
tained by redistillation over sodium wire.

6.3.1. N-(3-Chloro-2-methylphenyl)-acetamide (2). To the
solution of  3-chloro-2-methyl aniline (2.34g,
16.50 mmol) in CH,Cl, (6 mL) was added acetic anhy-
dride (2.53 g, 24.75 mmol) with stirring. The resultant
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large gray precipitate of crude acetylated product was
filtered with saction and washed with water. Recrystal-
ization from EtOAc/MeOH = 10:1 afforded a pure white
crystal (2.73 g, 90.2%). '"H NMR (DMSO-d,, 400 MHz),
0 9.70 (s, 1H), 7.40 (d, J=8.40Hz 1H), 7.37 (t,
J=28.01 Hz, 1H), 1.99 (s, 3H); MS (EI) m/z 183 (M*);
Anal. Calcd. for (CoH(CINO) C, H, N: 58.86, 5.49,
7.63.

6.3.2. 2-(Acetylamino)-6-chlorobenzoic acid (3). A mix-
ture of compound 2 (3.3 g, 18.0 mmol), magnesium sul-
fate heptahydrate (4.3 g, 38.8 mmol), and water
(80 mL) was heated to reflux (135°C). A solution of
potassium permanganate (11.4 g, 72.2 mmol) and water
(100 mL) was added portionwise over 3 h. After the fi-
nal addition, the mixture was refluxed for 2 h (160 °C),
and the cooled mixture was filtered. The filtrate was
acidified with hydrochloric acid (6 M) to pH 1.0. The
crude product was precipitated as a white crystal that
was collected by filtration and dried under high vacu-
um. Recrystalization from MeOH afforded a pure
white solid product (2.5 g, 65.7%). '"H NMR (DMSO-
dg, 400 MHz), ¢ 9.70 (s, 1 H), 7.40 (d, J=8.04 Hz,
1H), 7.37 (t, J=28.01 Hz, 1H), 7.31 (d, J=8.06 Hz,
1H), 1.99 (s, 3H); MS (EI) m/z 213 (M"); Anal. Calcd.
for (CoHgCINO3) C, H, N: 50.60, 3.77, 6.56. Found:
50.42, 3.54, 6.45.

6.3.3. 5-Chloroquinazolin-4-ol (5). Compound 3 (250 mg,
1.17 mmol) with 4 mL concentrated hydrochloric acid
was heated for 1.5 h in an oil-bath at 80-90 °C, not high-
er than 90 °C, providing a white crystal on cooling. The
solid was filtrated and recrystalized from MeOH to pro-
vide the 2-amino-6-chlorobenzoic acid (4), which was
used directly for the next step. The mixture of 4 (1.2 g,
5.8 mmol) and 1.5 mL formamide was heated in an oil
bath at 130 °C for 45 min and at 175 °C for 75 min.
The cooled semi-solid mass was slurried with 1.5 mL
of methyl-cellosove and dumped in 5 mL of cold water
to yield a crude product. Purification from silica gel
chromatography usinig EtOAC/PE = 1:1 afforded a white
solid (0.75 g, 67.6%). 'H NMR (DMSO-ds, 400 MHz), 0
12.09 (br, 1H), 8.07 (s, 1H), 7.71 (t, J =8.25Hz, 7.7,
1H), 7.59 (d, J=8.0Hz, 1H), 7.51 (d, J=7.43 Hz,
1H); MS (EI) m/z 180 (M"); Anal. Caled. for
(CgH5CIN,O) C, H, N: 53.21, 2.79, 15.51. Found:
53.14, 2.72, 15,36.

6.3.4. 5-Chloro-8-nitroquinazoline-4-o0l (6). The solution
of compound 5 (155mg, 0.86 mmol) in concentrated
H>SO4 (3 mL) cooled to 0°C was treated dropwisely
(10 min) with fuming nitric acid (HNOj, 3 mL). The
reaction mixture was stirred for 10 min (0 °C) before
being poured into crushed ice. The mixture was neutral-
ized with 20% KOH with ice cooling. The product was
collected by filtration and washed with H,O
(2x 6 mL). Recrystalization from EtOH-H,O gave
100 mg of pure compound 6 as a light yellow solid
(193.5 mg, 51.6%). '"H NMR (DMSO-d,, 400 MHz), 6
12.68 (br, 1 H), 8.27 (d, J = 8.86 Hz, 1H), 8.22 (s, 1H),
7.75 (d, J = 8.85 Hz, 1H); MS (EI) m/z 225 (M"); Anal.
Calcd. for (CgH4CIN;O3) C, H, N: 42.59, 1.79, 18.63.
Found: 42.47, 1.68, 18.60.

6.3.5. 5-Anilino-8-nitroquinazolin-4-ol (1a). To the solu-
tion of compound 6 (100 mg, 0.44 mmol) and 18 mL
THF was added aniline (82 mg, 0.88 mmol). The mix-
ture was refluxed for 24 h at 80-90 °C. The solution
was concentrated and diluted with water (15 mL). After
adding the HCI solution (20%) until pH 7, the resultant
solution was extracted with EtOAc (2 x 20 mL), dried
over MgSQ,, and then evaporated. The residue was
purified by column chromatography (EtOAc/PE = 1:1)
affording brown solid (90 mg, 72.5%). mp: 233-235 °C;
'"H NMR (DMSO-d,, 300 MHz), & 9.88 (br, 1H), 8.81
(s, 1H), 8.80 (d, J=9.08 Hz, 1H), 7.34 (d, J = 8.9 Hz,
1H), 7.0-7.2 (m, 5H); MS (EI) m/z 282 (M"); Anal.
Calcd. for (C14H10N403) C, H, N: 5957, 357, 19.85.
Found: 59.45, 3.44, 19.98.

6.3.6. 5-(Benzylamino)-8-nitroquinazolin-4-ol (1b). The
compound 1b was prepared in a similar procedure for
1a, except for using benzylamine (94 mg, 0.88 mmol),
affording orange solid (100 mg, 76.9%). mp: 182-
184 °C; '"H NMR (DMSO-d,, 300 MHz), § 10.00 (br,
1H), 8.68 (d, /=9.1 Hz, 1H), 7.2-7.3 (m, 5H), 6.77 (d,
J=8.99 Hz, 1H), 4.25 (s, 2H); MS (EI) m/z 296 (M");
Anal. Calced. for (CisH{,N403) C, H, N: 60.81, 4.08,
18.91. Found: 60.72, 4.11, 18.87.

6.3.7.  5-[(3-Chlorophenyl)amino]-8-nitroquinazolin-4-ol
(1c). The compound 1¢ was prepared as described for
la, except for using 3-chlorobenzenamine (112 mg,
0.88 mmol), providing an yellow solid (110 mg, 79.5%).
mp: 235-237°C; 'H NMR (DMSO-ds, 300 MHz), §
12.90 (br, 1H), 11.45 (s, 1H), 8.27 (s, 1H), 8.23 (d,
J=9.07Hz, 1H), 7.32 (t, J=7.93Hz, 1H), 7.16 (d,
J=9.07Hz, 1 H), 7.16-7.07 (m, 2 H), 695 (d,
J=17.96 Hz, 1 H); MS (EI) m/e 316 (M"); Anal. Calcd.
for (C14HyCIN4O3) C, H, N: 53.09, 2.86, 17.69. Found:
53.24, 2.97, 17.57.

6.3.8.  5-[(4-Chlorophenyl)amino]-8-nitroquinazolin-4-ol
(1d). The compound 1d was prepared as described for
la, except for wusing 4-chloroaniline (112 mg,
0.88 mmol), yielding an yellow solid (106 mg, 76.8%).
mp: 241-243°C; '"H NMR (DMSO-ds, 300 MHz), §
11.48 (br, 1H), 8.28 (s, 1H), 8.20 (d, J=9.08 Hz, 1H),
7.32 (d, J=28.51 Hz, 2H), 7.10 (d, J=9.06 Hz, 1H),
6.99 (d, J = 8.52 Hz, 2H); MS (EI): 317 (M™ + 1); Anal.
Calcd. for (C4HoCIN4O3) C, H, N: 53.09, 2.86, 17.69.
Found: 52.86, 3.21, 17.35.

6.3.9. 5-[(3-Methylphenyl)amino]-8-nitroquinazolin-4-ol
(1e). The compound le was prepared analogously to
1a, except for using m-toluidine (95 mg, 0.88 mmol),
affording a black brown solid (185 mg, 71.2%). mp:
215-217°C; 'H NMR (DMSO-d,, 300 MHz), 5 12.85
(br, 1H), 1142 (s, 1H), 8.26 (s, 1H), 8.18 (d,
J=989Hz, 1H), 7.15 (t, J=7.69 Hz, 1H), 7.08 (d,
J=8.79Hz, 1H), 6.93 (d, J=9.89 Hz, 1H), 6.78 (s,
1H), 6.76 (d, J=8.79 Hz, 1H), 2.23 (s, 3H); MS (EI)
mle =296 (M"); Anal. Calcd. for (C;sH,N4O3) C, H,
N: 60.81, 4.08, 18.91. Found: 60.92, 4.11, 18.76.

6.3.10. 5-Methoxy-8-nitroquinazolin-4-ol (1f). To the
solution of compound 6 (100 mg, 0.44 mmol) in
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10 mL of methanol, sodium methanol was added
(100 mg, 1.85 mmol). The mixture was refluxed for
24h at 70°C. The solution was concentrated and
diluted with water (15 mL). HCI solution was added
(20%) until pH 7, the resultant solution was extracted
with EtOAc (220 mL). Afer usual work-up, the res-
idue was purified by column chromatography
(EtOAC/PE = 1:1) to afford a white solid (65 mg,
66.8%). mp: 209-210°C, 'H MNR (DMSO-dq,
300 MHz), 6 11.28 (br, 1 H), 9.13 (s, 1H), 8.67 (d,
J=879Hz, 1 H), 683 (d, J=8.66Hz, 1 H), 3.90
(s, 3 H); MS (EI) m/z 221 (M"); Anal. Calcd. for
(CoH;N5;04) C, H, N: 48.87, 3.19, 19.00. Found:
48.77, 3.23, 18.89.

6.3.11. 5-Ethoxy-8-nitroquinazolin-4-ol (1g). Compound
1 g was prepared similar to 1f, except using sodium eth-
anol (125 mg, 1.85 mmol) and 10 mL ethanol as a sol-
vent. Purification by column chromatography (EtOAc/
PE = 1:1) provided a white solid (80 mg, 77.6%). mp:
195-198 °C; '"H NMR (DMSO-ds, 300 MHz), & 11.28
(br, 1H), 9.14 (s, 1H), 8.63 (d, J =8.20 Hz, 1H), 6.81
(d, J=8.40 Hz, 1H), 4.12 (m, J=6.9 Hz, 2H), 1.48 (t,
J=6.9 Hz, 3H); MS (EI) m/z 235 (M"); Anal. Calcd.
for (C10H9N304) C, H, N: 5107, 386, 17.87. Found:
51.13, 3.68, 17.74.

6.3.12. 5-[(4-Methoxyphenyl)amino]-8-nitroquinazolin-4-
ol (1h). The compound 1h was prepared as described for
1a, except for using 4-methoxybenzenamine (108 mg,
0.88 mmol), affording a black green solid (81 mg,
58.9%). mp: 200-203°C; 'H NMR (DMSO-d,,
300 MHz), ¢ 12.65 (br, 1H), ¢ 11.40 (s, 1H), 8.24 (s,
1H), 8.14 (d, J=9.07 Hz, 1H), 7.02 (d, J=9.07 Hz,
1H), 6.95 (d, J=9.06 Hz, 2H), 6.85 (d, J=9.06 Hz,
2H), 3.73 (s, 3H); MS (EI) m/e 312 (M™); Anal. Calcd.
for (CsH»N4O4) C, H, N: 57.69, 3.87, 17.94. Found:
57.79, 3.98, 17.67.

6.3.13. 5-|(4-Aminophenyl)amino]-8-nitroquinazolin-4-ol
(1li). The compound 1i was prepared as described
for 1a, except using 4-amino-phenylamine (48 mg,
0.44 mmol). Purification from column chromatography
(CHCI3/MeOH = 5:1) afforded a black-brown solid
(68 mg, 51.4%). mp: 223-226 °C; 'H NMR (DMSO-
dg, 300 MHz), 6 11.28 (br, 1H), 8.21 (s, 1H), 8.08
(d, J=9.06 Hz, 1H), 6.90 (d, J=9.07 Hz, 1H), 6.68
(d, J=8.52Hz, 2H), 6.47 (d, J=8.79 Hz, 2H); MS
(EI) mlz M+:297, Anal. Calcd. for (C14H11N503)
C, H, N: 56.56, 3.73, 23.56. Found: 56.70, 3.46,
23.44.

6.3.14. 5-[4-(Benzyloxy)phenyl]amino8-nitroquinazolin-4-
ol (1j). The compound 1j was prepared in the same pro-
cedure as described for la, except using 4-(benzyl-
oxy)benzenamine (175 mg, 0.88 mmol), affording a
}/ellow brown solid (110 mg, 64.7%). mp: 220-222 °C;
H NMR (DMSO-ds, 300 MHz), 6 11.40 (br, 1H),
8.25 (s, 1H), 8.15 (d, J=9.07 Hz, 1H), 7.46-7.35 (m,
5H), 7.02 (d, J=9.07 Hz, 1H), 6.94 (s, 4H), 5.05 (s,
1H); MS (EI) mle 388 (M"); Anal. Caled. for
(C21H16N4O4) C, H, N: 64.94, 4.15, 14.43. Found:
64.82, 4.45, 14.56.

6.3.15. 8-Nitro-5-pyrrolidin-1-ylquinazolin-4-ol (1k). The
compound 1k was prepared as described for 1a, except
using pyrrolidine (63 mg, 0.88 mmol), affording a brown
solid (90 mg, 78.5%). mp: 208-210°C; 'H NMR
(DMSO-dg, 300 MHz), 6 12.30 (br, 1H), 8.12 (s, 1H),
8.09 (d, J=9.07Hz, 1H), 6.72 (d, J=9.07 Hz, 1H),
3.29 (dt, 4H), 1.89 (dt, 4H); MS (EI) mle 260 (M");
Anal. Calcd. for (C12H12N403) C, H, N: 5538, 465,
21.53. Found: 55.41, 4.35, 21.78.

6.3.16. 8-Nitro-5-(2H-pyrrol-1(5H)-yl)quinazolin-4-ol
(11). The compound 11 was prepared as described for
la, except using 2,5-dihydro-1H-pyrrole (61 mg,
0.88 mmol), providing a black brown solid (79 mg,
69.8%). mp: 154-160°C; 'H NMR (DMSO-d;,
300 MHz), ¢ 12.41 (br, 1H), 8.11 (s, 1H), 7.99 (d,
J =899 Hz, 1H), 6.79 (d, /=899 Hz, 1H), 6.79 (d,
J=9.06 Hz, 1H), 591 (s, 2H), 3.98 (s, 4H); MS (EI)
mle 257 (M*—1); Anal. Calcd. for (C;,H(N4O3) C, H,
N: 55.81, 3.90, 21.70. Found: 55.79, 3.86, 21.92.

6.3.17.  2-|(4-Hydroxy-8-nitroquinazolin-5-yl)amino]-4-
(methylthio) butanoic acid (Im). The compound 1m
was prepared as described for 1la, except using 2-ami-
no-4- (methylthio)butanoic acid (131 mg, 0.88 mmol).
Purification by column chromatography (CHCI/
MeOH = 2:1) afforded a brown solid (76 mg, 51.2%).
mp: 214-217°C; '"H NMR (DMSO-ds, 300 MHz), 6
12.78 (br, 1H), 10.34 (br, 1H), 8.23 (s, 1H), 8.11 (d,
1H, J=9.07 Hz), 6.91 (d, 1H, J=9.06 Hz), 4.01 (s,
1H), 2.37 (s, 2H), 2.2-1.8 (m, 5H); MS (EI) m/e 338
(M™); Anal. Calcd. for (C13H4N4OsS) C, H, N: 46.15,
4.17, 16.56. Found: 46.23, 4.25, 16.43.

6.3.18. [(4-Hydroxy-8-nitroquinazolin-5-yl)amino](phen-
ylacetic acid (In). The compound 1n was prepared as
described for 1a, except for using 2-amino-2-phenylace-
tic acid (133 mg, 0.88 mmol). Purification by column
chromatography (CHCI3;/MeOH = 2:1) provided a
brown solid (74 mg, 49.7%). mp: >250 °C; 'H NMR
(DMSO-dg, 300 MHz), 6 12.80 (br, 1H), 11.25 (br,
1H), 8.22 (s, 1H), 791 (d, J =9.34 Hz, 1H), 7.25-7.12
(d, 5H), 5.12 (s, 1H); MS (EI) mle 340 (M"); Anal.
Calcd. for (CigH1,N4Os) C, H, N: 56.47, 3.55, 16.46.
Found: 56.22, 3.31, 16.28.
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Abstract—The structure—activity relationships of 3’,4’-dichloro-meperidine were investigated at dopamine (DAT) and serotonin
transporters (SERT). Large ester substituents and lipophilic groups at the 4-position favored molecular recognition at the SERT.
The benzyl ester of 3’,4’-dichloro-meperidine exhibited high potency and high selectivity for the SERT (DAT/SERT = 760). Chem-
ical modification of the ester group and N-substitution generally led to compounds with decreased DAT affinity. Only small esters
and alkyl groups were tolerated at the 4-position of the meperidine ring system by the DAT. Overall, the meperidine analogues were

generally more selective for the SERT than for the DAT.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Recent studies in our laboratory have focused upon the
structure-activity relationships (SAR) of meperidine, 1,
an atypical p-opioid agonist, at monoamine transport-
ers.> Meperidine was initially found to be selective
for the serotonin transporter (SERT) over the dopamine
transporter (DAT) (SERT/DAT = 43).! Further explo-
ration of various aryl-substituted meperidine analogues
2 revealed that although the DAT affinity of these com-
pounds could be enhanced, high SERT affinity and
selectivity predominated throughout the series.? Effects
of the aryl substituent on the DAT affinity of meperidine
analogues paralleled the SAR previously reported for
2B-carbomethoxy-3B-aryl tropanes 3,>° and cis-3-car-
bomethoxy-4-aryl piperidines, 4.7 From the SAR of
the meperidine analogues, the 3,4-dichlorophenyl group
was identified as an important moiety for molecular
recognition at the DAT. Similar effects of the 3,4-
dichlorophenyl group on DAT affinity have been re-
ported for other tropane derivatives,® ! non-nitrogen
tropane analogues,'’'> and piperidine derivatives.'3
However, unlike these tropane, tropane-related,
and piperidine ligands that are DAT selective, 3',4'-
dichloromeperidine, 5, exhibited high potency at the

Keywords: Meperidine; Dopamine transporter; Serotonin transporter.
* Corresponding author. Tel.: +1 504 280 7337; fax: +1 504 280
6860; e-mail: mtrudell@uno.edu

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

doi:10.1016/.bmc.2005.05.025

SERT(K; =19nM) and was slightly SERT-selective
(DAT/SERT = 6.7) (see Fig. 1).

The inherent SERT selectivity of the meperidine ana-
logues 2 warranted an investigation of the SAR at
monoamine transporters to elucidate further the phar-
macophore requirements at both the DAT and the
SERT. To this end, it was of interest to explore the
structural modification of meperidine and evaluate the
effects on DAT and SERT affinities. The modestly
SERT selective ligand 5 was selected as a molecular scaf-
fold for these studies since it exhibited good affinity at

X HaC
-N 3¥=N
HsC CO,CHjs
COEt
Y
1 X =H (meperidine) 3 X=F,Cl,I,CHs, Y=H
2 X=F,Cl, I, CH; orX=Y=_Cl
Cl
HBC/N CO.CH3 . Hsc-N
Cl
CO,Et
4 X =H,F,Cl, CHz 5
Figure 1.



mailto:mtrudell@uno.edu



5624 J. B. Rhoden et al. | Bioorg. Med. Chem. 13 (2005) 5623-5634

both the DAT and the SERT. Herein, we report the syn-
thesis and biological evaluation of a series of modified
ester and N-substituted analogues of 3’,4’-dichlorome-
peridine, 5, at the dopamine and serotonin transporters.

2. Results

In an attempt to specifically increase potency and selec-
tivity for either the DAT or the SERT, various substitu-
tions on the ester group and on the nitrogen atom as
well as modifications of the ester moiety were consid-
ered. As illustrated in Scheme 1, ester analogues of 5
were prepared from the diacetal 6 using a synthetic
approach that was previously developed in our labora-
tories.” Hydrolysis of 6 and concomitant reductive ami-
nation with methylamine furnished the piperidine nitrile
7. The ester derivatives 8 were then obtained using a
one-pot hydrolysis/esterification process. Hydrolysis of
the nitrile 7 with aqueous sulfuric acid at 120 °C was
followed by the addition of an appropriate alcohol in
excess. Azeotropic distillation of the alcohol/water
afforded the desired ester substitutions 8a-g in good
overall yield. However, this process was not amenable
to high boiling alcohols. To this end, the benzyl ester
8h was obtained in 51% yield from the methyl ester 8a
using the 1,3-bis(mesityl)imidazol-2-ylidene (IMes)
carbene catalyzed transesterification method.'

The N-substituted 3’,4’-dichloro meperidine derivatives
were synthesized using two different methods (Scheme
1). The N-alkylaryl congeners 10a—c were synthesized by
a reductive amination sequence in which the N-alkylaryl
group was introduced during construction of the piper-
idne ring system. The diacetal 6 was converted into the
N-alkylaryl piperidine nitriles 9a—¢ by hydrolysis of the

cl
CN i
(H3CO),HC cl

(HsCOHC ™

N
N

|
R2—N C v
Cl
9 ON

a R2= CH,Ph R? = CH,CHa

b R? = CH,CH,Ph

¢ R? = CHy(CHy),Ph

d R? = CHy (E)-CH=CHPh
e R? = CHy(CHy)sPh

f R2 = CHy(CH,)4Ph

R2 = CH,CH,CHs
R? = CHL=CH
k R?=CHy-c-Pr

Cl
R2- >
Cl

g
h R2=CHyCH=CH,— .
i jVII
i

acetal moieties, followed by reductive amination with
the corresponding arylaldehyde. Subsequent transforma-
tion of the nitrile group of 9a—c into the desired ethyl es-
ters 10a—c took place with a one-pot hydrolysis/ ethanol
esterification process. Alternatively, the remaining N-
alkylaryl (10d-f), N-alkyl, N-alkenyl, and N-alkynyl
congeners (10g—p) were prepared from 5 via a demethyla-
tion/N-alkylation sequence. The N-3-chloropropyl deriv-
ative 10n was prepared from the hydroxy derivative 10m
via the corresponding mesylate. Attempts to directly pre-
pare 10n from the 1,3-dichloropropane or 1-bromo-3-
chloropropane afforded an intractable mixture. Finally,
the N-(E)-3-iodo-2-propenyl analogue 10p was prepared
from the corresponding stannane 100.'>

As illustrated in Scheme 2, functional group transforma-
tion at the 4-position took place in a straightforward
fashion. Treatment of 5 or 7 with 1 equiv of a Grignard
reagent (methyl magnesium bromide and phenyl magne-
sium bromide) afforded the corresponding ketones 11
and 12, respectively. Sodium borohydride reduction of
11 gave the alcohol 13 in 90% yield. Lithium aluminum
hydride reduction of 5 furnished the alcohol 14 in 95%
yield. Subsequent conversion of 14 into the acetate 15,
the vinyl derivative 16, and ethyl analogue 17 was
effected using standard synthetic methods.

The transporter binding affinities were determined for the
3’.4'-dichloro meperidine analogues by their ability to dis-
place bound radiolabeled ligands from rat caudate-puta-
men tissue.” The K; values that are reported in Tables 1-3
are inhibition constants derived for the unlabeled ligands.
The binding affinities of the meperidine analogues were
determined at DAT by inhibition of [PHJWIN 35,428
binding. For compounds that were equipotent with 5 at
the DAT, the SERT affinity was also determined by inhi-

cr cl
HaC~ i HsC-N
Cl Cl

CO.R!
R! = CH,CHjs
R' = CHj3

5

a

b R'=CH,CH,CHs

c R'= CH(CHg)z

d R' = CHy(CHy),CH3 iii
e R'=CH(CH3)CH,CHs

f R'=CHy(CH,)3CHg

g R = CH,CH,yCH(CHs),

h R'=CH,CgHs

| R2 = CHyCH,CH,F
_m R2 = CH,CH,CH,OH
' R2 = CHyCH,CH,CI

o R2 = CHy, (E)-CH=CHSnBuj

p R2 = CHy (E)-CH=CHI — x

ix

Scheme 1. Reagents and conditions: (i) 3 N HCI, 50 °C, then CH;NH,-HCI, CH;0H, NaBH;CN; (ii) H,SO4/H,0, 120 °C, then R'OH, azeotropic
distillation; (iii) BnOH, IMes-HCI, -BuOK, THF; (iv) 3 N HCI, 50 °C, then R>NH,-HCI, CH;0H, NaBH;CN; (v) H,SO4/H,0, 120 °C, then EtOH,
azeotropic distillation; (vi) ACE-Cl, CICH,CH,Cl, reflux; then CH3;OH; (vii) R?*X (X=Cl or Br), KI, Et3N, EtOH, reflux; (viii) H,, 10% Pd/C, EtOH;

(ix) MsCl, Et;N, CH»Cl, 48 h; (x) I, CHCls, 0 °C.
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Cl
H,C™ o ,TI
Cl
R O
11 R=CH,
12 R =Ph
iii
Cl
5 HSC/
—I Cl
_ OH
v
13
\J
Cl i cl
HsC~ » H,C N
Cl Cl
CH,OH A
14 16
A Vi
' cl ' cl
HsC™ HeC~
Cl cl
CH,OAc
15 17

Scheme 2. Reagents and conditions: (i) CH3;MgBr, Et,0, 0°C; (ii)
PhMgBr, Et,0, 0°C; (iii) NaBH,, CH3;OH; (iv) LiAlH4, Et,O; (v)
CH;COCI, DMAP, ET3;N, CH,Cl,; (vi) (COCl),, DMSO, i-Pr,NEt,
CH,Cl,, then CH3PPh;Br, BuLi, THF; (vii) H,, 10% Pd/C, CH;OH.

bition of [°PH]paroxetine binding using assay methods pre-
viously reported.?

In general, the ester analogues 8a—h (Table 1) exhibited
equipotent-binding affinity at the SERT relative to 5. In
addition, all of the esters 8a—h were more selective for
the SERT than the DAT. Only the branched short-chain
esters 8¢ (i-Pr, K; = 271 nM) and 8e (sec-Bu, K; = 283 nM)
exhibited similar DAT potency. Once the ester chain ex-
ceeded four carbon atoms in length, the binding affinity
at the DAT dropped into the micromolar range, while
the SERT affinity was not significantly affected. It is note-

worthy that the benzyl ester 8h exhibited very high affinity
for the SERT (K; = 3.9 nM) and was the most potent ana-
logue of the series. In addition, the transporter selectivity
(DAT/SERT = 760) was nearly 3 orders of magnitude
greater for the SERT than the DAT.

For the N-substituted series (Table 2), the esters (10a—c)
were more potent than the corresponding nitriles (9a—c).
This was consistent with the previous SAR of the aryl-
substituted meperidine derivatives.” Overall, the N-alkyl
substituted meperidine analogues were less potent at the
DAT than the corresponding N-methyl derivative 5. The
most potent compounds of the N-substituted series were
the N-propargyl 10j (K; = 504 nM) and the N-phenyl-
propyl ester 10c (K;=515nM) and N-propylchloro
10n (K; = 573 nM) derivatives, whereas the least potent
compounds were the N-benzyl 10a and the N-iodo-
propenyl 10n derivatives.

The binding affinities of the modified ester derivatives
11-17 at the DAT and SERT are summarized in Table
3. Conversion of the ester moiety of 5 into the ketones
11 (K;=367nM) and 12 (K; =253 nM) resulted in a
slightly decreased affinity for both the DAT and the
SERT. The alcohol derivatives 13 and 14 exhibited sig-
nificant decreases in DAT affinity, while the SERT affin-
ity was only modestly affected. As a result, the SERT
selectivity of 13 and 14 increased significantly (DAT/
SERT = 40). Conversion of the alcohol 14 into the ace-
tate 15 improved the DAT affinity (K; = 633 nM) but re-
mained SERT selective (K; = 38 nM, DAT/SERT = 17).
The 4-vinyl (16, K; = 9 nM) and 4-ethyl (17, K; = 11 nM)
analogues exhibited potent SERT affinity and were
nearly equipotent with 5 at the DAT but exhibited en-
hanced selectivity for the SERT (DAT/SERT = 18).

3. Discussion

Despite similarities between the substituted aryltropanes
and the aryl-substituted meperidine analogues relative
to SAR trends at the DAT, the SAR of the ester moiety
of the two classes of compounds was significantly differ-
ent. Unlike the phenyltropanes that can tolerate a wide
variety of esters and functionality at the 2-position of
the tropane system and maintain high DAT affinity,'®2!
a slight modification of the ester group at the 4-position
of the piperidine ring of 5 resulted in significant loss of

Table 1. In vitro binding data at the DAT and the SERT for the 3’,4’-dichloro meperidine ester derivatives 8

Compound? R! [PH]WIN 35,428 (DAT) K; (nM)® [PH]Paroxetine (SERT) K; (nM)® DAT/SERT
5 ~CH,CH;4 125+15 187426 6.7

8a —CH,4 383 32 154+ 1.1 25

8b ~CH,CH,CH; 449 + 94 164 0.7 27

8c ~CH(CHj3), 271 £ 51 433470 6.3

8d ~CH,(CH>),CH; 864 + 110 160+25 54

8e —CH(CH;3)CH,CH,4 283+ 11 443+ 4.7 6.4

8f ~(CH,)4CH, 1580 % 190 ND ND

8g ~CH,CH,CH(CH3), 1810 % 230 ND ND

8h ~CH,C¢Hs 2970 + 300 3.9+0.5 760

ND, not determined.
# All compounds were tested as the HCI salt.
® All values are means = SEM of three experiments performed in triplicate.
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Table 2. In vitro binding data at DAT for the N-substituted 3',4'-
dichloro meperidine derivatives 9 and 10

Compound® R? PHIWIN 35,428 (DAT) K; (nM)
4 2670 + 240
9a CH,Ph 4180 =990
9b CH,CH,Ph 1790 + 120
9¢ CH,(CH,),Ph 1500 £ 300
10a CH,Ph 1860 + 230
10b CH,CH,Ph 1100 £ 370
10c CH,(CH,),Ph 514 + 30
10d t+-CH,CH=CHPh 1500 = 110
10e CH,(CH,);Ph 1110 + 130
10f CH,(CH,)4Ph 625+ 110
10g CH,CH; 894 + 460
10h CH,CH=CH, 1140 + 130
10i CH,CH,CH3; 1170 + 150
10j CH,C=CH 504 £ 46
10k CH,-cycloPr 1510 + 180
101 CH,CH,CH,F 825 + 160
10m CH,CH,CH,Cl 573 + 84
10n t-CH,CH=CHI 2000 % 250
All values are means * SEM of three experiments performed in
triplicate.

# All compounds were tested as the HCI salt.

Table 3. In vitro binding data at DAT and SERT for the 3’,4’-dichloro
meperidine derivatives 11-17

Compound® K; (nM) DAT/SERT
DAT SERT

5 12515 19+26 6.7

11 367 £ 35 35113 10

12 253 £21 200+ 18 1.3

13 670 £ 39 171 36

14 3310 + 210 83+3 40

15 63391 38%6 17

16 192 + 31 9+2 17

17 163 + 38 11£1 18

All values are means £ SEM of three experiments performed in
triplicate.
# All compounds were tested as the HCI salt.

affinity at the DAT. While small-branched esters (8¢ and
8e) exhibited comparable affinity to the ethyl ester 5,
long-chain esters (8d and 8f), as well as more sterically
demanding esters (8¢ and 8h), were not tolerated at
the binding site on the DAT. Alternatly, an increase in
the size of the ester chain of 5 led to increased affinity
at the SERT. Most notably, the benzyl ester 8h was
the most potent ligand of the series at the SERT. In
addition, 8h exhibited high selectivity for the SERT over
the DAT and is the most SERT selective meperidine
analogue reported to date. From these data, it appears
that it is the position of the ester moiety in the meperi-
dine system, relative to that of the 2B-carbomethoxy-
3B-aryltropanes, that leads to an observed reversal of
transporter selectivity favoring the SERT. While the
SERT can tolerate fairly large lipophilic ester residues
at the 4-position, the DAT can only accommodate the
small-ester chains. In addition, the hydroxyl group at
the 4-position led to a greatly reduced affinity for the
DAT, while the SERT affinity was unaffected. This rep-
resents a significant divergence in the SAR of the
meperidines from the cis-3-substituted-4-arylpiperi-
dines?? and 2-substituted-3B-aryltropanes.

Substitution of the N-methyl group of 5 led to a greatly
diminished affinity, of the ester analogues 10 at the
DAT. Since N-substitution among the cis-3-carbome-
thoxy-4-arylpiperidines and 2B-carbomethoxy-3B-aryl-
tropanes does not generally lead to increased SERT
binding affinity these compounds were not evaluated
in SERT assays.?>?* In general, the various N-substi-
tuted derivatives 10 exhibited DAT affinity that was
much less than the N-methyl analogue 5. The N-alkyl-
aryl analogues 10a—c exhibited reduced affinity, relative
to the N-methyl ester 5, similar to that reported for the
3-carbomethoxy-4-arylpiperidines.”* Likewise, N-alkyl
(10g, 10i, 10k, 101, and 10m), N-alkenyl (10d, 10h, and
10n), and N-alkynyl (10j) substitution led to decreased
affinity of 5 at the DAT. Similar substitution effects have
been reported for the 2B-carbomethoxy-3B-aryltropanes
on DAT affinity with mixed effects on DAT/SERT
selectivity.!>%3

In general, the ester-modified derivatives 11-17 exhi-
bited similar potency at SERT to that of the ester 5.
The 4-vinyl (16) and 4-ethyl (17) analogues were the
most potent ligands of this series at the SERT and
were equipotent with benzyl ester 8h. However, the
SERT selectivity of 16 and 17 over the DAT was only
modestly increased, relative to 5, due to only slightly
diminished DAT affinities of the compounds. It is note-
worthy that the electronic character of the functional
group at the 4-position of the meperidine ring system
did not significantly affect the binding affinity at the
SERT. Only the alcohol 14 exhibited a significant
reduction in affinity for the DAT relative to 5. This
is similar to the SAR of the 2B-substituted-3p-aryl-
tropanes and cis-3-substituted 4-arylpiperidines in that
an ester moiety is not required for high affinity binding
and that a variety of functional groups can be tolerated
at this position.'6-21:24.25

In conclusion, the results of this study clearly demon-
strate that meperidine and its analogues are selective
ligands for the SERT over the DAT. Chemical modifica-
tion of the ester group generally led to compounds with
increased SERT affinity. The long-chain ester substitu-
ents and lipophilic groups at the 4-position favored
molecular recognition at the SERT. In addition, hydro-
philic groups did not affect SERT affinity but greatly re-
duced DAT affinity and led to enhanced SERT
selectivity. The benzyl ester 8h was found to be the most
potent and most selective ligand of this study. Despite
some structural similarities and common trends in
SAR to the cis-3-substituted-4-arylpiperidines and 2-
substituted-3B-aryltropanes, the meperidine derivatives
exhibited more potent affinity for the SERT and were
significantly less potent at the DAT than the corre-
sponding cis-3-substituted-4-arylpiperidines and 2f-
substituted-3B-aryltropanes. Overall, this investigation
suggests that the ester moiety at the 4-position is a key
structural feature of the meperidine-related compounds
for molecular recognition at the SERT as well as differ-
entiation between the SERT and the DAT. This suggests
that analogues of meperidine could be developed as po-
tential selective serotonin reuptake inhibitors (SSRIs).
Structure—activity studies directed toward the optimiz-
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ation of SERT selectivity are currently under investi-
gation and will be reported in due course.

4. Experimental

All chemicals were purchased from Aldrich Chemical
Co., Milwaukee, WI, unless otherwise noted. THF,
CH,Cl,, and CH5OH were dried under the argon system.
Toluene and Et,O were dried by distillation over Na/
benzophenone. Chromatography refers to column chro-
matography on silica gel (Silica Gel 60, 230400 mesh).
Petroleum ether refers to pentanes with a boiling point
range of 30-60 °C. Reported melting points are uncor-
rected. NMR spectra were recorded on a Varian-Gemini
400 MHz spectrometer. Chemical shifts are reported as 6
values with tetramethylsilane (TMS), employed as the
internal standard. Elemental analyses were obtained
from Atlantic Microlabs, Inc., Norcross, GA.

4.1. General procedure A. Preparation of hydrochloride
salts

All of the compounds were converted into the hydro-
chloride salts for biological testing, as well as for storage
and handling purposes. The base (50-100 mg) was dis-
solved in a minimum amount of Et,O (1-2mL) and
added to a saturated ethereal solution (10 mL) of anhy-
drous hydrogen chloride. The hydrochloride salts crys-
tallized and were washed with Et,O (3x 2mL) and
purified by titration with Et,O and ethyl acetate. Frac-
tional moles of water could not be prevented, despite vig-
orous drying (110 °C, 1 h) under vacuum (0.01 mmHg).
All compounds were homogeneous by thin-layer chro-
matography (CHCIl3/CH;OH/NH4OH, 90:9:1).

4.2. General procedure B. Esterification of nitriles

The nitrile 7 or 9 (5.2 mmol) in an aqueous solution of
sulfuric acid (6.5 mL H,SO4/H,0, 1:1) was heated in
an oil bath at 120 °C for 1.5h. The flask was then
equipped with a Dean Stark Trap and excess alcohol
was added. The water was azeotropically removed over
4 h and alcohol was added as needed. The reaction was
heated to reflux overnight, then the reaction mixture was
allowed to come to room temperature and excess alco-
hol was removed under reduced pressure. The flask
was then cooled in an ice bath and the acid was neutral-
ized to a pH of 10 with 1 N NaOH. The aqueous layer
was extracted with Et,O (3x 75 mL). The combined or-
ganic fractions were dried (Na,SO,) and the solvent was
removed under reduced pressure. The residue was puri-
fied by flash chromatography (CHCIl3/CH;OH/NH4OH,
90:9:1) to afford the esters 8a—g and 10a—c.

4.3. 4-(3,4-Dichlorophenyl)-1-methyl-piperidine-4-
carboxylic acid methyl ester (8a)

General procedure B. This compound was obtained as a
yellow solid (150 mg, 56% yield) and converted into a
hydrochloride salt (Section 4.1), which was obtained as
a white solid, mp 196-198 °C. '"H NMR (free base): o
7.45 (d, 1H, J=2.4 Hz), 7.40 (d, 1H, J=8.4 Hz), 7.21

(dd, 1H, J =24, 8.4 Hz), 3.67 (s, 3H), 2.81 (br s, 2H),
2.55 (d, 2H, J=12.8 Hz), 2.30 (s, 3H9, 2.18 (t, 2H,
J=10.8 Hz), 1.98 (t, 2H, J=10.8 Hz). °C NMR (free
base): 6 173.8, 142.9, 132.5, 131.1, 130.3, 128.1, 125.3,
53.2, 52.3, 48.3, 46.1, 33.7. Anal. Calcd for C4H;;
NO,Cl,HCI-0.5H,0: C, 48.36; H, 5.51; N, 4.03. Found:
C, 48.28; H, 5.46; N, 4.09.

4.4. 4-(3,4-Dichlorophenyl)-1-methyl-piperidine-4-
carboxylic acid propyl ester (8b)

General procedure B. This compound was obtained as an
orange oil (210 mg, 58% yield) and converted into a
hydrochloride salt (Section 4.1), which was obtained as
a white solid, mp 202-204 °C. '"H NMR (free base): o
7.47 (d, J=2.4Hz, 1H), 7.39 (d, /=8.4 Hz, 1H), 7.23
(dd, J=2.0Hz, J=8.4Hz, 1H), 4.04 (t, J=6.6 Hz,
2H), 2.79 (br s, 2H), 2.56 (d, J = 13.2 Hz, 2H), 2.28 (s,
3H), 2.16 (m, 2H), 1.96 (m, 2H), 1.59 (m, 2H), 0.86 (t,
J=7.6Hz, 3H). 3C NMR (free base): & 173.5, 136.6,
131.2, 130.4, 128.2, 125.4, 66.8, 53.2, 48.3, 46.1, 33.6,
21.8, 10.3. Anal. Caled for C;sH,NO,Cl,-HCI'-H,O: C,
49.95; H, 6.29; N, 3.64. Found: C, 50.19; H, 6.00; N, 3.70.

4.5. 4-(3,4-Dichlorophenyl)-1-methyl-piperidine-4-
carboxylic acid isopropyl ester (8c)

General procedure B. This compound was obtained as an
orange oil (134 mg, 39% yield) and converted into a
hydrochloride salt (Section 4.1), which was obtained as
a white solid, mp 221-223 °C. '"H NMR (free base): o
747 (d, J=2.0Hz, 1H), 7.40 (d, J = 8.8 Hz, 1H), 7.22
(dd, J=2.0 Hz, J = 8.2 Hz, 1H), 5.02 (m, 1H), 2.82 (br
s, 2H), 2.54 (d, J = 12.8 Hz, 2H), 2.30 (s, 3H), 2.16 (m,
2H), 1.96 (m, 2H), 1.17 (d, J = 6.0 Hz, 6H). '*C NMR
(free base): 6 172.8, 132.6, 131.2, 130.4, 128.2, 125.3,
66.7, 53.2, 48.2, 46.0, 33.5, 21.5. Anal. Calcd for
Ci6H21NO,Cl,yHCI'H,O: C, 49.95; H, 6.29; N, 3.64.
Found: C, 49.81; H, 6.20; N, 3.65.

4.6. 4-(3,4-Dichlorophenyl)-1-methyl-piperidine-4-
carboxylic acid butyl ester (8d)

General procedure B. This compound was obtained as an
orange oil (200 mg, 54% yield) and converted into a
hydrochloride salt (Section 4.1), which was obtained as
a white solid, mp 177-179 °C. 'H NMR (free base): o
7.47 (d, J=2.0 Hz, 1H), 7.39 (d, J=8.8 Hz, 1H), 7.22
(dd, J=2.4, 8.8 Hz, 1H), 4.07 (t, /= 6.4 Hz, 1H), 2.77
(br s, 2H), 2.54 (d, J = 13.2 Hz, 2H), 2.27 (s, 3H), 2.15
(t, J=10.8 Hz, 2H), 1.94 (t, /= 11.2 Hz, 2H), 1.55 (m,
J=6.8Hz 2H), 1.28 (m, J=7.2Hz, 2H), 0.878 (t,
J=7.6Hz, 3H). *C NMR (free base): 6 173.4, 143.1,
132.6, 131.1, 130.3, 128.2, 125.3, 65.0, 53.2, 48.3, 46.1,
33.6, 30.4, 19.0, 13.5. Anal. Calcd for C;;H,3 NO,Cly
HCI'H,O: C, 51.20; H, 6.57; N, 3.51. Found: C, 51.23;
H, 6.54; N, 3.52.

4.7. 4-(3,4-Dichlorophenyl)-1-methyl-piperidine-4-
carboxylic acid sec-butyl ester (8e¢)

General procedure B. This compound was obtained as
an orange oil (140 mg, 35% yield) and converted into
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a hydrochloride salt (Section 4.1), which was obtained
as a white solid, mp 198-200 °C. '"H NMR (free base):
0 748 (d, J=2.0Hz, 1H), 7.39 (d, J=8.4 Hz, 1H),
7.23 (dd, J=2.4, 8.4Hz, 1H), 4.84 (m, 1H), 2.80 (br
s, 2H), 2.56 (d, J=12.8 Hz, 2H), 2.30 (s, 3H), 2.21
(m, 2H), 1.96 (m, 2H), 1.50 (m, 2H), 1.13 (d,
J=6.4Hz 3H), 0.78 (t, J=7.6Hz 3H). C NMR
(free base): 0 173.0, 132.6, 131.1, 130.3, 128.2, 125.3,
53.2, 48.2, 46.1, 33.5, 28.6, 19.2, 9.6. Anal. Calcd for
C,7H,3NO,Cl,'HCI: C, 53.63; H, 6.35; N, 3.68. Found:
C, 53.51; H, 6.27; N, 3.68.

4.8. 4-(3,4-Dichlorophenyl)-1-methyl-piperidine-4-
carboxylic acid pentyl ester (8f)

General procedure B. This compound was obtained
(CHCI5/CH;0H, 19:1) as an orange oil (56 mg, 17% yield)
and converted into a hydrochloride salt (Section 4.1),
which was obtained as a white solid, mp 158-160 °C. 'H
NMR (free base): 6 7.30 (d, J=2.8 Hz, 1H), 7.35 (d,
J=11.6 Hz, 1H), 7.18 (dd, J=2.8, 11.4 Hz, 1H), 4.03
(t, J=8.8 Hz, 2H), 2.76 (d, J = 14.4 Hz, 2H), 2.51 (d,
J=16.8 Hz, 2H), 2.24 (s, 3H), 2.13 (t, J = 15.2 Hz, 2H),
191 (t, J=14 Hz, 2H), 1.52 (m, J=9.2 Hz, 2H), 1.21
(m, 4H), 0.82 (t, J=9.2 Hz, 3H). '*C NMR (free base):
0 173.1, 1424, 132.6, 131.3, 130.3, 128.1, 125.2, 65.4,
53.0, 48.1, 45.6, 33.0, 28.1, 28.0, 22.1, 13.9. Anal. Calcd
for CgH»sNO,Cl,r HCI'H,O: C, 52.37; H, 6.84; N, 3.39.
Found: C, 51.95; H, 6.52; N, 3.21.

4.9. 4-(3,4-Dichlorophenyl)-1-methyl-piperidine-4-
carboxylic acid 3-methyl-butyl ester (8g)

General procedure B. This compound was obtained as an
orange oil (250 mg, 70% yield) and converted into a
hydrochloride salt (Section 4.1), which was obtained as
a white solid, mp 176-178 °C. "H NMR (free base): o
747 (d, J=2.8 Hz, 1H), 7.39 (d, J = 8.4 Hz, 1H), 7.22
(dd, J=2.2Hz, J=8.6Hz, 1H), 4.10 (t, J=6.6 Hz,
2H), 2.76 (br s, 2H), 2.54 (d, J = 12.8 Hz, 2H), 2.26 (s,
3H), 2.13 (m, 2H), 1.93 (m, 2H), 1.45 (m, 2H), 0.90
(m, 1H), 0.86 (d, J = 8.6 Hz, 6H). >°C NMR (free base):
0 173.6, 132.6, 131.2, 130.3, 128.3, 125.4, 63.8, 53.2,
48.3, 46.1, 37.1, 33.7, 25.0, 22.3. Anal. Calcd for
C,3H,sNO,Cl,'HCI: C, 54.77; H, 6.64; N, 3.55. Found:
C, 54.83; H, 6.65; N, 3.59.

4.10. 4-(3,4-Dichlorophenyl)-1-methyl-piperidine-4-
carboxylic acid benzyl ester (8h)

A flask containing oven-dried 4 A molecular sieves
(500 mg) was charged with IMesHCI (10 mol %), potas-
sium z-butoxide (9.5 mol %), and THF (1 mL). The mix-
ture was allowed to stir under an atmosphere of nitrogen
for 15 min. The methyl ester (1 mmol) and benzyl alco-
hol (1.5 mmol) were dissolved in THF (0.5 mL) and
added to the reaction mixture via cannula. The reaction
was allowed to stir at room temperature and was moni-
tored by TLC (CHCI3/CH5;0H, 19:1). The mixture was
filtered and the solvent was removed under reduced pres-
sure. The crude product was purified using column chro-
matography (CHCIl;/CH30H, 19:1) and obtained as a
pale yellow solid (97 mg, 51% yield). The base was con-

verted into a hydrochloride salt (Section 4.1), which
was obtained as a white solid, mp 186-188 °C. 'H
NMR (free base): 6 7.43 (d, J=2.4Hz, 1H), 7.36 (d,
J=84Hz, 1H), 7.30 (m, 3H), 7.19 (m, 2H), 7.18
(dd, J=24, 84Hz, 1H), 5.10 (s, 2H), 2.76 (d,
J=28.8 Hz, 2H), 2.56 (d, J = 12.4 Hz, 2H), 2.24 (s, 3H),
2.12 (t, J=10.8 Hz, 2H), 1.95 (t, J = 10.8 Hz, 2H). *C
NMR (free base): 6 173.3, 135.4, 132.7, 131.3, 1304,
128.5, 128.3, 128.1, 125.4, 67.0, 53.1, 48.4, 46.1, 33.6.
Anal. Calcd for C,0H,;NO,Cl,-HCI- 0.5H,0: C, 56.68;
H, 5.47; N, 3.31. Found: C, 56.54; H, 5.53; N, 3.29.

4.11. General procedure C. Reductive amination of 6 with
alkylaryl amines

To a three-necked round-bottomed flask containing 3 N
HCl (160 mL) at 50°C was added the diacetal 6
(10 mmol) and the mixture was allowed to stir over-
night. The acid mixture was allowed to cool to room
temperature and then extracted with Et,O (300 mL).
The ethereal layer was washed with saturated NaHCO;
(150 mL) and dried (Na,SQy). The Et,O was removed
under reduced pressure. The resulting residue was dis-
solved in dry methanol (52 mL), and then the alkylaryl
amine hydrochloride (21 mmol) was added, followed
by the addition of NaBH;CN (9.4 mmol), and the mix-
ture was allowed to stir for 48 h under an atmosphere of
nitrogen. The methanol was removed under reduced
pressure and the residue was treated with saturated
NaHCO; (160 mL) and extracted with Et,O (3%
100 mL). The combined organic fractions were dried
(Na,SO,) and the solvent was removed under reduced
pressure. The residue was purified by chromatography
(CHCI5/CH;0H, 39:1) to afford 9a—c, respectively.

4.12. 1-Benzyl-4-(3,4-dichlorophenyl)-piperidine-4-
carbonitrile (9a)

General procedure C. This compound was obtained as a
yellow oil (2.0 g, 56% yield) and converted into the
hydrochloride salt (Section 4.1), which was obtained as
a white solid, mp 271-274 °C (dec.). '"H NMR (free
base): 0 7.59 (d, J=2.0Hz, 1H), 7.47 (d, J=8.0 Hz,
lH), 7.36 (d, J=2.4Hz, 1H), 7.34 (m, 4H), 7.29 (t,
J=44Hz, 1H), 3.61 (s, 2H), 3.02 (d, J=10.8 Hz,
2H), 2.51 (s, 2H), 2.08 (s, 4H). '3C NMR (free base): 6
1404, 137.7, 133.1, 132.2, 130.8, 128.9, 128.2, 127.8,
127.2, 125.1, 121.1, 62.6, 50.3, 42.2, 36.3. Anal. Calcd
for C;9HgN,ClyHCI-0.5H,0: C, 58.40; H, 5.16; N,
7.17. Found: C, 58.24; H, 4.94; N, 7.08.

4.13. 4-(3,4-Dichlorophenyl)-1-phenethyl-piperidine-4-
carbonitrile (9b)

General procedure C. This compound was obtained
(CHCIy) as a white solid (320 mg, 32% yield) and con-
verted into the hydrochloride salt (Section 4.1), which
was obtained as a white solid, mp 244-250 °C (dec.).
'"H NMR (free base): 6 7.60 (d, J=2.4 Hz, 1H), 7.47
(d, /=8.4 Hz, 1H), 7.35 (dd, J = 2.4, 8.6 Hz, 1H), 7.30
(m, 2H), 7.21 (m, 1H), 3.11 (d, J = 12.8 Hz, 2H), 2.83
(m, 2H), 2.71 (m, 2H), 2.55 (m, 2H), 2.10 (d,
J =8.6 Hz, 2H), 2.08 (m, 2H). '*C NMR (free base): 6
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140.2, 139.8, 133.2, 132.4, 130.9, 128.5, 128.4, 127.8,
126.1, 125.0, 121.0, 60.0, 50.5, 42.3, 36.4, 33.6. Anal.
Caled for C,oH,oN,Cl,-HCI: C, 60.70; H, 5.35; N,
7.08. Found: C, 60.66; H, 5.45; N, 6.99.

4.14. 4-(3,4-Dichlorophenyl)-1-(3-phenyl-propyl)-
piperidine-4-carbonitrile (9c)

General procedure C. This compound was obtained
(CHCI3) as an orange oil (370 mg, 36% yield) and con-
verted into the hydrochloride salt (Section 4.1), which
was obtained as a white solid, mp 230-234 °C (dec.).
"H NMR (free base): 6 7.60 (d, J=2.0 Hz, 1H), 7.48
(d, /J=8.8Hz, 1H), 7.35 (dd, J 2.4, 8.8 Hz, 1H), 7.29
(m, 2H), 7.20 (m, 3H), 3.05 (d, J=12.0 Hz, 1H), 2.66
(t, J=7.6 Hz, 2H), 2.49 (t, J=7.6 Hz, 2H), 2.45 (d,
J=7.6Hz, 2H), 2.09 (d, J=4.0Hz, 4H), 1.87 (m,
J=8.0 Hz, 2H); '3*C NMR (free base): 6 141.8, 140.4,
133.1, 132.3, 130.8, 128.3, 128.3, 127.8, 125.8, 125.0,
121.1, 57.5, 50.4, 42.3, 36.4, 33.5, 28.5. Anal. Calcd for
C,1H,NLCL-HCL: C, 61.55; H, 5.66; N, 6.84. Found:
C, 61.67; H, 5.64; N, 6.82.

4.15. 1-Benzyl-4-(3,4-dichlorophenyl)-piperidine-4-
carboxylic acid ethyl ester (10a)

General procedure B. This compound was obtained as a
pale yellow solid (1.2 g, 55% yield) and converted into
the hydrochloride salt (Section 4.1), which was obtained
as a white solid, mp 246-249 °C. '"H NMR (free base): o
7.47 (d, J=2.0 Hz, 1H), 7.36 (d, J=8.4 Hz, 1H), 7.28
(m, 3H), 7.23 (m, 2H), 7.21 (dd, J =2.0, 8.6 Hz, 1H),
412 (m, J=72Hz, 2H), 3.46 (s, 2H), 2.80 (d,
J=11.6 Hz, 2H), 2.51 (d, J=128Hz, 2H), 2.17
(t, J=11.6 Hz, 2H), 1.90 (t, J=11.2Hz, 2H), 1.17
(t, J=6.8Hz 3H). '3C NMR (free base): o 173.5,
143.3, 138.2, 132.5, 131.0, 130.3, 129.0, 128.1, 127.0,
125.4, 63.0, 61.1, 51.1, 48.7, 33.7, 14.0. Anal. Calcd for
C,1H3NO,Cl,'HCI: C, 58.82; H, 5.64; N, 3.27. Found:
C, 58.78; H, 5.67; N, 3.23.

4.16. 4-(3,4-Dichlorophenyl)-1-phenethyl-piperidine-4-
carboxylic acid ethyl ester (10b)

General procedure B. This compound was obtained as a
light yellow solid (180 g, 50% yield) and converted into
the hydrochloride salt (Section 4.1), which was obtained
as a white solid, mp 206-208 °C. '"H NMR (free base): o
7.48 (d, J=2.0 Hz, 1H), 7.39 (d, J=8.8 Hz, 1H), 7.27
(m, 2H), 7.23 (dd, J=2.0, 8.6 Hz, 1H), 7.19 (m, 3H),
4.14 (m, J=72Hz, 2H), 2.92 (d, J=11.2 Hz, 2H),
2.80 (m, 2H), 2.58 (m, 4H), 2.22 (t, J = 10.8 Hz, 2H),
1.94 (m, 2H), 1.19 (t, J = 6.8 Hz, 3H). '>*C NMR (free
base): 6 173.5, 143.1, 140.2, 132.6, 131.1, 130.3, 128.6,
128.3, 128.2, 126.0, 125.4, 61.2, 60.5, 51.2, 48.8, 33.7,
14.0. Anal. Calcd for C,,H,5sNO,Cly'HCIL: C, 59.67; H,
5.92; N, 3.16. Found: C, 59.76; H, 5.96; N, 3.17.

4.17. 4-(3,4-Dichlorophenyl)-1-(3-phenylpropyl)-piperi-
dine-4-carboxylic acid ethyl ester (10c)

General procedure B. This compound was obtained as a
light yellow oil (140 mg, 47% yield) and converted into

the hydrochloride salt (Section 4.1), which was obtained
as a white solid, mp 179-180 °C. "H NMR (free base): o
7.47 (d, J=2.4Hz, 1H), 7.37 (d, J=8.4 Hz, 1H), 7.27
(m, 2H), 7.21 (dd, J=2.4, 8.6 Hz, 1H), 7.17 (m, 3H),
412 (m, J=7.2Hz, 2H), 2.83 (d, J=10.4 Hz, 2H),
2.62 (t, J=7.6 Hz, 2H), 2.53 (d, /= 13.2 Hz, 2H), 2.34
(t, J=7.2Hz, 2H), 2.12 (t, J=10.8 Hz, 2H), 1.91 (t,
J=10.8 Hz, 2H), 1.81 (m, J=7.6 Hz, 2H), 1.18 (t,
J=172Hz, 3H). 3C NMR (free base): 6 173.5, 143.2,
142.0, 132.5, 131.0, 130.3, 128.3, 128.2, 128.2, 128.1,
125.7, 1254, 61.1, 57.9, 51.2, 48.8, 33.7, 33.6, 28.6,
14.0. Anal. Calcd for C,3H,7NO,Cl,-HCI: C, 60.47; H,
6.18; N, 3.07. Found: C, 60.36; H, 6.14; N, 3.09.

4.18. General procedure D. N-Demethylation
N-alkylation of 5

A solution of 5 (6.1 mmol), sodium bicarbonate
(9.1 mmol) and 1-chloro-ethylchloroformate (52 mmol)
in 1,2-dichloroethane (27 mL) was heated to reflux under
an atmosphere of nitrogen for 48 h. The product was fil-
tered to remove the sodium bicarbonate and the solvent
was removed under reduced pressure. Methanol
(155 mL) was added and the mixture was heated to reflux
for 3 h. The solvent was removed under reduced pressure.
Chloroform was added, washed with 1.8 N NaOH
(30 mL) and water (30 mL), and then dried (Na,SOy).
The crude product was purified by column chromato-
graphy (Si0,, CHCIl3/CH;0H, 12:1) to afford the norme-
peridine analogue. To the N-H compound (0.33 mmol)
and potassium iodide (0.1 mol%) in triethylamine
(140 pL/mmol) and ethanol (10 mL/mmol), the appropri-
ate alkylbromide or alkylchloride (0.50 mmol) was added.
The mixture was heated to reflux under an atmosphere of
nitrogen for 16 h. The solvent was removed under reduced
pressure and the crude products were purified by column
chromatography to afford the products 10d—p.

4.19. 4-(3,4-Dichlorophenyl)-1-(cinnamyl)-piperidine-4-
carboxylic acid ethyl ester (10d)

General procedure D. This compound was obtained as
an orange solid (39 mg, 38% yield) and converted into
the hydrochloride salt (Section 4.1), which was obtained
as a white solid, mp 217-219 °C (dec.). "H NMR (free
base): 6 7.47 (d, J=2.4Hz, 1H), 7.38 (d, J=8.4 Hz,
1H), 7.37 (d, J = 6.8 Hz, 2H), 7.30 (t, J = 7.2 Hz, 2H),
7.23 (m, 1H), 7.22 (dd, J =24, 8.6 Hz, 1H), 6.51 (d,
J=16.0 Hz, 1H), 6.26 (tt, J=6.8 15.6 Hz, 1H), 4.14
(q, J=6.8 Hz, 2H), 3.13 (d, J = 6.8 Hz, 2H), 2.91 (d,
J=9.6 Hz, 2H), 2.55 (d, J=12.8 Hz, 2H), 2.19 (t,
J=10.8 Hz, 2H), 1.94 (t, J=10.8 Hz, 2H), 1.19 (t,
J=6.8 Hz, 3H). '3C NMR (free base): 6 173.5, 143.1,
136.8, 133.1, 132.6, 131.1, 130.3, 128.5, 128.2, 127.5,
126.5, 126.3, 1254, 95.4, 61.2, 61.1, 51.2, 48.7, 33.7,
14.0. Anal. Calcd for C,3H,5NO,Cl,-HCI: C, 60.74; H,
5.76; N, 3.08. Found: C, 60.61; H, 5.62; N, 3.05.

4.20. 4-(3,4-Dichlorophenyl)-1-(4-phenylbutyl)-piperidine-
4-carboxylic acid ethyl ester (10e)

General procedure D. This compound was obtained as a
yellow solid (97 mg, 67%) and converted into the hydro-
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chloride salt (Section 4.1), which was obtained as a
white solid, mp 148-150 °C (HCI salt). "H NMR (free
base): 6 7.46 (d, J=2.0Hz, 1H), 7.37 (d, J=8.8 Hz,
1H), 7.26 (m, 2H), 7.21 (dd, J =24, 8.2 Hz, 1H), 7.16
(m, 3H), 4.12 (q, J = 7.2 Hz, 2H), 2.83 (d, J = 10.4 Hz,
2H), 2.62 (t, J=6.8 Hz, 2H), 2.53 (d, J=12.8 Hz,
2H), 2.33 (t, J=7.2 Hz, 2H), 2.12 (t, J = 10.8 Hz, 2H),
1.92 (t, J=10.4 Hz, 2H), 1.63 (m, J=8.4 Hz, 2H),
1.53 (m, J=6.8 Hz, 2H), 1.18 (t, J= 7.2 Hz, 3H). 13C
NMR (free base): 6 173.4, 143.1, 142.3, 132.5, 131.2,
130.3, 128.3, 128.2, 128.1, 125.6, 125.3, 61.1, 58.4,
51.2, 48.7, 35.7, 33.5, 29.7, 26.5, 14.0. Anal. Calcd for
C,4H>9NO,Cl,'HCI-0.5H,0: C, 60.64; H, 6.46; N, 2.95.
Found: C, 60.95; H, 6.36; N, 2.92.

4.21. 4-(3,4-Dichlorophenyl)-1-(5-phenylpentyl)-
piperidine-4-carboxylic acid ethyl ester (10f)

General procedure D. This compound was obtained as
an orange oil (55 mg, 37% yield) and converted into
the hydrochloride salt (Section 4.1), which was obtained
as a white solid, mp 157-158 °C. '"H NMR (free base): o
7.46 (d, J=2.0Hz, 1H), 7.39 (d, J=8.8 Hz, 1H), 7.27
(m, 2H), 7.22 (dd, J=2.4, 8.4 Hz, 1H), 7.17 (m, 3H),
413 (q, J=6.8 Hz, 2H), 2.84 (d, J=10.0 Hz, 2H),
2.61 (t, J=7.6 Hz, 2H), 2.54 (d, J = 12.8 Hz, 2H), 2.32
(t, J=7.6 Hz, 2H), 2.14 (t, J=9.6 Hz, 2H), 1.94 (t,
J=10.4Hz, 2H), 1.64 (m, J=7.2Hz, 2H), 1.54 (m,
J=7.6Hz, 2H), 1.34 (m, J=7.6Hz, 2H), 1.19 (t,
J=7.2Hz, 3H). 3C NMR (free base): 6 173.5, 143.2,
142.5, 132.5, 131.1, 130.3, 128.3, 128.2, 128.2, 125.6,
125.4, 61.1, 58.6, 51.2, 48.8, 35.8, 33.6, 31.3, 27.2, 26.8,
14.0. Anal. Calcd for C,sH3NO,Cl,-HCI: C, 61.93; H,
6.65; N, 2.89. Found: C, 61.87; H, 6.65; N, 2.88.

4.22. 4-(3,4-Dichlorophenyl)-1-ethyl-piperidine-4-
carboxylic acid ethyl ester (10g)

General procedure D. This compound was obtained
(CHCI5/CH;0H, 19:1) as an off-white solid (95 mg,
87% yield) and converted into the hydrochloride salt
(Section 4.1), which was obtained as a white solid, mp
203-205°C. '"H NMR (free base): 6 7.45 (d,
J=2.0Hz, 1H), 7.41 (d, J=8.0Hz, 1H), 7.23 (dd,
J=2.0, 8.6 Hz, 1H), 4.16 (q, J = 6.8 Hz, 2H), 3.11 (br
s, 2H), 2.65 (q, J=7.2 Hz, 2H), 2.62 (d, J=8.8 Hz,
2H), 2.41 (t, J=11.2Hz, 2H), 2.22 (t, J=10.8 Hz,
2H), 1.24 (t, J=7.2 Hz, 3H), 1.20 (t, J = 6.8 Hz, 3H).
3C NMR (free base): 6 172.7, 141.8, 132.5, 131.3,
130.3, 127.8, 125.1, 61.4, 52.1, 50.1, 48.1, 32.0, 13.7,
10.7.

4.23. 1-(Prop-2-enyl)-4-(3,4-dichlorophenyl)-piperidine-4-
carboxylic acid ethyl ester (10h)

General procedure D. This compound was obtained as
an orange oil (136 mg, 60% yield) and converted into
the hydrochloride salt (Section 4.1), which was obtained
as a white solid, mp 217-220 °C (dec.). "H NMR (free
base): 6 7.47 (d, J=2.4Hz, 1H), 7.39 (d, J=8.4 Hz,
1H), 7.23 (dd, J=2.0, 8.4 Hz, 1H), 5.85 (m, 1H), 5.16
(d, J=25.6, 1H), 5.16 (s, 1H), 4.14 (q, J = 6.8 Hz,
2H), 2.97 (d, J = 6.0 Hz, 2H), 2.85 (d, J = 9.6 Hz, 2H),

2.55 (d, J=12.8 Hz, 2H), 2.14 (t, J=11.2 Hz, 2H),
1.92 (t, J=10.8 Hz, 2H), 1.19 (t, J = 7.2 Hz, 3H). 13C
NMR (free base): o 173.4, 143.2, 134.9, 132.5, 131.1,
130.3, 128.1, 125.3, 118.0, 61.7, 61.1, 51.0, 48.7, 33.6,
13.9. Anal. Calcd for C;7H,;NO-Cl,-HCI: C, 53.91; H,
5.86; N, 3.70. Found: C, 54.13; H, 5.85; N, 3.69.

4.24. 4-(3,4-Dichlorophenyl)-1-propyl-piperidine-4-
carboxylic acid ethyl ester (10i)

To a slurry of 10% Pd/C (4 mg) in ethanol (3.1 mL) un-
der an atmosphere of nitrogen was added a solution of
the alkene 10h (39 mg, 0.11 mmol) in ethanol (3.1 mL).
The mixture was hydrogenated at 1atm overnight.
The catalyst was removed by filtration through a pad
of Celite. The filter cake was rinsed with methanol
(25 mL) and the filtrate was concentrated under reduced
pressure. The crude product was purified using column
chromatography (CHCI;/CH3;OH, 13:1) to furnish 10i
as an orange oil (22 mg, 56% yield) and converted into
the hydrochloride salt (Section 4.1), which was obtained
as a white solid, mp 205-208 °C. '"H NMR (free base): 6
7.47 (d, J=1.6 Hz, 1H), 7.39 (d, /= 8.8 Hz, 1H), 7.22
(dd, J=2.0, 8.8 Hz, 1H), 4.14 (q, J = 7.2 Hz, 2H), 2.90
(d, 10.0 Hz, 2H), 2.55 (d, J=13.2 Hz, 2H), 2.31 (m,
2H), 2.18 (t, J=11.2Hz, 2H), 1.97 (t, J=10.8 Hz,
2H), 1.53 (m, J=7.2 Hz, 2H), 1.20 (t, J = 6.8 Hz, 3H),
0.90 (t, J = 7.6 Hz, 3H). >°C NMR (free base): & 173.5,
143.0, 132.6, 131.2, 130.4, 128.2, 1254, 61.2, 60.5,
S51.1, 48.7, 334, 199, 14.0, 11.9. Anal. Calcd for
C,7H»3NO,Cl,-HCI: C, 53.63; H, 6.35; N, 3.68. Found:
C, 53.45; H, 6.28; N, 3.62.

4.25. 4-(3,4-Dichlorophenyl)-1-prop-2-ynyl-piperidine-4-
carboxylic acid ethyl ester (10j)

General procedure D. This compound was obtained as a
yellow solid (104 mg, 90% yield) and converted into the
hydrochloride salt (Section 4.1), which was obtained as
a white solid, mp 193-195°C (dec.). '"H NMR (free
base): 0 7.46 (d, J=1.6 Hz, 1H), 7.38 (d, J= 8.4 Hz,
1H), 7.21 (dd, J = 2.0, 8.6 Hz, 1H), 4.14 (q, J = 6.8 Hz,
2H), 3.27 (d, J=2.4Hz, 2H), 2.85 (d, J=11.2 Hz,
2H), 2.57 (d, J=12.4 Hz, 2H), 2.37 (t, J =12.0, 2H),
2.23 (t, J=2.4 Hz, 1H2, 1.92 (t, J=10.4 Hz, 2H), 1.19
(t, J=6.8Hz, 3H). >C NMR (free base): 6 173.3,
143.1, 132.6, 131.2, 130.4, 128.1, 125.3, 78.7, 73.1,
61.2, 50.0, 48.4, 46.9, 33.6, 14.0. Anal. Calcd for
C,7H1oNO,CI,'HCI: C, 54.20; H, 5.35; N, 3.72. Found:
C, 54.17; H, 5.29; N, 3.69.

4.26. 1-Cyclopropylmethyl-4-(3,4-dichlorophenyl)-
piperidine-4-carboxylic acid ethyl ester (10k)

General procedure D. This compound was obtained as a
yellow solid (96 mg, 81% yield by NMR) and converted
into the hydrochloride salt (Section 4.1), which was ob-
tained as a white solid, mp 199-201 °C (dec.). '"H NMR
(free base): 6 747 (d, J=2.0Hz, 1H), 7.40 (d,
J=28.0Hz, 1H), 7.23 (dd, J =24, 8.6 Hz, 1H), 4.14 (q,
J=72Hz, 2H), 3.05 (br s, 2H), 2.57 (d, J =12.4Hz,
2H), 2.29 (d, J=6.8 Hz, 2H), 2.23 (t, J=11.2 Hz,
2H), 2.02 (t, J=10.8 Hz, 2H), 1.20 (t, J = 6.8 Hz, 3H),
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0.90 (m, 1H), 0.54 (m, 2H), 0.13 (m, 2H). '3*C NMR (free
base): & 173.5, 143.0, 132.6, 131.2, 130.4, 128.1, 125.3,
63.6, 61.2, 51.1, 48.7, 33.3, 14.0, 8.1, 4.0 (2C). Anal.
Calcd for C]8H23N02C12'HC1'1/4H20I C, 5442, H,
6.22; N, 3.53. Found: C, 54.12; H, 6.03; N, 3.51.

4.27. 4-(3,4-Dichlorophenyl)-1-(3-fluoropropyl)-
piperidine-4-carboxylic acid ethyl ester (101)

General procedure D. This compound was obtained as
an orange/brown solid (95 mg, 79% yield) and converted
into the hydrochloride salt (Section 4.1), which was ob-
tained as a white solid, mp 209-211 °C. "H NMR (free
base): 0 7.47 (d, J=2.0 Hz, 1H), 7.39 (d, J=8.8 Hz,
1H), 7.22 (dd, J=2.0, 84Hz, I1H), 4.50 (dt,
Jc_rp=47.6 Hz, J=6.0Hz, 2H), 4.14 (q, J=7.6 Hz,
2H), 2.85 (d, 10.8 Hz, 2H), 2.55 (d, J = 13.2 Hz, 2H),
247 (t, J=17.6 Hz, 2H), 2.18 (t, J=11.2 Hz, 2H), 1.90
(m, 4H), 1.20 (t, J = 7.6 Hz, 3H). '>*C NMR (free base):
0 173.4, 143.1, 132.5, 131.0, 130.3, 128.1, 125.3, 82.3
(Jc_p = 652 Hz), 61.1, 54.2, 54.1, 51.1, 48.6, 33.5, 28.0,
278, 13.9. Anal. Calcd for C17H22N02C12F'HC1'
0.5H,0: C, 50.64; H, 5.87; N, 3.47. Found: C, 50.62;
H, 5.84; N, 3.44.

4.28. 4-(3,4-Dichlorophenyl)-1-(3-hydroxypropyl)-
piperidine-4-carboxylic acid ethyl ester (10m)

General procedure D. This compound was obtained as a
yellow oil (120 mg, 79%) and was converted into the
hydrochloride salt (Section 4.1), which was obtained as
an orange solid, mp 184-186 °C. '"H NMR (free base):
0 745 (d, J=24Hz, 1H), 7.40 (d, J=8.4 Hz, 1H),
7.21 (dd, J=24, 8.8 Hz, 1H), 4.36 (s, 1H), 4.14 (q,
J=6.8Hz, 2H), 3.81 (t, J=5.2Hz, 2H), 3.06 (br s,
2H), 2.67 (t, J=6.0Hz, 2H), 2.57 (d, J=13.2 Hz,
2H), 2.27 (m, 2H), 1.95 (t, J=9.2 Hz, 2H), 1.77 (m,
J=7.2Hz 2H), 1.19 (t, J = 6.8 Hz, 3H). '*C NMR (free
base): 6 173.2, 142.7, 132.7, 131.4, 130.5, 128.1, 125.3,
64.0, 61.4, 58.6, 51.3, 48.6, 33.3, 27.0, 14.0. Anal. Calcd
for Ci7;H,3NO;ClIHCL: C, 51.47; H, 6.10; N, 3.53.
Found: C, 51.31; H, 6.15; N, 3.56.

4.29. 1-(3-Chloropropyl)-4-(3,4-dichlorophenyl)-
piperidine-4-carboxylic acid ethyl ester (10n)

The alcohol 10m (150 mg, 0.42 mmol) was dissolved in
CH,Cl, (3.2mL) and cooled to 0°C under an atmo-
sphere of nitrogen. Methanesulfonyl chloride (30 pL,
0.44 mmol) was added, followed by the addition of tri-
ethylamine (90 pL, 0.62 mmol). The reaction mixture
was allowed to stir for 2 h. The mixture was then allowed
to warm to room temperature and stirred for an addi-
tional 48 h. The crude product was purified using column
chromatography (CHCIl3/CH;0H, 13:1) to afford a yel-
low oil (97 mg, 61%). This compound was converted to
the hydrochloride salt to afford a white solid, mp 205-
207°C. 'H NMR (free base): 6 7.47 (d, J=1.6 Hz,
1H), 7.39 (d, J = 8.8 Hz, 1H), 7.22 (dd, J = 2.0, 8.4 Hz,
1H), 4.13 (q, J = 7.6 Hz, 2H), 3.59 (t, J = 6.4 Hz, 2H),
2.81 (d, J=11.2Hz, 2H), 2.53 (d, J=12.8 Hz, 2H),
245 (t, J= 6.8 Hz, 2H), 2.16 (t, J=11.2 Hz, 2H), 1.92
(m, 4H), 1.19 (t, J = 7.2 Hz, 3H). '*C NMR (free base):

0 173.5, 143.2, 132.6, 131.1, 130.3, 128.2, 125.4, 95.4,
61.1, 554, 51.3, 48.7, 43.1, 33.7, 30.0, 14.0. Anal. Calcd
for C;7H,,NO,CIl3-HCI: C, 49.18; H, 5.58; N, 3.37.
Found: C, 49.21; H, 5.56; N, 3.35.

4.30. 4-(3,4-Dichlorophenyl)-1-[(3-tri-n-butylstannanyl)-
prop-(2E)-enyl]-piperidine-4-carboxylic acid ethyl ester
(100)

General procedure D with 3-(tri-n-butylstannyl)prop-
(2E)-enyl chloride.!>¢ This compound was obtained
(SiO,, CHCls) as a yellow oil (85 mg, 54% yield). 'H
NMR: 6 7.48 (d, J=2.4Hz, 1H), 7.38 (d, J=8.0 Hz,
1H), 722 (dd, J=24, 86Hz, 1H), 6.11 (d,
J=19.2 Hz, 1H), 5.99 (dt, J=18.8, 6.0 Hz, 1H), 4.13
(q, J=6.8 Hz, 2H), 3.03 (d, J =5.6 Hz, 2H), 2.85 (d,
J=8.8 Hz, 2H), 2.55 (d, J=13.2 Hz, 2H), 2.12 (t, J =
10.8 Hz, 2H), 1.93 (t, J=11.2 Hz, 2H), 1.50 (m, 6H),
1.30 (m, 6H), 1.19 (t, J = 7.2 Hz, 3H), 0.910-0.866 (m,
15H). *C NMR: § 173.5, 145.0, 143.2, 132.6, 132.3,
131.1, 130.3, 128.2, 125.3, 65.5, 61.1, 51.0, 48.7, 33.7,
29.0, 27.2, 13.9, 13.6, 9.4.

4.31. 4-(3,4-Dichlorophenyl)-1-[(3-tri-n-butylstanna-
nyl)prop-(2E)-enyl]-piperidine-4-carboxylic acid ethyl
ester (10p)

The stannyl derivative 100 (60 mg, 0.10 mmol) was dis-
solved in CHCl; (0.6 mL) and the resulting mixture
was cooled to 0°C. A solution of iodine in CHCl;
(0.1 N) was then added dropwise to the stirred mixture
until a color change resulted. The solution was allowed
to come to room temperature and stirred for an addi-
tional 4 h. The reaction mixture was washed with brine
(5 mL) and dried (Na,SOy4). The solvent was removed
under reduced pressure and the crude product was puri-
fied by column chromatography (Et,O/hexanes, 1:1) to
give the product as a yellow oil (21 mg, 44% yield). This
compound was converted into the hydrochloride salt
(Section 4.1), which was obtained as a white solid, mp
219-221°C (dec.). '"H NMR (free base): & 7.46 (d,
J=24Hz, 1H), 7.39 (d, J=8.8 Hz, 1H), 7.21 (dd,
J =228, 84Hz, 1H), 6.57 (dt, J=6.8, 14.8 Hz, 1H),
6.25 (d, J=144Hz, 1H), 4.13 (q, J=6.8 Hz, 2H),
293 (dd, J=1.6, 6.8 Hz, 2H), 2.81 (d, J=11.2 Hz,
2H), 2.54 (d, J=13.2Hz, 2H), 2.15 (t, J=11.2 Hz,
2H), 1.90 (m, 2H), 1.19 (t, J= 7.6 Hz, 3H). *C NMR
(free base): 6 173.4, 142.8, 132.7, 131.2, 130.4, 128.2,
125.3, 78.6, 62.7, 61.2, 50.9, 48.6, 33.6, 14.0. Anal. Calcd
for C17;H,0NO,CLI'-HCI: C, 40.26; H, 4.19; N, 2.78.
Found: C, 40.42; H, 4.18; N, 2.75.

4.32. 1-[4-(3,4-Dichlorophenyl)-1-methyl-piperidin-4-yl]-
ethanone (11)

To a solution of methyl magnesium bromide (0.37 mL,
1.1 mmol) in dry ether (0.21 mL) stirring under an atmo-
sphere of nitrogen at 0 °C was added a solution of the ester
5(120 mg, 0.37 mmol) in dry ether that had been cooled to
0 °C under an atmosphere of nitrogen. The mixture was
allowed to stir for 20 min, and then allowed to return to
room temperature and continue to stir overnight. Wet
ether was added to the solution, followed by a deionized
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water wash. The organic layer was dried (Na,SOy), and
the solvent was removed under reduced pressure. The res-
idue was purified by chromatography (CHCIl;/CH;0H,
12:1) to give a yellow oil (68 mg, 65% yield) and converted
into the hydrochloride salt (Section 4.1), which was ob-
tained as a white solid, mp 254-256 °C (dec.). "H NMR
(free base): 6 743 (d, J=84Hz, 1H), 7.40 (d,
J=2.4Hz 1H), 7.15 (dd, J = 2.4, 8.4 Hz, 1H), 2.66 (br
s, 2H), 2.45 (d, J=12.8 Hz, 2H;, 2.25 (s, 3H), 2.21 (t,
J=10.8 Hz, 2H), 1.95 (s, 3H). '*C NMR (free base): o
208.1, 141.9, 133.0, 131.3, 130.7, 128.4, 125.7, 53.7, 52.6,
46.0, 32.7, 25.6. Anal. Calcd for C;4H{7NOCI,HCI-
3H,50: C, 44.64; H, 6.15; N, 3.72. Found: C, 44.94; H,
5.78; N, 3.68.

4.33. 4-(3,4-Dichlorophenyl)-1-methyl-piperidin-4-yl]-
phenylmethanone (12)

To a stirred solution of phenyl magnesium bromide
(0.39 mL, 1.2 mmol) in dry ether (0.19 mL) under an
atmosphere of nitrogen at 0 °C was added a solution
of the nitrile 7 (160 mg, 0.59 mmol) in dry ether that
had been cooled to 0 °C under an atmosphere of nitro-
gen. The mixture was allowed to stir for 20 min, and
then allowed to return to room temperature and stirred
overnight. Wet ether was added to the solution, fol-
lowed by a deionized water wash. The organic layer
was dried (Na,SOy), and the solvent was removed under
reduced pressure. The residue was purified by chromat-
ography (CHCI3/CH;0OH, 24:1) to give a yellow oil
(114 mg, 56% yield). This compound was converted to
the hydrochloride salt (Section 4.1), which was obtained
as a white solid mp 244-246 °C (dec.). '"H NMR (free
base, 300 MHz): 6 7.51 (d, J=2.1 Hz, 1H), 7.46 (d,
J=84Hz, 1H), 7.44-7.22 (m, 5H), 7.25 (dd, J=2.1,
8.6 Hz, 1H), 2.72 (m, 2H), 2.55 (m, J=2.7, 8.9 Hz,
2H), 2.25 (s, 3H), 2.15-2.07 (m, 4H). >°C NMR (free
base): ¢ 203.0, 143.5, 137.4, 133.4, 131.7, 131.5, 131.0,
128.7, 128.3, 128.2, 125.6, 52.9, 52.8, 46.0, 35.1. Anal.
Caled for Ci9yHoNOCI,'HCI'1/2H,0: C, 57.95; H,
5.38; N, 3.55. Found: C, 57.98; H, 5.34; N, 3.47.

4.34. 1-[4-(3,4-Dichlorophenyl)-1-methyl-piperidin-4-yl]-
ethanol (13)

To a stirred solution of the ketone 8 (100 mg,
0.35 mmol) in methanol (1.7 mL) was added sodium
borohydride (13 mg, 0.35 mmol). The mixture was stir-
red at room temperature under an atmosphere of nitro-
gen for 2 h. The solvent was removed under reduced
pressure, and water was added to the resulting residue,
followed by extraction with Et,O (3x 5 mL), and the or-
ganic extracts were dried (Na,SQOy). The crude product
was purified using chromatography (CHCIl3/CH;0H,
13:1) to give an off-white solid (80 mg, 80% yield) and
converted into the hydrochloride salt (Section 4.1),
which was obtained as a white solid, mp 185-187 °C.
'"H NMR (free base): & 7.44 (d, J=8.4 Hz, 1H), 7.42
(d, J=2.4Hz, 1H), 7.18 (dd, J = 2.4, 8.4 Hz, 1H), 3.70
(m, J=6.8 Hz, 1H), 2.86 (d, /= 7.6 Hz, 2H), 2.45 (m,
1H), 2.28 (s, 3H), 2.15 (m, 2H), 2.05 (m, 4H), 0.925 (d,
J=6.4Hz, 3H). 3C NMR (free base): & 140.6, 132.6,
130.7, 130.6, 130.1, 128.1, 55.6, 51.7, 51.5, 45.4, 44.7,

31.3, 30.9, 18.0. Anal. Caled for C4H;sNOCI,-HCIl
0.5H,0: C, 50.54; H, 6.06; N, 4.21. Found: C, 50.35;
H, 6.32; N, 4.26.

4.35. 4-(3,4-Dichlorophenyl)-1-methyl-piperidin-4-yl-
methanol (14)

To a suspension of LiAIH4 (250 mg, 6.5 mmol) in dry
Et,0 (33 mL) under an atmosphere of nitrogen was
added a solution of the ethyl ester 5 (1.0 g, 3.3 mmol)
in dry Et,O (33 mL). The reaction mixture was stirred
at room temperature for 3 h. Wet ether (33 mL) and
1 M NaOH (0.2 mL) were added slowly. A white precip-
itate began to form and the mixture was allowed to stir
for 1 h. The resulting suspension was filtered through
Celite washing with Et,0 and EtOAc. The filtrate was
filtered and dried to give a white solid (740 mg, 83%
yield). This compound was converted to the hydrochlo-
ride salt (Section 4.1) to afford a white solid, mp 224—
226 °C. '"H NMR (free base): 6 7.44 (d, J=10Hz,
1H), 7.43 (d, J = 0.4 Hz, 1H), 7.19 (dd, J=2.4, 8.6 Hz,
1H), 3.57 (s, 2H), 2.58 (m, 2H), 2.18 (s, 3H), 2.12 (t,
J=14.0Hz, 2H), 1.96 (m, 2H), 1.81 (s, 2H). "*C
NMR (free base): 6 144.0, 132.5, 130.3, 130.2, 129.6,
126.8, 71.1, 51.5, 459, 41.5, 31.4. Anal. Calcd for
C13H7NOCI,-HCI: C, 50.26; H, 5.84; N, 4.51. Found:
C, 50.01; H, 5.83; N, 4.46.

4.36. Acetic acid 4-(3,4-dichlorophenyl)-1-methyl-piperi-
din-4-yl methyl ester (15)

The alcohol 14 (190 mg, 0.700 mmol) was dried under
vacuum and 4-(dimethylamino) pyridine (9 mg,
0.0697 mmol) was added to the flask and flushed with
nitrogen. Dry CH,Cl, (12mL), fresh triethylamine
(370 uL, 2.7 mmol), and acetyl chloride (70 uL,
1.04 mmol) were added dropwise at 0 °C. The mixture
was allowed to stir on ice for 30 min, and then overnight
at room temperature. To the mixture 1 N NaOH was
added dropwise to adjust the pH to 10-11, followed
by the addition of deionized water (10 mL). The mixture
was extracted with CH,Cl, (3% 15 mL) and the organic
layers were dried (Na,SOy). The crude product was puri-
fied using chromatography (CHCl;/CH;O0H, 13:1) to
give a white solid (140 mg, 65% yield). This compound
was converted into the hydrochloride salt (Section 4.1)
to afford a white foam. '"H NMR (free base): o 7.43
(d, J=2.4Hz, 1H), 7.41 (d, J=6.0 Hz, 1H), 7.18 (dd,
J=3.2, 11.4 Hz, 1H), 4.03 (s, 2H), 2.60 (m, 2H), 2.24
(s, 3H), 2.17 (m, 4H), 1.97 (m, 2H), 1.97 (s, 3H). '*C
NMR (free base): 6 170.5, 143.3, 132.4, 130.4, 130.2,
129.4, 126.5, 71.2, 51.4, 46.0, 39.6, 32.0, 20.7. Anal.
Caled for C;5H;9yNO,ClL,yHCI'1.5H,O: C, 47.44; H,
6.11; N, 3.69. Found: C, 47.11; H, 5.72; N, 3.35.

4.37. 4-(3,4-Dichlorophenyl)-1-methyl-4-vinyl-piperidine
(16)

To a two-necked round-bottom-flask under an atmo-
sphere of nitrogen was added a solution of oxalyl chlo-
ride (280 pL, 3.2 mmol) in dichloromethane (4.9 mL).
The solution was cooled to —78 °C. A solution of
dimethylsulfoxide (450 puL, 6.3 mmol) in dichlorometh-
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ane (0.58 mL) was then added dropwise for over 5 min.
The temperature rose to —70 °C and was allowed to
continue to rise to —60 °C for over 10 min. The alcohol
14 (580 mg, 2.10 mmol) was dissolved in dichlorometh-
ane (3.5mL) and added dropwise to the reaction mix-
ture for over a 10 min period. The temperature rose to
—55°C and was allowed to continue to rise to —45 °C
at which time diisopropylethyl amine (2.1 mL, 12 mmol)
dissolved in dichloromethane (0.29 mL) was added and
the solution was allowed to warm to 0 °C. The reaction
mixture was added to ice-cold 1 M HCI and extracted
with dichloromethane (3x 5 mL). The combined organic
layers were washed with a pH 7 aqueous phosphate buf-
fer (3x SmL) and dried over Na,SO,4. The solvent was
concentrated under reduced pressure and the crude
product was purified by chromatography (CHCI5/
CH;0H, 40:1) to give the aldehyde as a yellow oil
(330 mg, 57% yield). "H NMR: § 9.37 (s, 1H), 7.45 (d,
J=84Hz 1H), 7.38 (d, J=2.4Hz 1H), 7.13 (dd,
J=2.0, 8.6, Hz, 1H), 2.72 (d, J=11.2 Hz, 2H), 2.43
(d, J=13.6 Hz, 2H), 2.27 (s, 3H), 2.20 (t, J = 2.2, 2H),
2.05 (m, 2H). A solution of 1.6 M n-butyl lithium
(2.0 mL, 3.2 mmol) dissolved in THF (5.5mL) was
cooled to 0 °C with stirring under nitrogen. Methyl tri-
phenyl phosphonium bromide (1.1 g, 3.2 mmol) was
slowly added to the mixture. The resulting orange mix-
ture was allowed to stir at 0 °C for 30 min and became
milky in consistency. The reaction mixture was removed
from the ice and the aldehyde (290 mg, 1.1 mmol) dis-
solved in THF (1.2 mL) was added and allowed to stir
overnight at room temperature. The mixture was diluted
with ethyl acetate (10 mL) and washed with saturated
ammonium chloride (2x 15mL). The organic phase
was extracted with 10% HCI (3x 5 mL). The combined
aqueous layers were washed with EtOAc (15 mL), neu-
tralized with saturated NaHCO;, and extracted with
CH,Cl, (3x 15 mL). The combined organic layers were
dried over Na,SO4 and the solvent was removed under
reduced pressure. The mixture was purified by chromat-
ography (CHCIs/CH;0OH, 13:1) to give a yellow oil
(130 mg, 44% yield) and converted into the hydrochlo-
ride salt (Section 4.1), which was obtained as a white so-
lid, mp 211-214 °C (dec.). "H NMR (free base): 6 7.40
(d, J=2.4 Hz, 1H), 7.37 (d, J=8.8 Hz, 1H), 7.16 (dd,
J=2.0, 8.4 Hz, 1H), 5.77 (dd, J=10.8, 17.6 Hz, 1H),
517 (d, /=104 Hz, 1H), 491 (d, J=17.6 Hz, 1H),
2.46 (br s, 4H), 2.25 (s, 3H), 2.13 (m, 2H), 2.01 (dt,
J=4.4, 140 Hz 2H). >C NMR (free base): 6 146.8,
144.9, 132.3, 130.1, 129.9, 129.1, 126.3, 114.7, 51.9,
46.1, 42.3, 35.2. Anal. Caled for C;4H;NCl,-HCI
1.5H50: C, 54.04; H, 5.99; N, 4.50. Found: C, 54.15;
H, 5.94; N, 4.47.

4.38. 4-(3,4-Dichlorophenyl)-4-ethyl-1-methyl-piperidine
17)

To a slurry of 10% Pd/C (10 mg) in methanol (10 mL)
under an atmosphere of nitrogen was added a solution
of the alkene 16 (100 mg, 0.37 mmol) in methanol
(10 mL). The mixture was hydrogenated at 1 atm over-
night. The catalyst was removed by filtration through
a pad of Celite. The filter cake was rinsed with methanol
(30 mL) and the filtrate was concentrated under reduced

pressure to give the product in sufficient purity as an or-
ange oil (71 mg, 81% yield). This compound was con-
verted into the hydrochloride salt (Section 4.1), which
was obtained as a white solid, mp 200-204 °C (dec.).
'"H NMR (free base): & 7.38 (d, J=8.4 Hz, 1H), 7.34
(d, J=2.0Hz, 1H), 7.10 (dd, J = 2.0, 8.6 Hz, 1H), 2.55
(br s, 2H), 2.22 (s, 3H), 2.19-2.10 (m, 4H), 1.81 (m,
2H), 1.57 (q, J=7.6 Hz, 2H), 0.563 (t, J=7.6 Hz,
3H). '3C NMR (free base): & 146.3, 132.2, 130.0,
129.4, 129.2, 126.5, 51.8, 45.9, 39.2, 34.7, 29.6, 7.67.
Anal. Calcd for C14H19NC12'HC11 C, 5448, H, 653,
N, 4.54. Found: C, 54.45; H, 6.47; N, 4.55.

4.39. PHIWIN 35,428 binding assay

Male Sprague-Dawley rats (200-250g, Taconic,
Germantown, NY) were decapitated and their brains
were removed to an ice-cooled dish for dissection of
the caudate putamen. The tissue was homogenized in
30 volumes of ice-cold modified Krebs—HEPES buffer
(15mM HEPES, 127 mM NaCl, 5mM KCl, 1.2 mM
MgSOQ,, 2.5mM CaCl,, [.3mM NaH,PO,4, and
10 mM glucose, pH adjusted to 7.4) using a Teflon/glass
homogenizer and centrifuged at 20,000g for 10 min at
4 °C. The resulting pellet was then washed two more
times by resuspension in ice-cold buffer and centrifuga-
tion at 20,000g for 10 min at 4 °C. Fresh homogenates
were used in all experiments. Binding assays were con-
ducted in modified Krebs-HEPES buffer on ice, essen-
tially as previously described.?’” The total volume in
each tube was 0.5 mL and the final concentration of
membrane after all additions was approximately 0.3%
(w/v) corresponding to 150-300 pg protein/sample.
Increasing concentrations of the drug being tested were
added to triplicate samples of the membrane suspension.
Five minutes later, PH]WIN 35,428 (final concentration
of 1.5 nM) was added and the incubation was continued
for 1h on ice. The incubation was terminated by the
addition of 3 mL ice-cold buffer and rapid filtration
through Whatman GF/B glass fiber filter paper (presoa-
ked in 0.1% BSA in water to reduce non-specific bind-
ing) using a Brandel Cell Harvester (Gaithersburg,
MD). After filtration, the filters were washed with three
additional 3 mL washes and transferred to scintillation
vials. Absolute ethanol (0.5 mL) and Beckman Ready
Value Scintillation Cocktail (2.75 mL) were added to
the vials, which were counted the next day at an effi-
ciency of about 36%. Under these assay conditions, an
average experiment yielded approximately 6000 dpm to-
tal binding per sample and approximately 250 dpm non-
specific binding. Non-specific binding was defined as
binding in the presence of 100 uM cocaine. K; values
were derived from 14 point competition assays using
increasing concentrations of unlabeled compounds
(0.05nM to 100 pM) against 1.5 nM [PHJWIN 35,428.
Data were analyzed with GraphPad Prism software
(San Diego, California).

4.40. [*H|Paroxeting binding assay
Brains from male Sprague-Dawley rats weighing

200-225 g (Taconic Labs) were removed, and midbrain
was dissected and rapidly frozen. Membranes were
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prepared by homogenizing tissues in 20 volumes (w/v) of
50 mM Tris containing 120 mM NaCl and 5 mM KCl
(pH7.4 at 25 °C), using a Brinkman Polytron (setting 6
for 20s), and centrifuged at 50,000g for 10 min at
4 °C. The resulting pellet was resuspended in buffer,
recentrifuged, and resuspended in buffer to a concentra-
tion of 15 mg/ml. Ligand-binding experiments were con-
ducted in assay tubes containing 4.0 ml buffer for 90 min
at room temperature. Each tube contained 0.2 nM
[*H]paroxetine (NEN) and 1.5 mg midbrain tissue (ori-
ginal wet weight). Non-specific binding was determined
using 1 uM citalopram. Incubations were terminated by
rapid filtration through Whatman GF/B filters, presoa-
ked in 0.05% polyethylenimine, using a Brandel R48 fil-
tering manifold (Brandel Instruments, Gaithersburg,
Maryland). The filters were washed twice with 5 ml cold
buffer and transferred to scintillation vials. Beckman
Ready Safe (3.0ml) was added and the vials were
counted the next day using a Beckman 6000 liquid
scintillation counter (Beckman Coulter Instruments,
Fullerton, California). Data were analyzed by using
GraphPad Prism software (San Diego, California).
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		4-(3,4-Dichlorophenyl)-1-methyl-piperidin-4-yl-methanol (14)

		Acetic acid 4-(3,4-dichlorophenyl)-1-methyl-piperidin-4-yl methyl ester (15)

		4-(3,4-Dichlorophenyl)-1-methyl-4-vinyl-piperidine (16)

		4-(3,4-Dichlorophenyl)-4-ethyl-1-methyl-piperidine (17)

		[3H]WIN 35,428 binding assay

		[3H]Paroxeting binding assay
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Abstract—Conjugate addition of diamines to glycosyl olefinic esters 1a and 1b followed by reduction of resulting bis-glycosyl f-ami-
no esters (2-7 and 14-19) with lithium aluminium hydride led to the respective glycosyl amino alcohols (8-13 and 20-25) in mod-
erate to good yields. All the compounds were evaluated for antitubercular activity against Mycobacterium tuberculosis H3;Ra and
H;;Rv. Few of the compounds exhibited antitubercular activity with MIC as low as 6.25-3.12 pg/mL in virulent and avirulent
strains. Compound 13 was found to be active against MDR strain and showed mild protection in mice.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Mpycobacterium tuberculosis, which causes tuberculosis
(TB), is a single infectious agent that kills roughly two
million people annually throughout the world, and as
per WHO report, about one third of the world’s popula-
tion is infected with this bacterium.!® The synergy of
AIDS with TB and resistance to the front-line anti-TB
drugs has worsened the problem.*> The incredible thick-
ness and impermeability of the cell wall complex re-
quires a long period of treatment with many drugs®®
as the cell wall prevents the effective passage of the drugs
into the organism.” Therefore, the mycobacterial cell
wall is being looked at as a unique target to develop
new drugs with shorter duration of treatment. Carbohy-
drates present mostly as arabinogalactan and arabino-
mannan are the integral part of the mAGP
(mycolylated arabinogalactan peptidoglycan) complex
of the cell wall® and sugars are also known to be in-
volved in pathogenesis of the disease.!® The glycosyl
transferases as arabinosyl- and galactofuransyl transfer-

Keywords: Tuberculosis; Glycosyl amines; Glycosyl amino alcohols;

MDR tuberculosis; Lithium aluminium hydride.
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ases and many other enzymes including galactopyrano-
syl mutase and epimerases involved in the biosynthesis
of sugar components of the cell wall are being targeted
to develop new drugs.''"'* Many sugar-based com-
pounds have recently been reported'# to inhibit one or
more of the above enzymes and showed in vitro antitu-
bercular activity. Looking into the structure of these
compounds we have been involved in the synthesis of
certain sugar-based glycosylated amino esters and ami-
no alcohols as potent antimycobacterial agents!'>~17
and few of them exhibited activity in MDR strains also.
Further, it is known that dimerization of active mole-
cules most often leads to enhancement in the bioprofile
of the parent molecules.'®2° Keeping in view the above
points, we have synthesized and evaluated the antituber-
cular activity of bis-glycosylated diamino esters and
alcohols. The synthesis of few of the bis-glycosylated
diamino esters has already been reported by us,?' how-
ever, their antitubercular activity has been carried out
during this study.

2. Results and discussion
2.1. Chemistry

The bis-xylofuranosylated amino alcohols were synthe-
sized from the respective xylofuranosylated amino
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esters 2-7. While the synthesis and structure elucida-
tion of 2, 3, 6 and 7 have already been reported by
us,>! compounds 4 and 5 were newly prepared. The
glycosyl amino esters 4 and 5 were prepared by reac-
tion of 2equiv of 3-O-benzyl glycofuranosylated
olefinic ester 1la with 1equiv of 1,8-, and 1,9-di-
amino-alkanes, respectively, in ethanol at ambient tem-
perature following the above procedure.?! Purification
of the crude products was carried out by column chro-
matography resulting in the isolation of diglycosylated
diamino esters 4 and 5 in good yields as pure diastereo-
isomer with ‘S’ configuration at C-5 in both the sugars.
The said stereochemistry S” at C-5 was determined
already by us in such reactions.!?

The structure of compound 4 was determined on the ba-
sis of its spectroscopic data and analysis. The MS FAB
spectrum of this compound showed peak at m/z 841 cor-
responding to [M+H]". Its IR spectrum showed charac-
teristic absorption bands at 3050, 2986, 2931, 2857 and
1728 cm ™' indicating the stretching frequencies of NH,
CHj;, CH, and OC=O0O groups, respectively. In 'H
NMR spectrum of compound 4, the characteristic
H-1, H-2 and H-3 of the sugar ring appeared as doublet
at 0 593 (J=39Hz), 462 (J=39Hz) and 3.93
(J = 3.0 Hz) respectively; while the H-4 appeared at ¢
4.18 as a double doublet with J values of 8.7 and
3.1 Hz. The two geminal protons of the 3-O-benzyl sub-
stituent were observed as doublets at § 4.69 and 4.44
with J values of 11.8 Hz, while the phenyl ring protons
appeared as a five-proton multiplet at 6 7.32. The H-5
was observed as a multiplet at ¢ 3.40. The methylene
protons of the carbethoxy group (OCH,CH3) appeared
as a quartet at 6 4.12 (J = 7.0 Hz) while the carbethoxy
methyl protons appeared as a multiplet at § 2.35. A trip-
let at 6 1.19 (J =7.1 Hz) and two multiplets at ¢ 2.60
and 1.26 each accounting for three, two and six protons,
respectively, corresponded to OCH,CH;, NCH, and
CH,s, respectively. Methyl protons of the isopropylid-
ene groups of the sugar moiety appeared as singlets at
0 1.48 and 1.31; while a broad singlet at 6 1.70 corre-
sponded to exchangeable NH of the aminoalkyl linker.
In '*C NMR signals at 6 105.2, 82.3, 82.2, 82.1 and
54.4 corresponded to C-1, C-2, C-4, C-3 and C-5 of
the sugar moiety, respectively, while the methylene car-
bon of the carbethoxy methyl substituent (CH,COOEt)
at C-5 appeared at ¢ 36.6. The characteristic signal for
the methylene carbon of the 3-O-benzyl substituent of
the sugar moiety was observed at ¢ 71.8 while the ben-
zene ring carbons were observed at o 137.5, 128.8,
128.4 and 128.2. The quaternary carbon of the isopro-
pylidene moiety was observed at ¢ 112.0 while the two
methyl carbons appeared at 6 27.1 and 26.7. A signal
at 6 172.6 corresponded to the quaternary carbon of
the ester group (OC=0) while the methylene and methyl
carbons of the carbethoxy group were observed at 6 60.7
and 14.5, respectively. The methylene carbons of the
Nl,Ng—octyl linker were observed at 6 47.6, 30.7, 29.9
and 27.6.

The spectroscopic data of compound 5 were almost
similar to that of compound 4. The only difference was
the presence of one more methylene group in the

diaminoalkyl linker in "H NMR and '>C NMR spectra,
and the appearance of [M+H] at 855 in FAB MS.

In the next step, reduction of the xylofuranosylated ami-
no esters to the respective xylofuranosylated amino
alcohols was carried out with lithium aluminium
hydride (LiAlH,) as reported earlier.'® As a first case,
the reaction of bis-xylofuranosylated amino ester 2 with
LiAlH, in anhydrous terahdrofuran (TMF) at ambient
temperature under nitrogen atmosphere led to the
formation of bis-xylofuranosylated diamino alcohol 8
in good yield (86%) (Scheme 1). The structure of this
compound could be established on the basis of spectral
data and analysis. In the IR spectrum of this compound,
the disappearance of stretching frequency at 1728 cm ™"
and the appearance of an absorption band at
3328 cm ! indicated the reduction of ester into alcohol.
MS FAB spectrum of the compound showed [M+H]" at
mlz 687. In the "H NMR spectrum of compound 8, the
disappearance of the signals corresponding to methylene
and methyl protons of the carbethoxy group at 6 4.12
and 1.25, respectively, and the appearance of an extra
signal at 6 3.74 as a multiplet, accounting for two
protons for the CH,OH, confirmed that the glycosyl
amino ester was transformed into the respective alcohol.
The chemical shifts and the splitting pattern of all other
protons belonging to the sugar moiety and aminopropyl
linker were almost similar to those of compound 2.
Further, in the '>*C NMR spectrum, the reduction of
the two carbethoxy groups was evidenced by the
disappearance of the signals at 6 172.2, 60.9 and 14.5
corresponding to quaternary carbon of the ester group
and its methylene and methyl carbons. The hydroxy-

*  HN  NH,
n=3,7,89,10,12

Ethanol/30 °C
(0]

OC,Hs
/Q?\ 0
':,,/N o N 110
H H /
“, PhH,CO ‘o
OCH,Ph
2.7

i. LiAIH,/THF/0-30°C
ii. Saturated Na,SO,

Scheme 1.
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ethyl carbons were observed at ¢ 62.3 (—CH,OH) and
30.7 (CH,CH,OH) while the C-6 appeared at 6 29.7.
All other carbons of the sugar ring and its N', N>-propyl
linker were observed at their as usual chemical shifts.

Similar reduction of other xylofurnosylated amino esters
3-7 with LiAlH,4 in anhydrous THF at ambient temper-
ature led to the formation of respective xylofuranosy-
lated amino alcohols 9-13, respectively, in good yields.
The structures of all these compounds were elucidated
on the basis of its spectroscopic data (IR, MS FAB,
"H and '>C NMR) and analysis as above.

In the second series of compounds, we have synthesized
the N',N"-bis-galactopyranosylated amino alcohols
starting from respective galactopyranosylated amino es-
ters (14-19) to see the difference of furanose and pyra-
nose rings on the biological activity. The latter could
be prepared by conjugate addition of 1 mol of diamines
including 1,4-, 1,7-, 1,8-, 1,9-, 1,10- and 1,12-diamines
with 2 mol of galactopyranosylated olefinic ester 1b fol-
lowing our earlier reported method?? (Scheme 2). The
structures of these compounds were established on the
basis of spectroscopic data and analysis. As compound
14, like compound 2, has C,-symmetry, in 'H NMR
and '3C NMR spectra the signals of only half of the
compound were observed. In the '"H NMR spectrum
of 14 the characteristic H-1 proton of the sugar ring
appeared as doublet at 6 5.54 (J=5.1 Hz) and H-3
appeared as a double doublet at 6 4.57 (J=7.9 and
2.0 Hz) while H-6 appeared as a multiplet at 6 3.22.
The protons corresponding to carbethoxy methylene
(-CH,COOEt) and N-CH, appeared as a multiplet at
0 2.61. The methylene protons of the carbethoxy group
(OCH,CH3) appeared as a quartet at 4 4.12 (/= 7.1 Hz)
while NH appeared as a broad singlet at ¢ 1.82. Six
protons of the two methyls of the isopropylidene group
of the sugar moiety appeared as two singlets at § 1.51
and 1.44, each accounting for three protons. A multiplet
at 6 1.27 integrating for 11 protons was attributed to one
methylene of the spacer merged with the singlet of the
two isopropylidene methyls and the triplet of the three
protons of the carbethoxy methyl. In the ?C NMR
spectrum of the above compound, signals at ¢ 96.9,
71.8, 71.4, 70.9 and 68.6 corresponded to sugar ring
carbons C-1, C-3, C-2, C-4 and C-5, respectively. The
signals corresponding to quaternary carbons of the
carbonyl and two isopropylidene group appeared at o
172.5, 109.6 and 108.9, respectively. The methylene
carbons of carbethoxy, NCH,, carbethoxy methylene
and NCH,CH, group appeared at 6 60.6, 47.3, 35.7
and 28.3, respectively, while signals at 6 26.3, 25.3,
24.7 and 14.5 corresponded to methyl carbons of isopro-
pylidene and carbethoxy group. The structures of all
other galactopyranosylated amino esters were in accor-
dance with their '"H NMR and '*C NMR spectral data.
It is appropriate to mention here that one of the above
compounds 14 was diastereoisomerically pure and have
S, S stereochemistry. However, compounds 15a and 17a
were isolated in diastereoisomerically pure form with
R, S'stereochemistry at the newly created asymmetric cen-
tres while all other galactopyranosylated amino esters
were isolated as a mixture of three diastereoisomers.

Oy ~OEt

o S

(o) H);N NH,
><O + n=4,7,8,9,10,12

i. LiAlH,/THF/0-30°C
ii. Saturated Na,SO,

Scheme 2.

Galactopyranosylated amino alcohols 20-25 could be
obtained by reduction of the respective amino esters
with LiAl, in anhydrous THF at ambient temperature
as above in good yields. As a first case in this series,
reduction of galactopyranosylated amino ester 14 with
four carbon spacer resulted in the respective galactopyr-
anosylated amino alcohol 20 in 80% yield.

The structure of compound 20 could be established on
the basis of spectral data and analysis. In the IR spec-
trum of this compound disappearance of stretching fre-
quency at 1734 cm ™! and appearance of an absorption
band at 3399 cm ' indicated the reduction of ester into
alcohol. The MS FAB spectrum of the compound
showed [M+H]" at m/z 661. In the "H NMR spectrum,
disappearance of the signals corresponding to methylene
and methyl protons of the carbethoxy group at 6 4.12
and 1.27, respectively, and the appearance of a multiplet
at 0 3.75, which accounted for two protons of the
CH,OH, to which the signal for H-5 merged, confirmed
that the glycosyl amino ester was converted to the
respective alcohol. The chemical shifts and the splitting
pattern of all other protons belonging to the sugar moi-
ety and aminobutyl linker were almost similar to those
of compound 14. Further, in the '>C NMR spectrum
the reduction of the two carbethoxy groups was evi-
denced by the disappearance of the signals at 6 172.5,
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60.6 and 14.5 corresponding to quaternary carbon of the
ester group and its methylene and methyl carbons. The
hydroxyl ethyl carbons were observed at o 62.4
(-CH,CH,0OH) and 30.4 (CH,CH,OH) while the C-6
appeared at 0 59.3. All other carbons of the sugar ring
and its N',N*-butyl linker were observed at their usual
chemical shifts. The structures of all other galactopyr-
anosylated amino alcohols were in accordance with their
spectral data and analysis.

3. Biological activity

All the compounds including glycosyl amino alcohols
and glycosyl amines were screened for their antitubercu-
lar efficacy using microalamar blue (MABA) method??
against M. tuberculosis Hy;Ra, while the agar microdilu-
tion method®* was used for the in vitro activity determi-
nation against M. tuberculosis H3;Rv. Compound 13
was screened against few clinical isolates of MDR
strains and also in vivo in mice model.>> The activities
of the biological screens are given in Tables 1-3.

4. Results and discussion

As is evident from Table 1 compounds 4, 5, 10, 11, 13,
22 and 24 were found to be active as their minimum
inhibitory concentrations (MIC) values were 6.25 pg/
mL while other compounds have MIC values
>12.5 pg/mL. In the bis-xylofuranosylated series, dia-
mino ester and alcohol with eight- and nine-carbon
diaminoalkane spacers were the most active compounds.
It is interesting to note that compound 12 with diam-
inoalky spacer of 10 carbons is potent antitubercular
against the avirulent strain (M. tuberculosis H3;Ra)
while it is inactive against the virulent strain Hz;Rv.
Further, between compounds 7 and 13 with the same
diamino alkyl spacer of 12 carbons, the alcohol is active
while the ester is inactive. However, in galactopyranosyl
series only the galactopyranosyl amino alcohols with 8-
and 10-carbon diaminoalkyl spacers were the most
active compounds while their counterparts, the amino
esters 16 and 18 have MIC values of 12.5 and >25 pg/
mL, respectively. No definite conclusion could be drawn
for any structure—activity relationship (Fig. 1).

Table 1. Antitubercular activities of glycosylated amino esters (2-7 and 14-19) and corresponding alcohols (8-13 and 20-25)

R,

Sugar ring H

P AN

N

R,

H Sugar ring

Compound n R, Sugar ring MABA MIC (pg/mL) Agar microdilution MIC
against M. tuberculosis Hy;Ra (ng/mL) against M. tuberculosis H3;Rv
2 3 COOEt Furanose 25 25
3 7 COOEt Furanose 25 25
4 8 COOEt Furanose 25 6.25
5 9 COOEt Furanose 25 6.25
6 10 COOEt Furanose >50 >50
7 12 COOEt Furanose >50 >50
8 3 CH,OH Furanose >50 50
9 7 CH,OH Furanose >50 >50
10 8 CH,OH Furanose >25 6.25
11 9 CH,OH Furanose 25 6.25
12 10 CH,OH Furanose 3.12 >50
13 12 CH,OH Furanose 12.5 6.25
14 4 COOEt Pyranose >25 >12.5
15 7 COOEt Pyranose >25 nd
15a 7 COOEt Pyranose >25 25
16 8 COOEt Pyranose >25 12.5
17 9 COOEt Pyranose 25 25
17a 9 COOEt Pyranose nd 25
18 10 COOEt Pyranose nd >25
19 12 COOEt Pyranose >25 >25
20 4 CH,0OH Pyranose >25 >12.5
21 7 CH,OH Pyranose >25 12.5
22 8 CH,0OH Pyranose >25 6.25
22a 8 CH,OH Pyranose >25 25
23 9 CH,OH Pyranose >25 25
24 10 CH,OH Pyranose >25 6.25
25 12 CH,0OH Pyranose 25 12.5
INH — — nd 0.025
Rifampicin — — — nd 0.20
Ethambutol — — — nd 2.0
Ofloxacin — — — nd 1.0

nd = not done.
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Table 2. In vitro activity of compound 13 and standard drugs against MDR strains of M. tuberculosis H37Rv

Compound or drug

Growth of MDR strains after 6 weeks

BC-248* BC-283* VA-101° BC-426° BC-437°
Compound 13 (25 pg/mL) - - — + _
INH (1 pg/mL) ++ ++ ++ ++ ++
Rifampicin (64 pg/mL) ++ ++ ++ ++ ++
Ethambutol (6 pg/mL) ++ ++ T+ _ _
No drug control ++ ++ ++ ++ ++

—, no growth; +, 1-20 growth (resistance); ++, heavy growth.
#Strains resistant to rifampicin, isoniazid, ofloxicin and ethambutol.
b Strains resistant to rifampicin, isoniazid and ethambutol.

¢Strains resistant to rifampicin and isoniazid.

Table 3. In vivo efficacy of compound 13 in mouse model

Groups In vivo efficacy
MST Bacillary load in
Lungs AFB/O/F
Compound 13 treated 21.30 £ 7.30 2.86
INH treated® 30.00 £ 0.00 0.30
Untreated control 1930 £2.75 >300

# Clinical isolates were resistant to INH (1pg/mL).

O test comp.
B untreated

O INH

% survivors

5 10 15 20 25 30

days after infection

Figure 1. Efficacy evaluation of compound 13 in mouse model of
tuberculosis.

Since compound 13 has the best MIC value in the series,
it was also screened against five clinical MDR strains of
M. tuberculosis isolated from TB patients. It was found
to be effective against MDR strains in vitro at 25pg/mL
tested while at the same concentration anti-TB drugs
were ineffective (Table 2).

Compound 13, which shows activity against MDR
strains, was also screened in vivo in mouse model. As is
evident from Table 3, there was only a marginal increase
(5.5%) in the survival time of the mice as compared to
control. Smear examination of lungs and spleen of the
control and treated mice on day 22 of the treatment
showed that there was 100- and 20-fold decrease of
AFB/field in the lungs and spleen, respectively.

5. Conclusions

Bis-glycosylated amino esters and their respective ami-
no alcohols could be synthesized in good yields by

reaction of 2 equiv of glycosyl olefinic esters with 1
equiv of diamines followed by reduction of the inter-
mediate amino esters with LiAlH;. Many compounds
displayed good activity in vitro against M. tuberculosis
H3;Rv and one of the compounds was found to be ac-
tive against clinical isolates of resistant strain. The
present study encourages further research into this ser-
ies of compounds in order to find a new and novel
antitubercular drug which will also be active in MDR
cases.

6. Experimental
6.1. Chemistry

6.1.1. General methods. Thin-layer chromatography was
carried out on silica gel (Kiesel 60-F254, Merck) and
spots were developed in iodine vapours and also by
spraying with 5% sulfuric acid in alcohol followed by
heating at 100 °C. Column chromatography was carried
out on flash silica gel (230400 mesh, Merck) using the
indicated eluent. IR spectra were recorded as thin films
on KBr plates with a Perkin-Elmer 881 spectrophoto-
meter. NMR spectra were recorded on Bruker spectro-
meters 200 and 300 MHz and residual proton in
CDCl; was used as the reference. Chemical shifts are gi-
ven as 0 ppm values and ‘J° values are given in hertz
(Hz). Elemental analyses were performed on a Perkin-
Elmer 2400 II elemental analyzer. The optical rotations
were measured in a 1.0 dm tube with a Jasco dip-140
polarimeter in chloroform. The excess of the reagents
or solvents were evaporated under reduced pressure at
a bath temperature between 55 and 60 °C.

6.1.2. N',N®-Bis-(3-O-benzyl-5(S)-carbethoxymethyl-5-
deoxy-1,2-O-isopropylidene-a-p-xylofuranos-5-yl)-1,8-di-
amino-octane (4). A solution of (E) ethyl(3-O-benzyl-5,
6-dideoxy-1,2-O-isopropylidene)-a-D-1,4-heptofuranosyl-
S-enoate (1a, 3.5 g, 10.05 mmol) and 1,8-diaminooctane
(0.72 g, 5.02 mmol) in ethanol (25 mL) was magnetically
stirred at ambient temperature for 18 h. The solvent was
evaporated from the reaction mixture under reduced
pressure and the crude product, thus obtained, was puri-
fied over SiO, column using chloroform:methanol (97:3)
as eluent to afford the diastereochemically pure com-
pound 4 as a colourless oil. Yield (2.80g, 66%),
[cx]f;’ = —065.5° (¢ 0.10, CHCl;3); MS FAB m/z: 841
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[M+H]"; IR (KBr, cm™ ') v: 3450 (-NH), 2986, 2931,
2857 (CH; and CH, stretching), 1728 (OC=0); 'H
NMR (CDCls, 200 MHz) 6: 7.32 (m, 5SH, Ar-H), 5.93
(d, J=3.9Hz, 1H, H-1), 4.69 (d, J=11.8 Hz, 1H, -
OCH/Ph), 462 (d, J=39Hz, 1H, H-2), 444 (d,
J=11.8Hz, 1H, -OCHgzPh), 4.18 (dd, J=3.1 and
8.7Hz, 1H, H-4), 4.12 (q, J = 7.0 Hz, 2H, -OCH,CH3;),
3.93 (d, J=3.0 Hz, 1H, H-3), 3.40 (m, 1H, H-5), 2.60
(m, 2H, NCH,), 2.35 (m, 1H, -CH,COOE?), 1.70 (br
s, 1H, -NH), 1.48 and 1.31 [each s, each 3H,
>C(CH3),], 1.26 (m, 6H, CHss), 1.19 (t, J=7.1 Hz,
OCH,CH;); '*C NMR (CDCl;, 50 MHz) &: 172.6
(0C=0), 137.5 (ArC), 128.8, 128.4, 128.2 (Ar—-CH),
112.0 [>C(CHj3),], 105.2 (C-1), 82.3 (C-2), 82.2 (C-4),
82.1 (C-3), 72.5, 71.8 (-OC H,Ph), 60.7 (-OCH,CHs;),
544 (C-5), 47.6 (NCH,), 36.6 (C H,COOEt), 30.7,
29.9, 27.6 (CH,s), 27.1, 26.7 [>C(CHj),], 14.5
(—OCH2CH3). Anal. Calcd for C46H68N20122 C, 6571,
H, 8.09; N, 3.33. Found: C, 66.54; H, 8.12; N, 3.71%.

6.1.3. N',N’-Bis-(3-O-benzyl-5(S)-carbethoxymethyl-5-
deoxy-1,2-O-isopropylidene-o-p-xylofuranos-5-yl)-1,9-
diaminononane (5). A solution of (E) ethyl (3-O-benzyl-
5,6-dideoxy-1,2-O-isopropylidene)-a-p-1,4-heptofur-
anosyl-5-enoate (1a, 3.20 g, 9.19 mmol) and 1,9-diami-
nononane (0.72 g, 4.59 mmol) was magnetically stirred
as above for a period of 12 h. Column chromatography
of the crude product using chloroform:methanol (98:2)
as eluent afforded the compound 5 as a colourless oil.
Yield (2.45g, 62%), [oc}zDS:—76.8° (¢ 0.06, CHCly);
MS FAB mi/z: 855 [M+H]"; IR (KBr, cm™') v: 3430 (-
NH), 2983, 2929, 2856 (CH; and CH, stretching),
1731 (OC=0); 'H NMR (CDCls, 200 MHz) &: 7.32
(m, 5H, Ar-H), 5.93 (d, J=3.9 Hz, 1H, H-1), 4.68 (d,
J=11.8 Hz, 1H, OCH Ph), 4.63 (d, J=3.9 Hz, 1H,
H-2), 444 (d, J=11.8 Hz, 1H, OCHPh), 4.14 (dd,
J=2.6 and 9.0 Hz, 1H, H-4), 4.12 (q, /= 7.1 Hz, 2H,
OCH,CH3), 393 (d, J=3.1Hz, 1H, H-3), 3.54 (m,
1H, H-5), 2.59 (m, 2H, NCH,), 233 (m, 2H,
CH,COOQOEt), 2.00 (br s, 1H, -NH), 1.48 and 1.31 [each
s, each 3H, >C(CHs),], 1.26 (m, 6H, CHys), 1.22 (t,
J=17.1Hz, OCH,CH;); '*C NMR (CDCl;, 50 MHz)
o: 1729 (0OC=0), 137.4 (ArC), 128.8, 128.4, 128.2
(Ar-CH), 111.9 [>C(CHj;),], 105.2 (C-1), 82.6 (C-2),
82.4 (C-4), 822 (C-3), 72.4, 71.8 (OCH,Ph), 60.7
(OCH,CHs3), 54.4 (C-5), 47.7, 47.3 (NCH,), 36.7 (C
H,COOE), 31.1, 30.8, 29.9, 27.7 (CHys), 27.1, 26.7
[>C(CH3),], 14.5 (OCH,CHj3). Anal. Caled for
C47H70N2012: C, 6604, H, 819, N, 3.27. Found: C,
65.89; H, 8.32; N, 3.09%.

6.1.4. N, N>-Bis-(3-O-benzyl-5(S)-hydroxyethyl-5-
deoxy-1,2-O-isopropylidene-a-p-xylofuranos-5-yl)-1,3-dia-
minopropane (8). To a stirring slurry of LiAIH,4 (0.059 g,
1.55mmol) in anhydrous THF (mL) under nitrogen
atmosphere a solution of the above glycosyl amino ester
2 (1.20 g, 1.55 mmol) was added slowly at 0 °C during
5 min. The stirring of the reaction mixture was continued
for 30 min and at 30 °C for an additional 2.5 h. The ex-
cess of the reducing agent was quenched with saturated
solution of Na,SO, and the reaction mixture was filtered
over a celite pad and the solid cake was washed with tet-
rahydrofuran. The filtrate was evaporated under reduced

pressure and the residue, thus obtained, was dissolved in
ethyl acetate, washed with water, dried (anhyd. Na,SOy)
and evaporated under reduced pressure to give a residual
mass. The latter, on column chromatography over SiO,
(60-120 mesh) using chloroform:methanol (97:3) as elu-
ent gave compound 8. Yield (0.91 g, 86%). Colourless
oil [oc}]zj = —45.0° (¢ 0.12, CHCl;); MS FAB m/z: 687
[M+H]"; IR (KBr, cm™") v: 3328 (NH), 2935 (CH; and
CH, stretching); '"H NMR (200 MHz, CDCl;) §: 7.31
(m, 5H, Ar-H), 5.92 (d, /= 3.8 Hz, 1H, H-1), 4.65 (m,
2H, H-2 and -OCH ,Ph), 439 (d, J=11.7Hz, 1H, -
OCHgPh), 4.17 (dd, J=3.0 and 9.6 Hz, 1H, H-4), 3.81
(d, J=3.0Hz, 1H, H-3), 3.74 (m, 4H, -CH,CH,OH
and NCH,-), 3.17 (m, 1H, H-5), 2.74 (m, 2H,
CH,CH,OH), 1.69 (m, 2H, NCH,CH,), 1.49 and 1.32
[each s, each 3H, 2x >C(CHs),]; °C NMR (CDCls,
50 MHz) o: 137.3 (ArC), 1289, 128.5, 128.4, 125.8
(ArCH), 112.0 [>C(CH3),], 105.0 (C-1), 82.2 (C-2), 81.9
(C-4), 81.7 (C-3), 72.1 (OC H,Ph), 62.3 (-C H,OH),
57.1 (C-5), 44.5 (NCH,), 31.3 (CH,CH,OH), 30.7, 29.7
(NCH,C H,), 27.1, 26.6 [>C(CH3),]. Anal. Caled for
C37H54N2010: C, 6472, H, 787, N, 4.08. Found: C,
64.93; H, 8.12; N, 4.44%.

6.1.5. N',N’-Bis-(3-O-benzyl-5(S)-hydroxyethyl-5-deoxy-
1,2-O-isopropylidene-a-p-xylofuranos-5-yl)-1,7-diamino-
heptane (9). Compound 9 was obtained by reduction of
compound 3 (0.80 g, 0.96 mmol) with LiAlH4 (0.36 g,
0.96 mmol) in anhydrous THF (15 mL) under nitrogen
atmosphere as described above for compound 8 and iso-
lated by column chromatography over SiO, (60-120
mesh) using chloroform:methanol (96:4) as eluent to
give 9 as a colourless oil. Yield (0.68g, 94%).
[a]zDS:—72.2° (¢ 0.08, CHCl3); MS FAB m/z: 743
[M+H]*; IR (KBr, cm™') v: 3398 (NH), 2929, 2858
(CH; and CH, stretching);, '"H NMR (CDCls,
200 MHz) ¢: 7.33 (m, 5SH, Ar-H), 593 (d, /=3.9 Hz,
1H, H-1), 4.69 (d, J=11.7Hz, 1H, -OCH 4Ph), 4.65
(d, J=3.6Hz, 1H, H-2), 439 (d, J=11.7Hz, 1H, -
OCHjpPh), 4.19 (dd, J = 2.7 and 9.6 Hz, 1H, H-4), 3.81
(d, J=3.0 Hz, 1H, H-3), 3.71 (m, 2H, -CH,0OH), 3.23
(m, 1H, H-5), 3.25 (m, 2H, NCH,), 2.46 (m, 2H
CH,CH,OH), 1.59 and 1.38 [each s, each 3H,
>C(CHs),], 1.15 (m, 4H, CH,s); '*C NMR (CDCls,
50 MHz) ¢6: 137.1 (ArC), 129.1, 129.0, 128.8, 128.6
(Ar-C), 112.3 [>C(CH3),], 105.1 (C-1), 82.2 (C-2), 81.9
(C-4), 80.7 (C-3), 72.1 (-OCH,Ph), 62.4 (—CH,OH),
57.6 (C-5), 47.2 (NCH,), 31.0 (-CH,CH,OH), 29.8,
29.6, 29.4, 29.2 (CHys), 27.1, 26.7 [>C(CHj3),]. Anal.
Caled for C4HgpN>2Oy: C, 66.30; H, 8.35; N, 3.77.
Found: C, 66.62; H, 8.02; N, 3.89%.

6.1.6. N, N®-Bis-(3-O-benzyl-5(S)-hydroxymethyl-5-
deoxy-1,2-O-isopropylidene-a-p-xylofuranos-5-yl)-1,8-
diaminooctane (10). Reduction of above glycosyl ami-
no ester 4 (0.50 g, 0.59 mmol) with LiAl; (0.02 g,
0.59 mmol) in anhydrous THF (5 mL) for 4 h as men-
tioned above followed by the work-up of the reaction
mixture by column chromatography over SiO, (60—
120 mesh) using chloroform:methanol (96:4) as eluent
gave congound 10 as a colourless oil. Yield (0.36 g,
80%). [o]p = —55.6° (¢ 0.11, CHCl3); MS FAB mlz:
757 [M+H]"; IR (KBr, cm™ ') v: 3434 (-NH), 2931
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(CH; and CH, stretching); 'H NMR (CDCls,
200 MHz) ¢: 7.30 (m, 5H, Ar-H), 5.93 (d, /= 3.8 Hz,
1H, H-1), 4.65 (m, 2H, H-2 and OCH 4Ph), 4.39 (d,
J=11.7Hz, 1H, —-OCHzPh), 4.20 (dd, J=3.0 and
9.5Hz, 1H, H-4), 3.82 (d, J=3.0 Hz, 1H, H-3), 3.71
(m, 2H, CH,OH), 3.23 (m, 1H, H-5), 2.67 (m, 4H,
CH,CH,OH and NCH,), 1.50 (m, 6H, CHys), 1.44
and 1.33 [each s, each 3H, >C(CH;),]; 13C NMR
(CDCls, 50 MHz) 6: 137.3 (ArC), 128.9, 128.5, 128.4
(Ar-CH), 112.0 [>C(CHsj),], 105.0 (C-1), 82.2 (C-2),
81.7 (C-4), 81.6 (C-3), 72.1 (OC H,Ph), 62.6 (CH,OH),
57.4 (C-5), 46.5 (NCH,), 30.6 (C H,CH,OH), 29.7,
29.3, 27.4 (CH,s), 27.1 and 26.6 [>C(CHj3),]. Anal.
Calcd for C42H64N2010:C, 6666, H, 846, N, 3.70.
Found: C, 67.01; H, 8.72; N, 3.49%.

6.1.7. N', N’-Bis-(3-O-benzyl-5(S)-hydroxyethyl-5-deoxy-
1,2-O-isopropylidene-a-p-xylofuranos-5-yl)-1,9-diamino-
nonane (11). Compound 11 was obtained by the reduc-
tion of glycosyl amino ester 5 (1.0 g, 1.17 mmol) with
LiAlH,4 (0.04 g, 1.17 mmol) in THF (25 mL) as usual
and purification of the crude product over SiO, (60—
120 mesh) column using chloroform:methanol (97:3)
as eluent gave the desired compound 11 as a colourless
oil. Yield (0.83 g, 92%)). [oc]zDS = —72.8° (¢ 0.08, CHCly);
MS FAB m/z: 771 [M+H]"; IR (KBr, cm™') v: 3339
(NH), 2933, 2857 (CH; and CH, stretching); 'H
NMR (CDCl;, 200 MHz) §: 7.31 (m, 5H, Ar-H),
593 (d, J=3.7Hz, 1H, H-1), 4.67 (m, 2H, H-2 and
OCH 4Ph), 4.39 (d, J=11.7 Hz, 1H, -OCH gPh), 4.20
(dd, J=3.0 and 9.5Hz, 1H, H-4), 3.82 (d,
J=3.0Hz, 1H, H-3), 3.75 (m, 2H, CH,OH), 3.25 (m,
1H, H-5), 2.68 (m, 2H, NCH,), 2.36 (m, 2H,
CH,CH,OH), 1.50 (m, 6H, CH,s), 1.43 and 1.33 [each
s, each 3H, >C(CHs),]; *C NMR (CDCls, 50 MHz) 6:
136.8 (ArC), 1284, 128.1, 127.9 (Ar-CH), 111.5
[>C(CHj3),], 104.6 (C-1), 81.8 (C-2), 81.2 (C-4), 81.1
(C-3), 72.5 (OC H,Ph), 62.2 (CH,OH), 56.9 (C-5),
46.0 (NCH,), 30.2 (CH,CH,OH), 29.3, 28.8, 27.1
(CHss), 26.6, 26.1 [>C(CHsz),]. Anal. Calcd for
C43HgN,O4o: C, 67.01; H, 8.57; N, 3.63. Found: C,
67.26; H, 8.96; N, 3.38%.

6.1.8. N ,N'"’-Bis-(3-O-benzyl-5(S)-hydroxyethyl-5-de-
oxy-1,2-O-isopropylidene-a-p-xylofuranos-5-yl)-1,10-

diaminodecane (12). Reduction of the above glycosyl
amino ester 6 (0.85 g, 0.97 mmol) with LiAlH4 (0.03 g,
0.97 mmol) in anhydrous THF (15 mL) for 6 h as men-
tioned above and work-up of the reaction mixture re-
sulted in a crude mass. The latter on purification over
Si0, (60-120 mesh) column using chloroform:methanol
(96:4) as eluent afforded compound 12 as a colourless
oil. Yield (0.66 g, 87%); [cx]f; = —65.6° (¢ 0.08, CHCly);
MS FAB m/z: 785 [M+H]"; IR (KBr,): cm~' 3338 (-
NH), 2987, 2923, 2853 (CH; and CH, stretching); 'H
NMR (CDCls, 200 MHz) 6: 7.30 (m, 5H, Ar-H), 5.93
(d, J=3.7Hz, 1H, H-1), 4.65 (m, 2H, H-2 and
OCH ,Ph), 4.39 (d, J=11.7Hz, 1H, ~-OCH3Ph), 4.22
(dd, J=3.0 and 9.4 Hz, 1H, H-4), 3.83 (d, J = 3.0 Hz,
1H, H-3), 3.73 (m, 2H, CH,OH), 3.25 (m, 1H, H-5),
2.67 (m, 2H, NCH,), 1.50 (m, 8H, CH,s), 1.46 and
1.33 [each s, each 3H, >C(CHs),]; >°C NMR (CDCl;,
50 MHz) o: 137.2 (ArC), 128.9, 128.6, 128.4 (Ar-CH),

112.1 [>C(CH3),], 105.0 (C-1), 82.1 (C-2), 81.7 (C-4),
81.4(C-3), 72.1 (OCH,Ph), 62.4 (CH,OH), 57.5 (C-5),
46.5 (NCH,), 30.3 (CH,CH,OH), 29.7, 29.3, 27.4
(CH»s), 27.1 and 26.6 [>C(CHj),]. Anal. Calcd for
C44H68N2010: C, 6734, H, 867, N, 3.57. Found: C,
67.70; H, 8.42; N, 3.40%.

6.1.9. N ,N'’-Bis-(3-O-benzyl-5(S)-hydroxyethyl-5-de-
oxy-1,2-O-isopropylidene-a-p-xylofuranos-5-yl)-1,12-
diaminododecane (13). Compound 13 was obtained by
reduction of compound 7 (0.95g, 1.06 mmol) with
LiAlH; (0.04g, 1.06 mmol) in anhydrous THF
(15 mL) under nitrogen atmosphere as described above.
Purification of the crude product over SiO, (60-120
mesh) column using chloroform: methanol (97:3) led
to the isolation of com}gound 13 as a colourless oil.
Yield (0.72 g, 84%)), [oz]D5 = —70.5° (¢ 0.06, CHCly);
MS FAB m/z: 813 [M+H]"; IR (KBr, cm™') v: 3398
(-NH), 2929, 2858 (CH; and CH, stretching); 'H
NMR (CDCls, 300 MHz) §: 7.33 (m, SH, Ar-H), 5.92
(d, J=3.6Hz, 1H, H-1), 4.69 (d, J=12.0Hz, 1H,
-OCH Ph), 4.65 (d, J=39Hz 1H, H-2), 4.39 (d,
J=11.7Hz, 1H, -OCHgPh), 4.18 (dd, J=2.4 and
9.6 Hz, 1H, H-4), 3.82 (d, J=2.4 Hz, 1H, H-3), 3.72
(m, 2H, -CH,OH), 3.23 (m, 1H, CH,CH,OH), 2.68
(m, 2H NCH,), 1.50 and 1.33 [each s, each 3H,
>C(CHs),], 1.22 (m, 10H, CH,s); *C NMR (CDCl;,
75 MHz) ¢§: 136.8 (ArC), 128.5, 128.2, 128.0 (Ar-C),
111.6 [>C(CHs),], 104.6 (C-1), 81.8 (C-2, C-4), 81.1
(C-3), 71.6 (-OCH,Ph), 62.4 (-CH,OH), 57.1 (C-5),
46.1 (NCH,), 304 (-CH,CH,OH), 29.5, 28.7, 27.2
(CHys), 26.7, 26.2 [>C(CHs3),]. Anal. Caled for
C4H72N,010: C, 67.98; H, 8.86; N, 3.44. Found: C,
67.63; H, 8.60; N, 3.32%.

6.1.10. N, N*-Bis-[(6S)-carbethoxymethyl-6-deoxy-
1,2:3,4-di- O-isopropylidene-a-p-galactopyranos-6-yl|-1,4-
diaminobutane (14). A solution of (E)-ethyl 6,7-dideoxy-
1,2:3,4-di-O-isopropylidene-a-D-galacto-6-eno-octopyr-
anuronate 1b (2.5 g, 7.62 mmol) and 1,4-diamino butane
(0.38 g, 3.81 mmol) in ethanol (25 mL) was magnetically
stirred at 30 °C for 16 h. The solvent was evaporated
from the reaction mixture under reduced pressure. The
crude product, thus obtained, was purified by column
chromatography over SiO, using chloroform:methanol
(98:2) as eluent to give title compound 14 as a colourless
oil. Yield 2.46 g (87%); [a]f)o = —40.0° (¢ 0.10, CHCly);
MS (FAB) m/z: 745 (M+H)"; IR (neat, cm™") v
3369 (-NH), 2985 and 2935 (CH3; and CH, stretching)
and 1734 (OC=0); 'H NMR (CDCls;, 200 MHz) o:
5.54 (d, J=5.1Hz, 1H, H-1), 4.57 (dd, J=7.9 and
2.0 Hz, 1H, H-3), 4.32 (m, 2H, H-2 and H-4), 4.12 (q,
J=17.1Hz, 2H, -OCH,), 3.86 (d, J = 7.2 Hz, 1H, H-5),
3.22 (m, 1H, H-6), 2.61 (m, 4H, CH,CO and NHCH,),
1.82 (bs, 1H, -NH), 1.51 and 1.44 [s, each 3H, C(CH31)2],
1.27 [m, 11H, C(CHj3),, NCH,CH, and OCH,CHs]; °C
NMR (CDCl;, 50 MHz) 6: 172.5 (OC=0), 109.6 and
108.9 [2x C(CHsj),], 96.9 (C-1), 71.8 (C-3), 71.4 and
70.9 (C-2 and C-4), 68.6 (C-5), 60.6 (-OCH,), 55.8
(C-6), 47.3 (NCH,), 35.7 (CH,CO), 28.3 (NCH,CH,),
26.3, 25.3 and 24.7 [2x C(CH3;),], 14.5 (-OCH,CH3).
Anal. Calced for C36HgoN-Oq4 (744): C, 58.06; H, 8.06;
N, 3.76. Found: C, 58.20; H, 7.86; N, 3.89%.
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6.1.11. N, N -Bis-|6-carbethoxymethyl-6-deoxy-1,2:3,4-
di-O-isopropylidene-a-p-galactopyranos-6-yl}-1,7-diamino-
heptane (15) and (6R, 6S)N', N-Bis-[6-carbethoxy-
methyl-6-deoxy-1,2:3,4-di-O-isopropylidene-a-D-galacto-
pyranos-6-yl]-1,7-diaminoheptane (15a). Reaction of
(E)-ethyl 6,7-dideoxy-1,2:3,4-di-O-isopropylidene-o-D-
galacto-6-eno-octopyranuronate 1b (3.0 g, 9.15 mmol)
and 1,7-diamino heptane (0.59 g, 4.57 mmol) as de-
scribed above and column chromatography of the crude
product over SiO, using chloroform:methanol (97:3) as
eluent gave the title compound 15 as diastereoisomeric
mixture and 15a as pure isomer. Yield (3.18 g, 89%);
15, colourless oil; [oz]DO = —57.5° (¢ 0.20, CHCI3); MS
(FAB) miz: 787 (M+H)*; IR (neat, cm ') v 3369
(-NH), 2983 and 2929 (CH3 and CH, stretching) and
1729 (>C=0); 'H NMR (CDCls, 200 MHz) §: 5.54
(m, 1H, diastereomeric H-1), 4.31 (m, 3H, H-3, H-2
and H-4), 4.10 (g, J=7.1 Hz, 2H, -OCH,), 3.69 (m,
1H, diastereomeric H-5), 3.20 (m, 1H, H-6), 2.63 (m,
4H, CH,CO and NHCH,), 2.02 (bs, 1H, -NH), 1.51
and 144 [s, each 3H, C(CHj3),], 1.24 [m, I5H,
C(CH3),, CH,s and OCH,CH;]. Anal. Caled for
C39H66N2014 (786) C, 5954, H, 839, N, 3.56. Found:
C, 59.28; H, 8.59; N, 3.36[0(]? = —36.0° (¢, 0.10,
CHCl;); MS (FAB) m/z: 787 (M+H)"; IR (neat, cm™")
Vimax: 3402 (-NH), 2987 and 2932 (CH; and CH, stretch-
ing) and 1723 (OC=0); '"H NMR (CDCls, 200 MHz ) §:
5.54 (d, J=5.1 Hz, 1H, H-1), 549 (d, J=5.0Hz, 1H,
H-1"), 4.57 (m, 2H, H-3 and H-3’), 4.40 (m, 2H, H-4
and H-4'), 4.31 (dd, J=5.1 and 2.3 Hz, 1H, H-2), 4.26
(dd, J=5.0 and 2.2 Hz, 1H, H-2'), 4.12 (q, J=7.1 Hz,
4H, -OCH, and -OCH)), 3.85 (d, 1H, J=7.5 Hz, H-
5), 3.67 (d, 1H, J=8.5Hz, H-5), 3.22 (m, 2H, H-6
and H-6"), 2.57 (m, 8H, CH,CO, CH,CO’, NHCH,
and NHCH,), 1.65 (bs, 1H, -NH), 1.51 and 1.44 [s, each
6H, 2x C(CHs),], 1.30 [m, 24H, 2x C(CH3),, CH,s and
2x ~OCH,CH ;]; *C NMR (CDCls, 50 MHz) §: 173.1
(0C=0), 172.7 (OC=0’), 109.6, and 109.3 [2x
C(CH3),], 108.9 and 108.7 [2x C(CH3),], 97.0 (C-1),
96.9 (C-1), 71.9 (C-3), 71.5 (H-3'), 71.3 (C-4), 71.0
(C-2), 69.1 (C-5), 68.8 (C-5'), 60.6 (OCH,), 60.5
(OCH)), 56.0 (C-6), 54.5 (C-6"), 47.5 (NCH,), 47.3
(NCH)), 35.9 (CH,CO), 35.5 (CH,CO'), 30.8, 30.6,
29.8, 27.7 and 27.6 (CHys), 26.3, 25.3 and 24.7 [2x
C(CH3),], 14.5 (-OCH,CH3). Anal. Caled for
C39H66N2014 (786) C, 5954, H, 839, N, 3.56. Found:
C, 59.38; H, 8.56; N, 3.36%.

6.1.12. N, N5-Bis-[6-carbethoxymethyl-6-deoxy-1,2:3,4-
di-O-isopropylidene-a-np-galactopyranos-6-yl}-1,8-diamino-
octane (16). Reaction of (E)-ethyl 6,7-dideoxy-1,2:3,4-di-
O-isopropylidene-a-D-galacto-6-eno-octopyranuronate

1b (3.0 g, 9.15 mmol) and 1,8-diamino octane (0.66 g,
4.57 mmol) as described above and column chromatog-
raphy over SiO, using chloroform:methanol (97:3) as
eluent gave the title compound 16 as a diastereoisomeric
mixture. Yield (3.24g, 89%); colourless oil;
[}y = —68.0° (¢ 0.10, CHCl;); MS (FAB)
miz: 801 (M+H)"; IR (neat, cm™ ") v 3428 (-NH),
2986 and 2932 (CH; and CH, stretching) and 1724
(OC=0); 'H NMR (CDCl;, 200 MHz) §: 5.55 and
5.50 (each d, J = 5.0 Hz, each H, diastereomeric H-1),
4.57 (m, 1H, H-3), 4.37 (m, 2H, diastereomeric H-2

and H-4), 4.12 (q, J=7.1 Hz, 2H, -OCH,), 3.86 and
3.68 (each d, J=7.2 and 8.5 Hz, 1H, diastereomeric
H-5), 3.21 (m, 1H, H-6), 2.59 (m, 4H, CH,CO and
NHCH,), 1.76 (bs, 1H, -NH), 1.51 and 1.44 [s, each
3H, C(CH3),], 129 [m, 15H, C(CHj3),,CHss
and OCH,CH;]; '>*C NMR (CDCls, 50 MHz) 6: 173.1
and 172.6 (diastereomeric OC=0), 109.6, 109.3, 108.9
and 108.7 [diastereomeric 2x C(CHj),], 97.0 and 96.9
(C-1), 71.9 (C-3), 71.4 and 71.3 (diasterecomeric C-4),
70.9 (C-2) 69.0 and 68.7 (diastereomeric C-5), 60.6 and
60.4 (-OCH,), 56.0 and 54.4 (diastereomeric C-6), 47.4
and 47.2 (NCH,), 35.8 and 35.5 (diastercomeric C
H,CO), 30.8, 30.5, 29.9 and 27.6 (CH,s), 26.3, 25.3
and 24.7 [2x C(CH3),], 14.5 (-OCH,CH3). Anal. Calcd
for C40HegN-Oy4 (800): C, 60.0; H, 8.50; N, 3.50.
Found: C, 59.71; H, 8.38; N, 3.21%.

6.1.13. N, N’-Bis-|6-carbethoxymethyl-6-deoxy-1,2:3,4-
di-O-isopropylidene-a-p-galactopyranos-6-yl]-1,9-diamino-
nonane (17) and (6R, 6S) N, N’ -bis-[6-carbethoxy-
methyl-6-deoxy-1,2:3,4-di-O-isopropylidene-a-p-galacto-
pyranos-6-yl]-1,9-diaminononane (17a). Reaction of (E)-
ethyl  6,7-dideoxy-1,2:3,4-di-O-isopropylidene-o-D-ga-
lacto-6-eno-octopyranuronate 1b (4.0 g, 12.2 mmol)
and 1,9-diamino nonane (0.96 g, 6.1 mmol) as described
above and column chromatography over SiO, using
chloroform:methanol (97:3) as eluent gave the title com-
pound 17 as a diastereoisomeric mixture and compound
17a as a pure isomer. Yield (4.32 g 87%); 17, colourless
oil; [oc]g) = —67.5° (¢ 0.20, CHCl3); MS (FAB) m/z: 815
(M+H)"; IR (neat, cm™') v 3363 (-NH), 2984 and
2929 (CH; and CH, stretching) and 1730 (OC=0); 'H
NMR (CDCls, 200 MHz) d: 5.54 (m, 1H, diastereomeric
H-1), 4.56 (m, 1H, H-3), 4.31 (m, 2H, diastereomeric H-
2 and H-4), 4.12 (q, J = 7.2 Hz, 2H, -OCH,), 3.85 (d,
J=7.2Hz, 1H, H-5), 3.0 (m, 1H, H-6), 2.47 (m, 5H,
CH,CO, NHCH, and NH), 1.51 and 1.44 [s, each 3H,
C(CHs3),], 1.27 [m, 17H, C(CHj),, CHjs and
OCHzCH@] Anal. Calcd for C41H70N2014 (814) C,
60.44; H, 8.59; N, 3.43. Found: C, 59.98; H, 8.49; N,
3.16%. 17a, colourless oil; [oc]]z)() = —36.6° (¢ 0.087,
CHCls); MS (FAB) mi/z: 815 (M+H)"; IR (neat, cm ™)
Vmax: 3415 (-NH), 2988 and 2930 (CH3; and CH, stretch-
ing) and 1723 (>C=0); '"H NMR (CDCl;, 200 MHz) J:
5.55 (d, J=5.1 Hz, 1H, H-1), 549 (d, J=5.0 Hz, 1H,
H-1"), 4.57 (m, 2H, H-3 and H-3'), 4.45 (dd, /=28.0
and 1.2 Hz, 1H, H-4), 429 (m, 3H, H-4/, H-2 and H-
2"), 4.12 (q, J/=17.1 Hz, 4H, -OCH, and —OCH)), 3.85
(d, J=7.0Hz, 1H, H-5), 3.68 (d, J=8.4Hz, 1H, H-
5%, 3.21 (m, 2H, H-6 and H-6'), 2.56 (m, 8H, CH,CO,
CH,CO’, NHCH, and NHCH,), 1.69 (bs, 1H, -NH),
1.50 and 1.44 [s, each 6H, 2x C(CH3),], 1.29 [m, 26H,
2x C(CHj),, CHos and 2x —OCH,CH;]; '3C NMR
(CDCl;, 50 MHz) o: 173.1 (OC=0), 172.6 (OC=0'),
109.6, 109.2 [2x C(CHs),], 108.9 and 108.7 [2x
C(CH3)5], 97.0 (C-1), 96.9 (C-17), 72.0 (C-3), 71.5 (H-
4), 71.3 (C-4"), 71.0 (C-2), 69.1 (C-5), 68.8 (C-5"), 60.6
(OCH,), 60.4 (OCH)), 56.0 (C-6), 54.4 (C-6'), 47.5
(NCH,), 47.3 (NCH)), 35.9 (CH,CO), 35.6 (CH,CO’),
30.9, 30.6, 29.9 and 27.7 (CH,s), 26.3, 25.3 and 24.7
[2x C(CHj),], 14.5 (-OCH,CH3). Anal. Calcd for
C41H70N»O14 (814): C, 60.44; H, 8.59; N, 3.43. Found:
C, 69.21; H, 8.46; N, 3.26%.
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6.1.14. N',N'’-Bis-|6-carbethoxymethyl-6-deoxy-1,2:3,4-
di-O-isopropylidene-a-p-galactopyranos-6-yl]-1,10-diamino-
decane (18). Reaction of (E)-ethyl 6,7-dideoxy-1,2:3,4-di-
O-isopropylidene-a-D-galacto-6-eno-octopyranuronate 1b
(3.0g, 9.15mmol) and 1,10-diamino decane (0.80 g,
4.57 mmol) as described above and column chromatog-
raphy over SiO, using chloroform:methanol (97:3) as elu-
ent gave the title compound 18 as diasterecoisomeric
mixture.  Yield (4.32g, 87%); colourless oil;
[0 ]ZDO——SO 0° (¢ 0.10, CHC13) MS (FAB) mi/z: 829
(M+H)"; IR (neat, cm™ ') v 3343 (-NH), 2985 and
2929 (CH3 and CH, stretching) and 1730 (OC=0); 'H
NMR (CDCl;, 200 MHz) 6: 5.55 and 5.50 (each d,
J=5.1 and 4.9 Hz, each 1H, diasterecomeric H-1), 4.59
(dd, J=7.9 and 2.2 Hz, 1H, H-3), 4.36 (dd, J=7.9 and
2.2 Hz, 1H, H-4), 4.30 (dd, J=5.1 and 2.2 Hz, 1H, H-
2), 4.12 (q, J=7.1 Hz, 2H, -OCH,), 3.85 (d, J = 7.4 Hz,
1H, H-5), 3.21 (m, 1H, H-6), 2.57 (m, 4H, CH,CO and
NHCH,), 2.04 (bs, 1H, NH), 1.51 and 1.44 [s, each
3H, C(CH:;)QJ, 1.27 [m, 17H, C(CHg)z, CHzS and
OCH,CH;]; *C NMR (CDCl;, 50 MHz) &: 172.6
(OC=0), 109.6, 109.3, 108.9 and 108.7 [diastereomeric
2x C(CHz)y], 97.0 (C-1), 71.9 (C-3), 71.5 (C-2), 71.0 (C-
4), 69.0 and 68.8 (diastereomeric C-5), 60.6 (-OCH,),
56.0 and 54.5 (diastereomeric C-6), 47.5 (NCH,), 35.9
and 35.5 (diastereomeric CH,CO), 31.2, 30.8, 30.5 and
27.7 (CHas), 26.3, 25.3 and 24.7 [2x C(CH,),], 14.5
(*OCH2CH3). Anal. Calcd for C42H72N2014 (828) C,
60.86; H, 8.69; N, 3.38. Found: C, 60.56; H, 8.43; N,
3.23%.

6.1.15. N, N'’-Bis-|6-carbethoxymethyl-6-deoxy-1,2:3,4-
di-O-isopropylidene-a-p-galactopyranos-6-yl]-1,12-diamino-
dodecane (19). Reaction of (FE)-ethyl 6,7-dideoxy-
1,2:3,4-di- O-isopropylidene-a-D-galacto-6-eno-octopyr-
anuronate 1b (2.5g, 7.62 mmol) and 1,12-diamino
dodecane (0.76 g, 3.81 mmol) as described above and
column chromatography over SiO, using chloro-
form:methanol (97:3) as cluent gave the title com-
pound 19 as diastereoisomeric mixture. Yield (2.85 g,
87%); colourless oil; [a]f)"f ~50.0° (¢ 0.10, CHCLy);
MS (FAB) m/z: 858 (M+2)*; IR (neat, cm™') Vi
3404 (-NH), 3020 and 2929 (CH3 and CH, stretching)
and 1722 (OC=0); '"H NMR (CDCl;, 200 MHz) o:
5.55 and 5.49 (each d, J=15.2 and 5.0 Hz, each 1H,
diastereomeric H-1), 4.60 (m, 1H, diasterecomeric H-
3), 431 (m, 2H, H-4 and H-2), 4.12 (q, J=7.1 Hz,
2H, -OCH;), 3.85 (d, J=7.0 Hz, 1H, H-5), 3.21 (m,
1H, H-6), 2.58 (m, 4H, CH,CO and NHCH,), 1.51
and 1.44 [s, each 3H C(CHs3),], 1.27 [m, 19H,
C(CH;),, CH,s and OCH,CH;]; 3C NMR (CDCls,
50 MHz) o: 172.8 and 172.3 (diastereomeric OC=0),
109.2, 108.9, 108.5 and 108.3 [diastereomeric 2X
C(CHs3),], 96.6 and 96.5 (diastereomeric C-1), 71.6
(C-3), 71.1, 70.9, 70.6 and 70.4 (diastereomeric C-2
and C-4), 68.6 and 68.3 (diasterecomeric C-5), 60.3
and 60.1 (diastereomeric -OCH,), 55.6 and 54.0 (dia-
stereomeric C-6), 47.1 and 46.9 (diastercomeric
NCH,), 35.4 and 35.1 (diastereomeric CH,CO), 30.5,
30.2, 29.6 and 27.3 (CHss), 25.9, 24.9 and 24.3 [2x
C(CHj;),], 14.2 (-OCH,CH3). Anal. Caled for
C44H76N5O014 (856): C, 61.68; H, 8.88; N, 3.27. Found:
C, 61.48; H, 8.52; N, 3.13%.

6.1.16. N’,N*-Bis-[(65)-deoxy-6-hydroxyethyl-1,2:3,4-di-
O-isopropylidene-a-p-galactopyranos-6-yl]-1,4-diamino-
butane (20). To a magnetically stirred slurry of LiAIH,4
(0.026 g, 0.67 mmol) in anhydrous THF (5.0mL), a
solution of galactopyranosyl amino ester 14 (0.5 g,
0.67 mmol) in anhydrous THF (5.0 mL) was added
dropwise at 0 °C under N, atmosphere and stirred con-
tinuously for 30 min at 0 °C. The reaction mixture was
further stirred magnetically for 2.5 h at ambient temper-
ature. Excess of LiAlH4 was quenched by saturated
aqueous Na,SO,4 and the reaction mixture was filtered.
The solid cake was washed with THF and the filtrate
concentrated under reduced pressure. The later was ex-
tracted with chloroform (2x25mL) and water
(12.5mL) and dried (Na,SO,), organic layer was con-
centrated under reduced pressure to give a crude mass,
which was chromatographed over SiO, column using
chloroform:methanol (96:4) as eluent to give the galac-
topyranosyl amino alcohol 20 as a colourless oil. Yield
(0.39 g, 90%); [oz}zD = -27.4° (¢, 0.09, CHCI';) MS
(FAB) m/z: 661 (M+H)"; IR (neat, cm™') vy 3399
(-NH), 2985 and 2935 (CH3 and CH, stretching); 'H
NMR (CDCl;, 200 MHz) o: 5.52 (d, J=4.9 Hz, 1H,
H-1), 4.59 (d, J=7.8 Hz, 1H, H-3), 4.30 (m, 2H, H-2
and H-4), 3.75 (m, 3H, OCH, and H-5), 3.08 (m, 1H,
H-6), 2.75 (m, 2H, NHCH,), 1.85 (m, 4H, CH,CH,OH
and NH), 1.51, 1.44 and 1.32 [s, 3H, 3H and 6H, 2x
C(CHj),], 1.25 (m, 2H, NCH,CH>); >*C NMR (CDCl;,
50 MHz) §: 109.7 and 108.9 [2x C(CHj3),], 96.9 (C-1),
71.7 (C-3), 71.3 and 70.8 (C-2 and C-4), 68.0 (C-5),
624 (CH,OH), 59.3 (C-6), 46.5 (NCH,), 30.4
(CH,CH,OH), 27.5 (NCH,CH,), 26.3, 25.2 and 24.6
[2)( C(CH3)2] Anal. Calcd for C32H56N2012 (660) C,
58.18; H, 8.48; N, 4.24. Found: C, 57.92; H, 8.16; N,
3.88%.

6.1.17.  N',N-Bis-[6-deoxy-6-hydroxyethyl-1,2:3,4-di-
O-isopropylidene-a-p-galactopyranos-6-yl]-1,7-diamino-
heptane (21)]. Reduction of 15 (0.90 g, 1.14 mmol) with
LiAlH,4 (0.044 g, 1.14 mmol) and work-up as described
above followed by column chromatography over SiO,
using chloroform:methanol (96:4) as eluent gave galac-
topyranosyl amino alcohol 21 as a colourless oil. Yield
(0.75 g, 93%); [oz]lz)0 = —44.8° (¢ 0.063, CHC13) MS
(FAB) m/z: 704 (M+2)*; IR (neat, cm ') viax: 3429
(-NH), 2929 and 2930 (CH3 and CH, stretching); 'H
NMR (CDCl;, 200 MHz) §: 5.54 (m, 1H, diastereo-
meric H-1), 4.60 (dd, J=7.8 and 2.1 Hz, 1H, H-3),
431 (m, 1H, diastereomeric H-2), 4.22 (dd, J=17.8
and 1.5 Hz, 1H, H-4), 3.82 (m, 3H, -OCH, and H-5),
3.06 (m, 1H, H-6), 2.55 (m, 3H, NCH, and NH),
1.86 (m, 1H, CH,CH,OH), 1.64 (m, 1H, CHzCH,OH)
1.52 and 144 [s, each 3H, C(CH3),], 1.32 [m, 10H,
C(CH;), and CH,s]; *C NMR (CDCls, 50 MHz) §:
109.7. 109.6, 109.1 and 108.7 [diastereomeric 2X
C(CHs3),], 96.9 (C-1), 71.7 (C-3), 71.4 (C-2), 70.9 (C-
4), 68.3 (C-5), 63.1 and 62.4 (diastercomeric —-OCH,),
59.4 and 57.9 (diastereomeric C-6), 47.2 and 45.9 (dia-
stereomeric NCH,), 31.0, 30.7, 30.4, 29.7, 28.1 and 27.4
(diastereomeric CH»s), 26.4, 26.3, 25.3, 25.2, 24.8 and
24.6 [diastereomeric 2xX C(CHsz),]. Anal. Calcd for
C35He:N5015 (702): C, 59.83; H, 8.83; N, 3.99. Found:
C, 59.62; H, 9.04; N, 3.77%.
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6.1.18.  N,N°-Bis-[6-deoxy-6-hydroxyethyl-1,2:3,4-di-
O-isopropylidene-a-n-galactopyranos-6-yl]-1,8-diamino-
octane (22) and (6S, 65) N’, N°-bis-[6-deoxy-6-hydroxy-
ethyl-1,2:3,4-di-O-isopropylidene-a-D-galactopyranos-6-
yl]-1,8-diaminooctane (22a). Reduction of 16 (1.2 g,
1.50 mmol) with LiAIH; (0.057 g, 1.50 mmol) and
work-up as described above gave the crude product,
which was purified by column chromatographed over
SiO, using chloroform:methanol (97:3) as eluent to give
galactopyranosyl amino alcohols 22 as a diastereoiso-
meric mixture and 22a as the pure diastercoisomer.
Yield (0.55 g, 55%); 22: [u}g) = —32.0° (¢ 0.063, CHCly);
MS (FAB) m/z: 717 (M+H)*; IR (neat, cm ') v, 3405
(-NH), 2990 and 2932 (CH3; and CH, stretching); 'H
NMR (CDCls, 200 MHz): 6 5.54 (m, 1H, diastercomeric
H-1), 4.59 (dd, J=7.8 and 2.2 Hz, 1H, H-3), 4.32 (dd,
J=49 and 2.2 Hz, 1H, H-2), 4.27 (dd, J=7.8 and 1.5
Hz, 1H, H-4), 3.82 (m, 3H, -OCH, and H-5), 3.1 (m,
1H, H-6), 2.60 (m, 2H, NCH,), 1.69 (m, 2H,
CH,CH,OH), 1.52 and 1.44 [s, each 3H, C(CHj),],
1.30 [m, 12H, C(CHj3), and CH,s]; *C NMR (CDCl;,
50 MHz) §: 109.7. 109.1 and 108.8 [diastereomeric 2%
C(CHs3),], 96.9 (C-1), 71.7 (C-3), 71.4 (C-2), 70.9 (C-4),
68.3 (C-5), 62.9 and 62.4 (diastereomeric -OCH,), 59.5
and 57.8 (diastereomeric C-6), 47.2 and 45.9 (diastereo-
meric NCH,), 30.8, 30.4, 30.3, 29.8, 28.0 and 27.5
(CHjs), 26.3, 25.3, 25.2, 24.7 and 24.6 [diastereomeric
2% C(C H3)2]. Anal. Calcd for C36H(,4N2012 (716) C,
60.33; H, 8.94; N, 3.91. Found: C, 60.02; H, 8.62; N,
3.51%. 22a, Yield (0.35 g, 35%); [a]ﬁ? = —64.0° (c 0.10,
CHCl;); MS (FAB) m/z: 717 (M+H)"; IR (neat, cm™")
Vmax: 3410 (<NH), 2931 and 2857 (CH; and CH, stretch-
ing); '"H NMR (CDCls, 200 MHz) 6: 5.55 (d, J = 5.0 Hz,
1H, H-1), 4.61 (dd, J=7.9 and 2.1 Hz, 1H, H-3), 4.34
(dd, J=5.0 and 2.1 Hz, 1H, H-2), 4.23 (d, J=7.9 Hz,
1H, H-4), 3.84 (m, 3H, -OCH, and H-5), 3.10 (m, 1H,
H-6), 2.55 (m, 3H, NCH, and NH), 1.65 (m, 2H,
CH,CH,0OH), 1.54 and 1.44 [s, each 3H, C(CHj),],
1.30 [m, 12H, C(CH;), and CH,s]; '*C NMR (CDCl;,
50 MHz) ¢: 109.7 and 109.1 [2x C(CHj3),], 96.9 (C-1),
71.4 (C-3), 70.9 (C-2), 70.9 (C-4), 68.3 (C-5), 62.5
(-OCH,), 57.8 (C-6), 45.9 (NCH,), 30.7, 29.8, 27.9 and
27.5 (CHys), 26.3, 25.3 and 24.8 [2x C(CHj),]. Anal.
Caled for C36HgsN,Oq5 (716): C, 60.33; H, 8.94; N,
3.91. Found: C, 60.22; H, 8.74; N, 3.65%.

6.1.19. N, N’-Bis-[6-deoxy-6-hydroxyethyl-1,2:3,4-di-
O-isopropylidene-a-p-galactopyranos-6-yl]-1,9-diamino-
nonane (23). Reduction of 17 (0.40 g, 0.49 mmol) with
LiAlH4 (0.019 g, 0.49 mmol) and work-up as described
above gave the crude product, which was purified by
column chromatographed over SiO, column using chlo-
roform:methanol (95:5) as eluent to get the galactopyr-
anosyl amino alcohol 23 as a colourless oil. Yield
(0.30 g, 86%); [oz]lzjo = —43.0° (¢ 0.10, CHCIl;); MS
(FAB) m/z: 731 (M+H)*; IR (neat, cm™') v 3425
(-NH), 2987 and 2929 (CH; and CH, stretching); 'H
NMR (CDCl;, 200 MHz) 6: 5.54 (m, 1H, diastereomeric
H-1), 4.60 (d, J=7.8 Hz, 1H, H-3), 4.32 (m, 1H, dia-
stereomeric H-2), 4.22 (d, J=7.8 Hz, 1H, H-4), 3.79
(m, 3H, -OCH, and diastereomeric H-5), 3.08 (m, 2H,
H-6 and NH), 2.79 and 2.59 (m, 2H, NCH, and

NCHpg), 1.87 and 1.60 (m, 2H, CHACH,OH and
CHgCH,0OH), 1.52 and 1.44 [s, each 3H, C(CHj),],
1.32 [m, 14H, C(CHj3), and CH,s]; >*C NMR (CDCl;,
50 MHz) §: 109.7, 109.1 and 108.8 [diastereomeric 2x
C(CHs3),], 96.9 (C-1), 71.7 (C-3), 71.4 (C-2), 70.9 (C-4),
68.3 (C-5), 63.1 and 62.3 (diastereomeric -OCH,), 59.5
and 57.9 (diastereomeric C-6), 47.2 and 45.9 (diastereo-
meric NCH,), 30.8, 30.4, 29.8, 28.0 and 27.5 (CH,s),
26.3, 25.3, 25.2, 24.7 and 24.6 [diastereomeric 2x C(C
H3)2]. Anal. Calcd for C37H66N2012 (730) C, 6082,
H, 9.41; N, 3.83. Found: C, 60.62; H, 9.23; N, 3.46%.

6.1.20. N’ N'°-Bis-[6-deoxy-6-hydroxyethyl-1,2:3,4-di-
O-isopropylidene-a-p-galactopyranos-6-yl]-1,10-diamino-
decane (24). Reduction of 18 (0.60 g, 0.72 mmol) with
LiAlH4 (0.028 g, 0.72 mmol) and work-up as described
above and column chromatography over SiO, column
using chloroform : methanol (95:5) as eluent gave the
galactopyranosyl amino alcohol 24 as a colourless oil.
Yield (0.51 g, 95%); [a}g): —88.0° (¢ 0.10, CHCl);
MS (FAB) m/z: 745 (M+H)"; IR (neat, cm™") vy
3427 (-NH), 2928 and 2855 (CH3 and CH, stretching);
'"H NMR (CDCls, 200 MHz) §: 5.55 (m, 1H, diastereo-
meric H-1), 4.60 (d, J=7.9 Hz, 1H, H-3), 4.33 (dd,
J=5.0 and 2.2 Hz, 1H, H-2), 4.22 (d, /=79 Hz, 1H,
H-4), 3.77 (m, 3H, -OCH, and H-5), 3.11 (m, 2H, H-6
and NH), 2.69 (m, 2H, NCH,), 1.86 (m, 2H,
CH,CH,OH), 1.52 and 1.44 [s, each 3H, C(CHj3),],
1.29 [m, 14H, C(CH;), and CHss]; '>*C NMR (CDCl;,
50 MHz) 6: 109.7, 109.1 and 108.7 [diastereomeric 2x
C(CHs3),], 96.9 (C-1), 71.7 (C-3), 71.4 (C-2), 70.9 (C-4),
68.3 (C-5), 63.2 and 62.5 (diastereomeric -OCH>), 59.5
and 57.9 (diastereomeric C-6), 47.3 and 46.0 (diastereo-
meric NCH,), 30.9, 30.7, 29.9, 28.0 and 27.6 (CH,s),
26.3, 25.3 and 24.8 [2x C(CHj3),]. Anal. Calcd for
C38H68N2012 (744) C, 6129, H, 914, N, 3.76. Found:
C, 60.92; H, 9.05; N, 3.59%.

6.1.21. N', N'’-Bis-[(65)-deoxy-6-hydroxyethyl-1,2:3,4-
di-O-isopropylidene-a-p-galactopyranos-6-yl]-1,12-diami-
nododecane (25). Reduction of 19 (0.50 g, 0.58 mmol)
with LiAlH4 (0.022 g, 0.58 mmol) and work-up as de-
scribed above and column chromatography over SiO,
column using chloroform:methanol (95:5) as eluent
gave the galactopyranosyl amino alcohol 25 as a col-
ourless oil. Yield (0.15 g, 33%); [cx]]zjo = —66.4° (¢ 0.22,
CHCl;); MS (FAB) m/z: 774 (M+2)*: IR (neat, cm™ ")
Vmax: 3339 (-NH), 2986 and 2856 (CH; and CH,
stretching); '"H NMR (CDCl;, 200 MHz) §: 5.54 (d,
J=5.0Hz, 1H, H-1), 4.60 (dd, J=7.8 and 2.1Hz,
IH, H-3), 433 (dd, J=5.0 and 2.1 Hz, 1H, H-2),
422 (d, J=7.8Hz, 1H, H-4), 3.86 (m, 3H, -OCH,
and H-5), 3.12 (m, 2H, H-6 and NH), 2.70 (m, 2H,
NCH,), 1.86 (m, 2H, CH,CH,0OH), 1.54 and 1.44 [s,
each 3H, C(CHj3),], 1.29 [m, 16H, C(CHj3), and
CH,s]; °C NMR (CDCls;, 50 MHz) &: 110.6 and
110.0 [2x C(CHj),], 97.0 (C-1), 714 (C-3), 71.3
(C-2), 71.0 (C-4), 68.3 (C-5), 62.5 (-OCH,), 57.9 (C-
6), 46.0 (NCH,), 31.0, 30.5, 29.9, 28.1 and 27.6
(CH>s), 26.3, 25.3 and 24.8 [2x C(CH3),]. Anal. Calcd
for C40H72N2012 (772) C, 6217, H, 932, N, 3.62.
Found: C, 61.86; H, 9.12; N, 3.32%.
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6.2. Biology

6.2.1. Activity against M. tuberculosis H3;Ra strain. All
the glycosyl amino alcohols synthesized were evaluated
for their efficacy against M. tuberculosis H3;Ra at con-
centration ranging from 50 to 1.56 pg/mL using twofold
dilution in the initial screen. Log phase culture of M.
tuberculosis H3;Ra is diluted so as to give final ODssq
am Of 0.05 in Sauton’s medium. In a 96-well white plate
190 pL of culture is dispensed in each well. A DMSO
solution of test compounds is dispensed to 96-well plates
so as to make final test concentration 25 pg/mL (5 pg
test compound is dispensed in 10 pL of DMSO). Then
the plate is incubated at 37 °C/5% CO, for 5 days. On
the fifth day, 15 pL Alamar blue solution is added to
the each well of the plate. The plate is again incubated
overnight at 37 °C/5% CO, incubator. The fluorescence
is read on BMG polar star with excitation frequency at
544 nm and emission frequency at 590 nm. The com-
pounds, which were found active ( >90% inhibition as
compared with control) at this concentration, are then
tested at six serial dilutions starting from 50 to
3.12 pg/mL."

6.2.2. Activity against M. tuberculosis H3;Rv strain.
Drug susceptibility and determination of MIC of the
test compounds/drugs against M. tuberculosis Hz;Rv
was performed by agar microdilution method?® where
twofold dilutions of each test compound was added into
7H10 agar supplemented with OADC and organism. A
culture of M. tuberculosis H3;Rv growing on L-J medi-
um was harvested in 0.85% saline with 0.05% Tween-80.
A suspension of 1 pg/mL concentration of extracts/com-
pounds was prepared in DMSO. This suspension was
added to (in tubes) 7H10 middle brook’s medium (con-
taining 1.7 mL medium and 0.2 mL OADC supplement)
at different concentration of compound keeping the vol-
ume constant, i.e., 0.1 mL. The medium was allowed to
cool keeping the tubes in slanting position. These tubes
were then incubated at 37 °C for 24 h followed by
streaking of M. tuberculosis Hy7;Rv (5 x 10* bacilli/tube).
These tubes were then incubated at 37 °C. Growth of
bacilli was seen after 30 days of incubation. Tubes hav-
ing the compounds were compared with control tubes
where the medium alone was incubated with Hs;Rv.
The concentration at which complete inhibition of colo-
nies occurred was taken as active concentration of test
compound.

6.2.3. In vivo screening. The activity of compound 13 was
evaluated in vivo in experimental tuberculosis in mice as
described previously.?! Hence, the efficacy of the com-
pound 13 against challenge of M. tuberculosis H37Rv
was tested at 100 mg/kg. Mice were infected intrave-
nously via lateral veins with 107 colony forming units,
CFU. Mice were divided into two groups of 10 mice
each after 2 days of infection. One was of compound
13 treated by intraperitoneal (i.p.) route, whereas the
other group served as untreated control. At 25 mg /kg
dose, the compound gives a marginal protection (Fig.
1). The compound seems to protect mice at nontoxic
concentration against M. tuberculosis infection. Howev-
er, at higher doses it causes toxicity in mice. It will be

intresting to prepare analogues of compound 13 that
will be nontoxic to eukaryotes but are strongly
antitubercular.
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Abstract—Newly synthesized 4,5-di-substituted acridines were assessed for in vitro antileishmanial activities as compared to those of
their 4-mono-substituted homologues. Mono-substituted acridines exhibited a weak specificity for Leishmania parasites. Di-substi-
tuted acridines, on the contrary, displayed interesting amastigote-specific activities through a mechanism of action that might not
involve intercalation to DNA. This antileishmanial property, associated with a low antiproliferative activity towards human cells,
led to the identification of a new class of promising acridine derivatives such as 4,5-bis(hydroxymethyl)acridine with a nonclassical
mechanism of action based on the inhibition of Leishmania internalization within macrophages. In the meantime, the effects of
experimental lighting on the biological properties of acridines were assessed: experimental lighting did not significantly improve

the antileishmanial activity of the compounds since it produced a greater toxicity against human cells.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

For hundreds of years, leishmaniases have been the
cause of death among millions of people throughout
the world. Since the 1990s, as a consequence of agro-
industrial development, a significant expanse of Leish-
mania-endemic areas has been observed, correlated with
a sharp increase of cases.!> AIDS and other immuno-
suppressive conditions have also enhanced the risk of
Leishmania—HIV co-infected people and contributed to
the appearance of new severe clinical forms of the dis-
ease.’ Nowadays, leishmaniases are spread over five
continents and are endemic in the tropical and subtrop-
ical regions of 88 countries.! Among all leishmaniases,
the visceral form also known as kala-azar is the most se-
vere, since it produces, if untreated, a mortality rate of
almost 100% independently to the immunological status
of the patient.? For decades, treatment of kala-azar with

Keywords: Leishmaniasis; Acridines; Bi-functional acridines; Photo-

activation.
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injected pentavalent antimony has been successfully
used, but since the 1990s, Leishmania parasites have
developed resistances.*> Amphotericin B and the oral
anticancer drug miltefosine are considered at the mo-
ment to be the best second-line therapeutic solutions.®
Nevertheless, they do not represent a safe treatment in
all clinical cases and necessitate the research of new
antileishmanial molecules.®

It has been established for many years that the planar
structure of tricyclic rings conferred to acridine deriva-
tives the ability to intercalate in DNA and to interfere
with various metabolic processes in both prokaryotic
and eukaryotic cells.”® As a consequence, various natu-
ral and synthetic compounds of the acridine family have
been selected for antibacterial or anticancer chemother-
apy.” Recent developments in the biology of protozoa
have also demonstrated that acridines could exert a
powerful toxicity toward Plasmodium,'® Trypanosoma''
and Leishmania'? parasites. However, their mechanisms
of action toward protozoa are still poorly understood,
rendering necessary the synthesis of new acridine series
and the study of their antiparasitic profile.
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For this purpose, we investigated the antiparasitic prop-
erties of newly synthesized bifunctional acridines by
comparing their antileishmanial activities to those of
their mono-substituted homologues. In the meantime,
according to the statement that acridine dyes were
photosensitizers!> and demonstrated photo-enhanced
bactericidal and antitumoral activities,'* we explored
the effects of simulated sunlight on the biological prop-
erties of both the series of compounds.

2. Results and discussion
2.1. Chemistry

Mono-substituted acridines (A and B series) were pre-
pared during a previous work.!> 4,5-Bis(aminoethyl)-
acridine A’12 was prepared using acridine as a starting
material according to a previously described method.!®
Compounds of the A’ series were synthesized according
to classical amide formation methods by reacting A’12
hydrochloride with various carboxylic acid and acyl
chloride derivatives as described in Figure 1. The parent
molecule was first solubilized into acetone and the mix-
ture was neutralized with concentrated NaOH. Under
these experimental conditions, the generation of amide
bindings was faster than the concomitant hydrolysis of
acyl chloride functions and the excess of NaOH neutral-
ized the HCI formed during the reaction.

Compounds of the B’ series were prepared in a similar
way by using 4,5-bis(hydroxymethyl)acridine B’52 as
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Figure 1. Synthesis of 4,5-di-substituted acridines.
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starting material. The best solvent for these syntheses
was CH,Cl, that permitted an optimal solubility for
all the components. However, with the addition of
TEA alone, weak reaction yields were obtained. In order
to resolve this problem, we added DMAP as an activa-
tor of acid function.

Each compound structure was characterized by 1D and
2D NMR sequences and their purity was confirmed by
TLC, microanalysis, and HPLC.

2.2. Biological activity tests without irradiation

Antileishmanial activity was assessed on the referenced
strain L. infantum (MHOM/FR/78/LEM75) in both
its promastigote and its intracellular amastigote
forms. Cytotoxicity was assessed on human monocytes
(THP1 cell line). Among 4-substituted acridines (A
and B series), compounds A66, A27, and A60 appeared
highly active toward human cells (ICsq=3.2, 10.1-
13.4 uM); only compound A27 exerted a strong inhibito-
ry effect on the promastigote form of the parasite
(ICs59 = 1.7 uM), while two compounds, A33 and A75,
produced an interesting selective antiamastigote activity
(SI > 30). Concerning di-substituted acridines, none of
the tested derivatives showed strong antiproliferative
properties on human monocytes and promastigotes.
Nevertheless, some of these compounds (B'52, A’12,
A'21, B'57, A’2, and A’11) expressed interesting amasti-
gote-specific activities, and more particularly compound
B’52, 4,5-bis(hydroxymethyl)acridine, that displayed a
strong inhibitory activity on the intracellular amastigote
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form of the parasite (IC5o = 0.6 uM), leading to a selec-
tive index over than 200.

2.3. Biological activity tests after irradiation

Irradiation procedure was performed with a solar simula-
tor equipped with a xenon arc lamp. The results presented
in Tables 1 and 2 revealed that almost all the acridine
compounds exerted photo-inducible antiproliferative
properties; however, experimental illumination neither
enhanced antipromastigote abilities nor improved selec-
tive antiparasitic activity against Leishmania amastigotes.

2.4. Statistical analysis

Multifactor ANOVA was used for evaluating the effects
of the light and the chemical structure of the compounds
on their biological properties (Statgraphics 5.0 plus soft-
ware, Statistical Graphics Corporation, USA). Cytotox-
icity towards human cells poorly depended on the
chemical nature of the substituted chains (P > 0.05); how-
ever, it was significantly enhanced by experimental light-
ing (P<0.001). On the contrary, antileishmanial
activity greatly depended on the nature of the substituted
chains (P < 0.001), while it was poorly affected by lighting
(P > 0.05): mono-substituted compounds were signifi-
cantly more efficient on both the promastigote and the

Table 1. Structures and biological properties of mono-substituted acridines

Aring

amastigote forms of the parasite than di-substituted acri-
dines (P < 0.01), and nitrogen-bearing derivatives were
significantly more active than their oxygen-bearing
homologues (P < 0.01).

2.5. Additional experiments on B'52

Complementary experiments were performed for study-
ing the mechanism of B’52 antileishmanial action. NO
production was analyzed in adherent macrophages and
inhibition of parasite internalization within macro-
phages was assessed by infecting adherent macrophages
with promastigotes previously treated with various con-
centrations of B’52. The results showed that B'52 did
not increase NO production by macrophages (data not
shown). On the contrary, the compound prevented mac-
rophage infection by inhibiting promastigote internali-
zation within human macrophages (Fig. 2).

3. Conclusion

Due to their capacity to interact with macromolecules,®?®
acridine chromophores have been widely synthesized
and assessed for their pharmacological activities
including antibacterial, anticancer, and antiparasitic
properties.'!®12 The results observed in the present study
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—@— Figure 1.a. : 1 hour pre-treatment of promastigotes by B'52
—&— Figure 1.b. : Conventional protocol for measuring antileishmanial
activity on amastigotes

Figure 2. Effects of B’52 on macrophage infection by Leishmania
promastigotes (l.a.) and parasite proliferation within macrophages
(L.b.).

clearly confirmed that various 4-substituted and 4,5-di-
substituted acridines could exert interesting antileishma-
nial activities. Antiproliferative abilities towards human
cells were shown to vary according to the length of the
4- or 4,5-substituted groups rather than the nature of
the rings: mono-substituted acridines bearing a linear
side chain exerted stronger activity than compounds
bearing aryl chains, indicating that conformational
mechanisms could play an important role in the interac-
tions of the compounds with macromolecules.!” Antile-
ishmanial activities, on the contrary, depended on both
the nature of the rings and the number of substituted
groups. Mono-substituted acridines demonstrated
stronger antipromastigote activities than their di-substi-
tuted homologues, and compounds bearing a nitrogen
bond were more active than their oxygen bond bearing
homologues. Di-substituted acridines were weakly ac-
tive on the promastigote form of the parasite. These
compounds appeared too cluttered on both sides to in-
volve a strong intercalative binding with DNA. As a
consequence, they did not demonstrate strong antipro-
liferative activity on tumoral cells. Nevertheless, some
of these acridines, such as compounds B’52, A'12,
A'21, B'57, A2, and A’11, exhibited interesting amasti-
gote-specific properties, indicating that they could exert
another interaction mechanism with Leishmania parasite
that does not imply direct DNA intercalation. Comple-
mentary experiments concerning B’52 confirmed this
statement, since they established that subtoxic concen-
trations of the compound prevented macrophages from
Leishmania infection by a mechanism of action that sig-
nificantly reduced parasite internalization. On this basis,
additional in vitro and in vivo experiments should be
performed in order to confirm the antileishmanial prop-
erties of this new class of compounds and to better elicit
this mechanism of action.

4. Experimental
4.1. General procedures

All reagents were of analytical grade, dried and purified
when necessary. Acridine derivatives were dissolved in
sterile dimethyl sulfoxide (analytical grade, Sigma, St
Louis, Mo, USA) and stored frozen at —70 °C until
used.

4.2. Chemistry

4.2.1. 4,5-Bis(aminomethyl)acridine (A’12). 4,5-Bis(azi-
domethyl)acridine obtained from acridine according to
the methodology previously described by Hess and
Stewart!'® was dissolved into dioxane/ethanol (30 mL,
5:5, viv) with Pd/C (100 mg, 10%). After a 4-h agitation
period at room temperature with H,, the mixture was fil-
tered and washed with ethanol. The filtrate was evapo-
rated, dissolved into CHCI;, and filtered until final
evaporation to give a brown oil (805 mg, 98%). 'H
NMR (300 MHz,CDCl3, 25 °C): 6 =2.03 (s, 4H, 2'H),
4.50 (s, 4H, H-1"), 7.42 (dd, J =8.5, 6.7 Hz, 2H, H-2),
7.64 (dd, J=6.7, 0.7 Hz, 2H, H-3) 7.82 (dd, J=8.5,
1.2 Hz, 2H, H-1), 8.65 (s, 1H, H-9) ppm. '*C NMR
(75 MHz, CDCl;, 25 °C): 6 = 44.42 (C-1), 125.56 (C-2),
126.45 (C-9a), 127.05 (C-1), 127.60 (C-3), 136.31 (C-9),
141.14 (C-4), 146.50 (C-4a) ppm. Anal. Calcd
(CisHsN3): C, 75.92; H, 6.37; N, 17.71. Found: C,
75.71; H, 6.35; N, 17.65.

A’12 hydrochloride was obtained by dissolving A’12
into 5SmL MeOH and incorporating the mixture into
100 mL HCI saturated Et,O. After an overnight incuba-
tion at room temperature under CaCl, atmosphere, the
precipitate was filtered and washed with Et,O to obtain
yellow powder (1.053 g).

4.2.2. 4,5-Bis|(4-chlorobutylamido)-/V-methyl]acridine
(A’21). A’12 (500 mg, 1.60 mmol) was dissolved into
20 mL acetone at 0 °C and neutralized with 5 mL NaOH
I N. A solution of 4-chlorobutyl chloride (500 mg,
3.55 mmol) in Me,CO (10 mL) was added at 0 °C and
the mixture was incubated at room temperature for
3 h. Then, the solvent was evaporated and the residual
was dissolved into water/MeOH (20 mL, 8:2, v:v) under
ultrasounds. The precipitate was filtered and washed
with water to obtain white powder (681 mg, yield
95%). '"H NMR (300 MHz, DMSO-d, 25 °C): 6 = 2.01
(quint, J=6.10 Hz, 4H, H-4'), 2.40 (t, 4H, J = 6.9 Hz,
4H, H-3'), 3.67 (t, J=6.11 Hz, 4H, H-5'), 5.06 (d,
J=5.6Hz, 4H, H-1') 7.59 (t, J=7.4Hz, 2H, H-2),
7.69 (d, J=6.3 Hz, 2H, H-3), 8.06 (d, J = 8.4 Hz, 2H,
H-1), 8.48 (t, J=5.6 Hz, 2H, H-2'), 9.09 (s, 1H, H-9)
ppm. 3C NMR (75 MHz, DMSO-d;, 25 °C): 6 = 28.53
(C-4"), 32.62 (C-3%), 39.08 (C-1'), 45.27 (C-5"), 125.78
(C-2), 126.05 (C-9a), 127.41 (C-1), 127.73 (C-3), 136.75
(C-9), 137.00 (C-4), 145.73 (C-4a), 171.58 (C-2a) ppm.
Anal. Calcd (C,3H»5Cl,N305): C, 61.89; H, 5.65; N,
9.41. Found: C, 62.11; H, 5.63; N, 9.37.

4.2.3. 4,5-Bis|(acrylamido)-NV-methyl]acridine (A'22).
A’12 hydrochloride (500 mg, 1.60 mmol) was dissolved
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into 5SmL water, neutralized with NaOH 5N and
extracted with CH,Cl, (3 x 10 mL). The organic phase
was dried with MgSO, and evaporated. The residue
was dissolved into 20 mL CH,Cl, and TEA (0.7 mL,
498 mmol) at 0 °C. Then, a solution of acryloyl chloride
(579 mg, 6.40 mmol) was incorporated into 5 mL
CH,Cl, under N, atmosphere and the mixture was incu-
bated for 24 h at room temperature. The solvent was
evaporated, and the residue was dissolved into 5 mL
Me,CO and placed into 30 mL water. The precipitate
was filtered and washed with H,O/MeOH (9:1, v:v) to
obtain white powder (300 mg, yield 57%). '"H NMR
(300 MHz, DMSO-dg, 25 °C): 6 =5.15 (d, J=5.70 Hz,
4H, H-1'), 5.64 (dd, J=10.1, 2.2 Hz, 2H, H-4'), 6.16
(dd, J=17.2, 2.2 Hz, 2H, H-5), 6.40 (dd, J=17.2,
10.1 Hz, 2H, H-3'), 7.59 (t, J = 7.4 Hz, 2H, H-2), 7.70
(d, J=6.3 Hz, 2H, H-3), 8.08 (d, J = 8.4 Hz, 2H, H-1),
8.67 (t, J=5.7Hz, 2H, H-2'), 9.11 (s, 1H, H-9) ppm.
13C NMR (75MHz, DMSO-d,, 25°C): 6=139.22
(C-1"), 125.55 (C-4"), 125.83 (C-2), 126.14 (C-9a),
127.62 (C-1), 128.25 (C-3), 131.98 (C-3'), 136.72 (C-9),
136.90 (C-4), 145.81 (C-4a), 165.08 (C-2a’) ppm. Anal.
Calcd (C21H19N302)Z C, 7303, H, 554, N, 12.17.
Found: C, 72.75; H, 5.56; N, 12.22.

4.2.4. 4,5-Bis|(benzamido)-N-methyl]acridine (A'1). A'12
hydrochloride (500 mg, 1.60 mmol) was dissolved into
50 mL acetone at 0 °C and neutralized with 7 mL NaOH
1 N. Benzoyl chloride (492 mg, 3.35 mmol) in 5 mL ace-
tone was added at 0 °C and the mixture was incubated at
room temperature for 3 h. The solvent was evaporated
and the residue was mixed with H,O/MeOH (20 mL,
5:5, v:v) under ultrasounds. The precipitate was filtered
and washed successively with water and MeOH to ob-
tain white powder (652mg, yield 92%). 'H NMR
(300 MHz, DMSO-d;, 25°C): 6 =5.31 (d, J=5.70 Hz,
4H, H-1'), 7.49 (m, 4H, H-4'), 7.52 (m, 2H, H-5"), 7.61
(dd, J=8.1, 6.8 Hz, 2H, H-2), 7.73 (d, J = 6.8 Hz, 2H,
H-3), 800 (d, J=6.8Hz, 4H, H-3’), 8.10 (d,
J=8.1Hz, 2H, H-1), 9.12 (t, J=5.7Hz, 2H, H-2'),
9.15 (s, 1H, H-9) ppm. *C NMR (50 MHz, DMSO-
dg, 25°C): 0=39.92 (C-1"), 125.78 (C-2), 126.09 (C-
9a), 127.39 (C-3%*), 127.51 (C-3'), 127.65 (C-1%), 128.54
(C-4'), 131.41 (C-5), 134.75 (C-3a’), 136.86 (C-4),
136.86 (C-9) 145.79 (C-4a), 166.81 (C-2a’) ppm. Anal.
Calcd (Cy9H»3N50,): C, 78.18; H, 5.20; N, 9.43. Found:
C, 78.25; H, 5.15; N, 9.51.

4.2.5. 4,5-Bis[(4-fluorobenzamido)- V-methyl]acridine
(A’2). A’12 hydrochloride (500 mg, 1.60 mmol) was dis-
solved into 50 mL acetone at 0 °C and neutralized with
7mL NaOH 1 N. 4-Fluorobenzoyl chloride (533 mg,
3.36 mmol) in 5 mL acetone was added at 0 °C and the
mixture was incubated at room temperature for 3 h.
The solvent was evaporated and the residue was mixed
with H,O/MeOH (20 mL, 5:5, v:v) under ultrasounds.
The precipitate was filtered and washed successively
with water and MeOH to obtain white powder
(740 mg, yield 96%). "H NMR (300 MHz, DMSO-d;,
25°C): 6=15.31(d, J=5.60Hz, 4H, H-1'), 7.32 (m,
4H, H-4'), 7.61 (t, J=7.60Hz, 2H, H-2), 7.73 (d,
J=6.8Hz, 2H, H-3), 8.04 (m, 4H, H-3’), 8.09 (d,
J=8.3Hz, 2H, H-1), 9.13 (t, J=5.6 Hz, 2H, H-2'),

9.14 (s, 1H, H-9) ppm. *C NMR (50 MHz, DMSO-
dg, 25°C): 6 =39.69 (C-1'), 115.29 (d, J=22.4 Hz, C-
4y 125.28 (C-2), 125.99 (C-9a), 126.84 (C-3), 127.10
(C-1), 130.09 (d, J=9.7Hz, C-3), 131.06 (d,
J=42Hz, C-3'a), 136.74 (C-4), 136.74 (C-9), 145.68
(C-4a), 163.97 (d, J=246.5Hz, C-4’a), 165.59 (C-2a’)
ppm. Anal. Calcd (CyoH, F;N305): C, 72.34; H, 4.40;
N, 8.73. Found: C, 72.45; H, 4.28; N, 8.72.

4.2.6. 4,5-Bis|(4-chlorobenzamido)-/N-methyl]acridine
(A’3). A’12 hydrochloride (200 mg, 0.65 mmol) was dis-
solved into 25 mL acetone at 0 °C and neutralized with
5mL NaOH 1 N. 4-Chlorobenzoyl chloride (237 mg,
1.36 mmol) in 5 mL acetone was added at 0 °C and the
mixture was incubated at room temperature for 3 h.
The solvent was evaporated and the residue was mixed
with H,O/MeOH (20 mL, 5:5, v:v) under ultrasounds.
The precipitate was filtered and washed successively
with water and MeOH to obtain white powder
(652 mg, yield 92%). '"H NMR (300 MHz, DMSO-d;,
25°C): 6=5.29 (d, J= 5.5 Hz, 4H, H-1'), 7.56 (m, 4H,
H-4"), 7.60 (dd, J=46.2, 8.3 Hz, 2H, H-2), 7.73 (d,
J=6.2Hz 2H, H-3), 797 (m, 4H, H-3'), 8.10 (d,
J=83Hz, 2H, H-1), 9.15 (s, 1H, H-9), 9.18 (t,
J=5.7Hz, 2H, H-2') ppm. “C NMR (50 MHz,
DMSO-ds, 25°C). 6=39.97 (C-1"), 12582 (C-2),
126.12 (C-9a), 127.49 (C-3), 127.78 (C-1), 128.61
(C-3), 129.45 (C-4"), 13345 (C-3a’), 136.25 (C-4),
136.25 (C-4'a), 136.68 (C-9), 145.80 (C-4a), 165.75
(C-2a") ppm. Anal. Caled (C9H,Cl,N50,): C, 67.71;
H, 4.11; N, 8.17. Found: C, 67.82; H, 4.03; N, 8.05.

4.2.7. 4,5-Bis[(4-methoxybenzamido)-/N-methyl]acridine
(A’4). A’12 hydrochloride (200 mg, 0.65 mmol) was dis-
solved into 25 mL acetone at 0 °C and neutralized with
5mL NaOH 1 N. 4-Methoxybenzoyl chloride (232 mg,
1.36 mmol) in 5 mL acetone was added at 0 °C and the
mixture was incubated at room temperature for 3 h.
The solvent was evaporated and the residue was mixed
with H,O/MeOH (20 mL, 5:5, v:v) under ultrasounds.
The precipitate was filtered and washed successively
with water and MeOH to obtain white powder
(300 mg, yield 95%). "H NMR (200 MHz, DMSO-d,,
25°C): 0 =3.81 (s, 6H, H-5"), 5.29 (d, J= 5.5 Hz, 4H,
H-1"), 7.02 (m, 4H, H-4), 7.59 (dd, J=6.2, 8.3 Hz,
2H, H-2), 7.72 (d, J = 6.2 Hz, 2H, H-3), 7.97 (m, 4H,
H-3), 8.08 (d, J=83Hz, 2H, H-1), 899 (t,
J=57Hz, 2H, H-2'), 9.11 (s, 1H, H-9) ppm. *C
NMR (75 MHz, DMSO-ds, 25°C): 6 =39.80 (C-1'),
55.52 (C-5%), 113.75 (C-4"), 125.82 (C-2), 126.12 (C-9a),
126.92 (C-3a’), 127.37 (C-3), 127.66 (C-1), 129.31 (C-
3%, 137.11 (C-4), 137.11 (C-9), 145.84 (C-4a), 161.79
(C-4’a), 16624 (C-2a’) ppm. Anal. Calcd
(C51H»7N30y): C, 73.65; H, 5.38; N, 8.31. Found: C,
73.73; H, 5.28; N, 8.42.

4.2.8. 4,5-Bis|(4-dimethylaminobenzamido)-/N-methyl]ac-
ridine (A’11). A’12 hydrochloride (500 mg, 1.63 mmol)
was dissolved into 20 mL acetone at 0 °C and neutral-
ized with 5mL NaOH 1 N. 4-Dimethylaminobenzoyl
chloride (618 mg, 3.37 mmol) in 10 mL acetone was add-
ed at 0 °C and the mixture was incubated at room tem-
perature for 3 h. The solvent was evaporated and the
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residue was mixed with H,O/MeOH (20 mL, 5:5, v:v)
under ultrasounds. The precipitate was filtered and
washed successively with water and MeOH to obtain
white powder (542mg, vyield 64%). 'H NMR
(300 MHz, DMSO-dg, 25°C): 6 =2.96 (s, 12H, H-5"),
5.27 (d, J =5.7 Hz, 4H, H-1"), 6.71 (m, 4H, H-4'), 7.59
(dd, J=28.4, 6.3 Hz, 2H, H-2), 7.71 (d, J = 6.3 Hz, 2H,
H-3), 7.84 (m, 4H, H-3’), 8.08 (d, J=8.4 Hz, 2H, H-
1), 8.76 (t, J=5.7Hz, 2H, H-2"), 9.13 (s, 1H, H-9)
ppm. *C NMR (100 MHz, DMSO-ds;, 25°C):
0 =39.58 (C-1), 39.82 (C-5'), 110.97 (C-4"), 121.26 (C-
3a’), 125.71 (C-2), 126.02 (C-9a), 127.18 (C-3%), 127.65
(C-1%), 128.71 (C-3'), 137.35 (C-4), 136.76 (C-9),
145.78 (C-4a), 152.24 (C-4a’), 166.55 (C-2a’) ppm. Anal.
Caled (C;33H33Ns0,): C, 74.55; H, 6.26; N, 13.17.
Found: C, 74.26; H, 6.28; N, 13.12.

4.2.9. 4,5-Bis(bromomethyl)acridine. BMME (6.08 g,
44.64 mmol) was added to a solution of acridine (2 g,
11.16 mmol) in H,SO4 (25 mL) at 50 °C. The mixture
was maintained under nitrogen for 12 h and refreshed
in ice for an hour. The precipitate was filtered and dis-
solved into CHCl;, and the organic phase was dried with
MgSO,. After evaporation of the solvent, the residue
was recrystallized into anhydrous EtO, to obtain yellow
powder (2.49¢g, yield 64%). 'H NMR (CDCl;,
300 MHz): 6=5.39 (s, 4H, H-1), 7.46 (dd, 2H,
J=28.5, 6.8 Hz, H-2), 7.89 (d, 2H, J=6.8 Hz, H-3),
7.93 (d, 2H, J=28.5Hz, H-1), 8.70 (s, 1H, H-9) ppm.
3C NMR (CDCl;, 75 MHz): 6 =27.01 (C-1), 126.94
(C-2), 127.59 (C-9a), 128.81 (C-1), 131.55 (C-3), 137.83
(C-4), 139.45 (C-9), 151.22 (C-4a) ppm. Anal. Caled
(CisHy1N7): C, 49.35; H, 3.04; N, 3.84. Found: C,
49.49; H, 3.03; N, 3.83.

4.2.10. 4,5-Bis(hydroxymethyl)acridine (B'52). 4,5-
Bis(bromomethyl)acridine (2 g, 5.48 mmol) was dis-
solved into 60 mL dioxane and CaCO; (10 g,99.91 mmol)
in 60 mL water was added. The mixture was filtered, the
solvent was evaporated, the residue was dissolved into
200 mL. CH,Cl, and the organic phase was dried with
MgSQO,. The solid residue was purified by silicagel chro-
matography (CH,Cl,/EtOAc, 5:5, v:v) to obtain a yellow
powder (1.21 g, yield 92%). "H NMR (CDCls, 300 MHz):
0=4.10 (s, 2H, H-2"), 5.33 (s, 4H, H-1"), 7.50 (dd, 2H,
J=28.5, 6.8 Hz, H-2), 7.73 (d, 2H, J = 6.8 Hz, H-3), 7.92
(d, 2H, J =8.5Hz, H-1), 8.78 (s, 1H, H-9) ppm. "*C
NMR (75 MHz, CDCl;, 25 °C): 6 = 64.02 (C-1"), 125.71
(C-2), 126.50 (C-9a), 127.80 (C-1), 128.49 (C-3), 137.23
(C-4), 137.75 (C-9), 146.40 (C-4a) ppm. Anal. Calcd
(C15H5NO,): C, 75.30; H, 548; N, 5.85. Found: C,
75.19; H, 5.47; N, 5.86.

4.2.11. Acridin-4,5-yldimethyl-bis-4-chlorobutyrate
(B'84). B'52 (300 mg, 1.25 mmol) was dissolved into
20 mL Me,CO. TEA (0.5mL, 3.60 mmol), DMAP
(383 mg, 3.13mmol) and 4-chlorobutyryl chloride
(388 mg, 2.75 mmol) diluted into 20 mL Me,CO were
added at 0 °C under drying atmosphere (CaCl,), and the
mixture was incubated for 24 h at room temperature.
Then, the mixture was transferred into 100 mL basic
water (SmL NaOH, 5N) for 1h and extracted with
CH,Cl, (3 x 20 mL). The organic layer was washed with

pickle and dried with MgSO,. The solvent was evaporated
and the residue was purified by silicagel chromatography
(CH,CI,/EtOAc, 10:0 and 9:1, v:v) to obtain brown oil
(504 mg, yield 90%). '"H NMR (300 MHz, CDCls,
25°C): 6 =2.18 (quint, J = 6.8 Hz, SH, H-3'), 2.65 (t,
J=72Hz, 4H, H-2'), 3.64 (t, J=6.3 Hz, 4H, H-4"),
5.97 (s, 4H, H-1"), 7.52 (dd, J = 8.5, 6.9 Hz, 2H, H-2),
7.76 (d, J = 6.9 Hz, 2H, H-32, 7.94 (d, J=8.5Hz, 2H,
H-1), 8.72 (s, 1H, H-9) ppm. ?°C NMR (75 MHz, CDCl;,
25°C): 0 = 27.69 (C-3"), 31.29 (C-2'), 44.14 (C-4'), 63.09
(C-1"), 125.44 (C-2), 126.24 (C-9a), 128.13 (C-3), 128.48
(C-1), 134.37 (C-4), 136.14 (C-9), 145.97 (C-4a), 172.53
(C-2a’) ppm. Anal. Calcd (C3H»3C1LNOy): C, 61.62; H,
5.17; N, 3.12. Found: C, 61.38; H, 5.19; N, 3.13.

4.2.12. Acridin-4,5-yldimethyl-bis-acrylate (B’81). B’52
(300 mg, 1.25 mmol) was dissolved into 20 mL Me,CO.
TEA (0.5 mL, 3.60 mmol), DMAP (383 mg, 3.13 mmol),
and acryloyl chloride (249 mg, 2.75 mmol) diluted into
20 mL Me,CO were added at 0 °C under drying atmo-
sphere (CaCl,), and the mixture was incubated for
24 h at room temperature. Then, the mixture was trans-
ferred into 100 mL basic water (5 mL NaOH, 5 N) for
1 h. The precipitate was filtered and washed with water.
The solid layer was purified by silicagel chromatography
(CH,CL,/EtOAc, 10:0 and 9:1, v:v) to obtain solid yel-
low crystal (295 mg, yield 68%). 'H NMR (300 MHz,
CDCls, 25°C): 6 =5.86 (dd, J=10.3, 1.5 Hz, 2H, H-
3", 6.07 (s, 4H, H-1"), 6.24 (dd, J=17.4, 10.3 Hz, 2H,
H-2%), 6.50 (dd, J=17.4, 1.5Hz, 2H, H-4'), 7.52 (dd,
J=28.4, 6.9Hz, 2H, H-2), 7.78 (dd, J=6.9, 1.1 Hz,
2H, H-3), 7.96 (d, J=8.4 Hz, 2H, H-1), 8.76 (s, 1H,
H-9) ppm. *C NMR (75MHz, CDCl;, 25°C)
0=63.04 (C-1"), 12548 (C-2), 126.27 (C-9a), 128.05
(C-2"%), 128.36 (C-3*), 128.54 (C-1*), 130.97 (C-3'),
134.52 (C-4), 136.11 (C-9), 146.02 (C-4a), 166.15 (C-
2a’) ppm. Anal. Calcd (C,H7NOy): C, 72.61; H, 4.93;
N, 4.03. Found: C, 72.91; H, 4.89; N, 4.00.

4.2.13. Acridin-4,5-yldimethyl-bis-benzoate (B'57). B'52
(300 mg, 1.25 mmol) was dissolved into 20 mL CH,Cl,.
TEA (0.5 mL, 3.60 mmol), DMAP (383 mg, 3.13 mmol),
and benzoyl chloride (370 mg, 2.63 mmol) diluted into
10 mL CH,Cl, were added at 0 °C under drying atmo-
sphere (CaCl,). Then, the mixture was incubated for
3 h at room temperature. The solvent was evaporated,
the residual was dissolved into 10 mL Me,CO, and
transferred into 80 mL of water. After 1 h, the precipi-
tate was filtered and washed with water. The resulting
dried solid was dissolved into 10 mL CHCls, clarified
by filtration and evaporated. The residue was recrystal-
lized in MeOH to obtain white powder (441 mg, yield
79%). "H NMR (300 MHz, CDCls, 25 °C): d = 6.26 (s,
2H, H-1'), 7.42 (m, 4H, H-3'), 7.51 (m, 2H, H-2), 7.54
(m, 4H, H-4'), 7.86 (dd, 2H, J = 6.8, 1.1 Hz, H-3), 7.95
(d, 2H, J=8.5Hz, H-1), 8.14 (m, 4H, H-2'), 8.76 (s,
1H, H-9) ppm. '*C NMR (75 MHz, CDCl;, 25 °C):
0=63.44 (C-1"), 125.53 (C-2), 126.33 (C-9a), 128.01
(C-3), 128.27 (C-1), 128.37 (C-3"), 129.78 (C-2"), 130.47
(C-2a’), 132.87 (C-4'), 134.82 (C-4), 136.14 (C-9),
146.10 (C-4a), 166.52 (C-2b’) ppm. Anal. Calcd
(CyoH»1NOy): C, 77.84; H, 4.73; N, 3.13. Found: C,
78.12; H, 4.71; N, 3.11.
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4.2.14. Acridin-4,5-yldimethyl-bis-4-fluorobenzoate
(B'78). B'52 (400 mg, 1.67 mmol) was dissolved into
20mL of anhydrous Me,CO with 0.5mL TEA
(3.60 mmol) at 0 °C under drying atmosphere (CaCl,).
4-Fluorobenzoyl chloride (557 mg, 3.51 mmol) diluted
into 10 mL Me,CO were added and the mixture was
incubated for 5 h at room temperature. Then, the mix-
ture was transferred into 100 mL of basic water (5 mL
NaOH, 5 N). After | h, the precipitate was filtered and
washed with water. The resulting solid was dissolved into
10 mL CHCl;, clarified by filtration, and evaporated.
The residue was recrystallized in MeOH to obtain white
powder (614 mg, yield 76%). 'H NMR (300 MHz,
CDCl;, 25°C): 6 =6.22 (s, 4H, H-1'), 7.07 (m, 4H, H-
3", 7.54 (dd, 2H, J=8.5, 6.8 Hz, H-2), 7.84 (dd, 2H,
J=6.8, 1.2Hz, H-3), 798 (d, 2H, J=8.5Hz, H-1),
8.12 (m, 4H, H-2'), 8.79 (s, 1H, H-9) ppm. '*C NMR
(75 MHz, CDCls, 25°C): 6 =63.57 (C-1"), 115.48 (d,
J=21.8 Hz, C-3'), 125.50 (C-2), 126.31 (C-9a), 126.63
(d, J =2.3 Hz, C-2a’) 128.18 (C-3), 128.54 (C-1), 132.26
(d, J=9.2 Hz, C-2), 134.56 (C-4), 136.18 (C-9), 146.10
(C-4a), 165.53 (C-2b’), 165.72 (d, J =253.6 Hz, C-3a’)
ppm. Anal. Caled (CyoH 9F,NOy): C, 72.04; H, 3.96;
N, 2.90. Found: C, 72.33; H, 3.94; N, 2.89.

4.2.15. Acridin-4,5-yldimethyl-bis-4-chlorobenzoate
(B’63). B'52 (300 mg, 1.25 mmol) was dissolved into
20 mL Me,CO with 0.5 mL TEA (3.60 mmol) and 4-
chlorobenzoyl chloride (614 mg, 3.51 mmol) diluted into
10 mL Me,CO was added at 0 °C under drying atmo-
sphere (CaCl,). The mixture was incubated for 5h at
room temperature and transferred into 100 mL basic
water (5 mL NaOH, 5 N) for 1 h. The precipitate was fil-
tered and washed with water and the solid layer was dis-
solved into 10 mL CHCls, clarified and evaporated to
obtain a yellow powder (640 mg, yield 75%). '"H NMR
(300 MHz, CDCls, 25°C): 6 =6.21 (s, 4H, H-1'), 7.35
(m, 4H, H-3"), 7.53 (dd, J = 8.5, 6.9 Hz, 2H, H-2), 7.84
(dd, J=6.9, 0.8Hz, 2H, H-3), 7.97 (dd, J=8.5,
0.8 Hz, 2H, H-1), 8.02 (m, 4H, H-2"), 8.77 (s, 1H, H-9)
ppm. °C NMR (75 MHz, CDCls, 25°C): d = 63.67
(C-1), 125.50 (C-2), 126.33 (C-9a), 128.26 (C-3),
128.67 (C-3'), 128.73 (C-1), 128.85 (C-2'a), 131.10 (C-
2), 134.46 (C-4), 136.18 (C-9), 139.31 (C-3'a), 146.13
(C-4a), 16561 (C-2'b) ppm. Anal. Calcd
(CyoHoCILNOQy): C, 67.45; H, 3.71; N, 2.71. Found: C,
67.70; H, 3.69; N, 2.70.

4.2.16. Acridin-4,5-yldimethyl-bis-4-methoxybenzoate
(B’62). B'52 (300 mg, 1.25 mmol) was dissolved into
20mL CH,Cl,. TEA (0.5mL, 3.60 mmol), DMAP
(383 mg, 3.13 mmol) and 4-methoxybenzoyl chloride
(471 mg, 2.75 mmol) diluted into 10 mL CH,Cl, were
added at 0 °C under drying atmosphere (CaCl,). Then,
the mixture was incubated for 5 h at room temperature.
The solvent was washed with 70 mL NaOH 1 N, the
organic layer was dried with MgSO, and the solvent
was evaporated. The residue was purified by silicagel
chromatography (CH,CL/EtOAc, 99:1, v:v) to obtain
yellow powder (515mg, vyield 81%). 'H NMR
(300 MHz, CDCl;, 25°C): 6 = 3.84 (s, 6H, H-4"), 6.23
(s, 4H, H-1"), 6.89 (m, 4H, H-3'), 7.52 (dd, 2H,
J=8.5, 6.8 Hz, 2H, H-2), 7.84 (dd, J=6.8, 1.0 Hz,

2H, H-3), 7.95 (d, J = 8.5 Hz, 2H, H-1), 8.08 (m, 4H,
H-2'), 8.76 (s, 1H, H-9) ppm. '*C NMR (75 MHz,
CDCl;, 25°C): 6 =55.37 (C-4"), 63.15 (C-1"), 113.62
(C-3'), 122.93 (C-2a’), 125.51 (C-2), 126.30 (C-9a),
127.89 (C-3), 128.18 (C-1), 131.79 (C-2'), 135.07 (C-4),
136.05 (C-9), 146.09 (C-4a), 163.32 (C-3a’), 166.26
(C-2b") ppm. Anal. Calcd (C50H»5sNOg): C, 73.36; H,
4.96; N, 2.76. Found: C, 73.07; H, 5.00; N, 2.77.

4.2.17.  Acridin-4,5-yldimethyl-dimethylaminobenzoate
(B'76). B’52 (500 mg, 2.09 mmol) was dissolved into
20 mL anhydrous Me,CO containing 1mL TEA
(7.20 mmol) at 0 °C under drying atmosphere (CaCl,).
4-Dimethylaminobenzoyl chloride (806 mg, 4.39 mmol)
diluted into 40 mL Me,CO was added and the mixture
was incubated for 5h at room temperature. Then, the
mixture was transferred into 100 mL basic water
(5 mL NaOH, 5 N). After 1 h, the precipitate was fil-
tered and washed with water. The solid layer was dis-
solved into 10 mL CHCI;, clarified by filtration, and
evaporated. The residue was recrystallized in MeOH
to obtain brown powder (680 mg, yield 61%). 'H
NMR (300 MHz, CDCl;, 25°C): 6 =3.02 (s, 12H, H-
4"), 6.25 (s, 4H, H-1'), 6.65 (m, 4H, H-3'), 7.50 (dd,
J=8.5, 7.0Hz, 2H, H-2), 7.84 (dd, J=7.0, 1.2 Hz,
2H, H-3), 7.93 (d, J=8.5Hz, 2H, H-1), 8.03 (m, 4H,
H-2), 8.75 (s, 1H, H-9) ppm. *C NMR (75 MHz,
CDCl3, 25°C): 6 =40.07 (C-4"), 62.69 (C-1"), 110.77
(C-3%), 117.34 (C-2a’), 125.53 (C-2), 126.26 (C-9a),
127.53 (C-3%), 127.62 (C-1%¥), 131.50 (C-2"), 135.64
(C-4), 13593 (C-9), 146.04 (C-4a), 153.33 (C-3a’),
166.87 (C-2b’) ppm. Anal. Calcd (C;33H31N304): C,
74.28; H, 5.86; N, 7.87. Found: C, 74.58; H, 5.82; N, 7.82.

4.3. Biology

4.3.1. Irradiation procedure. Irradiation was performed
with a solar simulator Suntest CPS+ (Atlas Material
Testing Technology BV, Moussy le Neuf, France)
equipped with a xenon arc lamp, a treated quartz filter
to block infrared light, and a glass filter to block UVC
light and to reduce the UVB light (UVA/UVB: 0.5/
0.001 mW/cm?, visible light 800 Ix). The average light
incident dose was 2 mJ/cm? for a period of 1 min.

4.3.2. Antileishmanial activity against promastigotes.
Leishmania infantum promastigotes in late log phase
were incubated in RPMI medium supplemented with
12% fetal calf serum at an average of 10’ cells/mL and
a range of acridine concentrations was aseptically incor-
porated into duplicate cultures (final DMSO concentra-
tion was <5%). Following a 48-h incubation period at
25 °C, promastigote growth was estimated by counting
parasites with a hemacytometer. ICsq was defined as
the drug concentration necessary to inhibit 50% of
parasite growth.

4.3.3. Antileishmanial activity against intracellular
amastigotes. Intracellular amastigote cultures were per-
formed in human monocyte-derived macrophages
according to the methodology previously described
by us.!” Maturation of monocytes into adherent macro-
phages was performed by treating exponentially growing
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monocytes (10° cells/mL) with 1 uM phorbol myristate
acetate (Sigma). After a 48-h incubation period at 37 °C
(5% CO,) in chamber slides (Fisher, Paris, France), cells
were rinsed with fresh medium and suspended in RPMI
medium containing stationary-phase promastigotes
(cells/promastigotes ratio = 1:10). After a 24-h incuba-
tion period at 37 °C (5% CO,), promastigotes were re-
moved by four successive washes with fresh medium.
Adapted dilutions of chemical compounds were added
in duplicate chambers and cultures were incubated for
96 h at 37 °C (5% CO,). Negative controls treated by sol-
vent (DMSO) and positive controls containing a range of
amphotericin B (Sigma, St Louis, Mo, USA) concentra-
tions were added to each set of experiments. At the end
of the incubation period, cells were harvested with analyt-
ical grade methanol (Sigma) and stained with 10% Giem-
sa stain (Eurobio, Paris, France). The percentage of
infected macrophages in each assay was determined
microscopically at 1000x magnification. ICs, was defined
as the concentration of drug necessary to produce a 50%
decrease of infected macrophages.

4.3.4. Toxicity against human monocytes. In vitro toxic-
ity of acridine derivatives was assessed on human mono-
cytes maintained in RPMI medium (Eurobio, Paris,
France) supplemented with 10% fetal calf serum (Euro-
bio, Paris, France) at 37 °C in 5% CO, and replicated
every week. A range of concentrations was incorporated
in late log-phase monocytes (10° cells/ml) and cultures
were incubated at 37 °C with 5% CO,. After a 72-h incu-
bation period, cell growth was measured by counting
monocytes in a hemacytometer. ICsy was defined as
the concentration of drug required to induce a 50% de-
crease of cell growth. An in vitro selective index (SI),
corresponding to the ratio between antiparasitic and
cytotoxic activities, was calculated according to the fol-
IOWing formula: SI = ICSOfmonocytes/IC507amastigotes-

4.3.5. Effects of compound B’52 on nitric oxide production
by macrophages. Maturation of human monocytes into
adherent macrophages was performed by treating expo-
nentially growing monocytes (10° cells/ml) with 1 uM
phorbol myristate acetate (Sigma). After a 48-h incuba-
tion period at 37 °C (5% CO,) in chamber slides (Fisher,
Paris, France), cells were rinsed with fresh medium and
suspended in RPMI medium containing various concen-
trations of compound B’52 in the presence or absence of
10 U/mL human recombinant interferon gamma. After
48 h at 37 °C, NO production was measured by assess-
ing the nitrite content of culture supernatants by the
method described by Ding et al.!8: 100uL of fresh Griess
reagent was added to equal volumes of culture superna-
tants and the optical density at 540 nm was measured
after 15 min of incubation at room temperature. Nitrite
concentrations were determined by using NaNO, dilut-
ed in DMEM as the standard.

4.3.6. Effects of compound B’52 on the phagocytic
capacities of human macrophages. Assays were per-
formed on human monocyte-derived macrophages.
Maturation of monocytes into adherent macrophages
was performed by treating exponentially growing mono-
cytes (10° cells/ml) with 1 uM phorbol myristate acetate
(Sigma). After a 48-h incubation period at 37 °C (5%
CO,) in chamber slides (Fisher, Paris, France), cells
were rinsed with fresh medium and various concentra-
tions of compound B’52 were incorporated into dupli-
cate cultures. After a 48-h incubation period at 37 °C,
cells were rinsed with fresh medium and infected with
RPMI medium containing stationary-phase promasti-
gotes (cells/promastigotes ratio = 1:10). After a 4-h incu-
bation period at 37 °C (5% CO,), promastigotes were
removed by four successive washes with fresh medium,
fixed with methanol and stained with 10% Giemsa stain.
The percentage of macrophages containing adherent or
intracellular parasites was analyzed microscopically at
1000x magnification.
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Abstract—Some new thiazolo[3,2-a]benzimidazolone derivatives were synthesized using two methods. The structures of the synthe-
sized compounds were proved by means of IR, 'H NMR and mass spectral data. Ab initio computations were performed in order to
determine the electronic structure and geometry of the investigated molecules and to compare it to the geometry of albendazole.
Biologically, experiments in vitro and in vivo were accomplished in order to identify the efficacy of the obtained thia-
zolobenzimidazolones against Trichinella spiralis. The effectiveness of compounds 4a—c in the intestinal phase of trichinellosis
was 100% and in the muscle phase were 88% and 80% at a concentration of 100 mg/kg mw for the compounds 4a and 4c. The results
of the hepatotoxicity test showed that the compounds 4a and 4b possess hepatotoxicity comparable to that of albendazole.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The antihelmintic drugs derived from benzimidazole are
the largest chemical family used to treat endoparasitic
diseases in domestic animals and humans, characterized
by high therapeutical index in the different helmintosis,
polyvalent effect, and low toxicity. In spite of the signif-
icant features of these drugs, the definitive treatment of
trichinellosis, one of the most disseminated tissue hel-
mintosis, remains pending, and trichinosis continues to
be a public-health concern throughout the world. Specif-
ically, it has been estimated that 10 million people
worldwide could be infected, and in the past 10 years
an increase in occurrence of the infection has been
reported among domestic pigs, horses, and wildlife, with
a consequent increase among humans.

In the years since the first reports on the efficacy of benz-
imidazoles against Trichinella spiralis have appeared,
many synthetic derivatives have been investigated under

Keywords: Benzimidazoles; Thiazolo[2,3-a]benzimidazolones; Ab ini-

tio; Antitrichinellosis activity; Hepatotoxicity.
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laboratory conditions for activity against this parasite.
Only few of them, such as thiabendazole, cambendazole,
oxfendazole, oxibendazole, and flubendazole, were thor-
oughly studied. The mode-of-action of the benzimid-
azole anthelmintics is the interruption of microtubular
function. As a result of this interruption, egg hatching,
larval development, and glucose transport are dis-
turbed.! These compounds are effective against imma-
ture and mature intestinal phases and depress the
productivity of the larvae in the muscles of the host,
but only few of them, such as thiabendazole, mebenda-
zole, and albendazole, are effective in relatively high
doses and in prolonged treatment against capsulated
muscle T. spiralis larvae.>”’

Another class of extremely potent and broad spectrum
antiparasitic drugs is the class of macrocyclic lactones,
which can be divided into two subclasses: the milbemycins
and the avermectins. The mode-of-action of avermectins
is affecting GABA-gated chloride channels. Ivermectin,
which is a semisynthetic analog of avermectin, is widely
used in the treatment of nematode infection in animals.
In human medicine, it is used predominantly in treating
onchocerciasis, strongyloidiasis, and filarial infection,
especially Wuchereria bancrofti.®'° Ivermectin is highly
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effective in eliminating 7. spiralis at the intestinal stage,*
but is less effective against the larval muscle phase.!!=!3

Therefore, the development of new and more effective
anthelmintics against trichinellosis is of pharmacological
interest.

In our previous paper, we described the synthesis and
antitrichinellosis activity of some 2-aryliden substituted
thiazolo[3,2-a]benzimidazoles, which showed remark-
ably high activity against T. spiralis.'*

Having in view the high activity of these compounds
against 7. spiralis, at the intestinal phase we undertook
a synthesis of new 2-(indol-3-ylmethylene) and 2-(1,3-
benzodioxole-5-ylmethylene)-thiazolo[2,3-a]benzimidaz-
oles and in vitro investigation of their anthelmintic activ-
ity, as well as experimental therapeutic studies in vivo on
the parasite in the muscle phase, in order to compare
their activity with that of albendazole and ivermectin.

The structure of thiazolo[2,3-a]benzimidazol-3(2 H)-ones
gives the opportunity to realize changes by two ways:
introduction of some substituents either in the benzene
cycle of thiazolobenzimidazole or in the thiazole ring.
This alteration in the structure of the main model com-
pounds could be used to determine the influence of dif-
ferent substituents over the antitrichinellosis activity of
the examined group of compounds. On the other hand,
introduction of a condensed ring in the benzimidazole
system may enhance the interaction of these molecules
with the biological targets.

The choice of these structures was in accordance with
the fact that the indole heterocycle is part of substances
possessing anthelmintic activity.!>2° The 1,3-benzodi-
oxole moiety occurs in some biologically active com-
pounds such as topomerase-II inhibitors (etoposide),
ET s—inhibitors (sitaxsentan), and HIV-protease inhibi-
tors etc. 2! Therefore, it was of pharmacological interest
to incorporate an indole or benzo-1,3-dioxole heterocy-
cle in the structure of thiazolobenzimidazolones.

2. Results

The synthesis of 2-arylidene-thiazolo[3,2-a]benzimid-
azole-3(2H)-ones is illustrated and outlined in Schemes
1 and 2.

1 H-Benzimidazole-2-thiols la-d were prepared by
refluxing ethanol-water solution of sodium hydroxide,
carbon disulfide, and 4-(un)substituted-1,2-diamino-
benzenes.??

The reaction between chloroacetic acid and 5-(un)substi-
tuted-1H-benzimidazole-2-thiols in the presence of sodi-
um hydroxide led to compounds 2a-d.??

1,3-Thiazolo[3,2-a]benzimidazol-3(2H)ones 3a—c were
obtained by heating (benzimidazol-2-ylthio)acetic acids
2a-c¢ and acetic anhydride in pyridine medium at
100 °C. For the preparation of compound 3d, cycliza-

tion of (benzimidazol-2-ylthio)acetic acid 2d was per-
formed in the presence of dicyclohexyl carbodiimide
(DCC) at room temperature.

The condensation between 3a—c¢ with 1,3-benzodioxole-
5-carbaldehyde and indole-3-carbaldehyde, using pyri-
dine as a catalyst resulted in products 4a—c respectively
(Method A).

The one-pot synthesis (Method B) carried out by a
cyclocondensation (a Knoevenagel condensation, fol-
lowed by cyclization) among 1 H-benzimidazole-2-thiols
la-d, chloroacetic acid, aromatic or heteroaromatic
aldehyde, acetic anhydride, and glacial acetic acid
in the presence of sodium acetate (piperidine) led to
2-substituted thiazolo[2,3-a]benzimidazole-3(2 H)-ones
4a—g in good yields (51-93%). The compounds prepared
were purified by re-crystallization and their physical
constants were determined. The chemical structures of
all the new compounds were established by IR, 'H
NMR and mass spectral data for the compounds 4a—d.
The analysis of the "H NMR spectra showed that the
compounds 4c-g present a mixture of two regioisom-
ers— the 6- and 7-substituted derivatives in ratio 1:1.
The results are presented in Section 5.

The characteristic absorption bands at 1680-1720 cm ™
for thiazolobenzimidazolone carbonyl and at 1580—
1630 cm ™' for C=N bond were observed in the IR spectra.

2.1. Computations

The ab initio computations were performed with
standard Gaussian 98 (AIX Version 1998) at the
RHF level, using the 6-31G basis set.?*

It was found out that total energy of 4a was
E=-1380.0981587 A and the total energies of 4b and
4c were E = —1323.3565016 A, —1326.37765335 A. The
atomic charges by the oxygen (140) from the carbonyl
group of the thiazolobenzimidazolone cycle and by the
hydrogen (31H) in sixth position of 1,3-benzodioxole in
the compound 4a were —0.593111 and 0.324999; the
charges by 230 and 33H in indole cycle in 4b were
—0.352894 and 0.294352, whereas the charges byl40
and 32H in 4¢ were —0.620421 and 0.342756. The distance
between 31H and 140 in 4a 230 and 33H in 4b and 140
and 32H in 4¢ were 2.02 and 2.08 A, respectively.

The total energy of albendazole was —1173.4120662 A,
the charge by 120 was —0.618868 and 22H was
0.443716. The distance between 120 and 22H was
2.157 A.

2.2. Antihelmintic activity

The parasitological study in vitro showed that most of
the tested compounds exhibited higher activity than
albendazole against 7. spiralis. In comparison to iver-
mectin, compound 4a showed higher effectiveness after
24 h against encysted T. spiralis but exhibited the same
activity as ivermectin after 48 h. The results are given
in Tables 1 and 2. In the control samples with
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Scheme 1. Synthesis of 2-substituted-[1,3]thiazolo[3,2-a]benzimiazol-3(2H)-ones (Method A).

physiological solution and the samples only in DMSO,
all 7. spiralis larvae had spiral form, that is, vital.

The obtained results promoted to study further the three
compounds—4a—4c¢ for parasitocide effect in vivo using
white mice infected with T. spiralis.

The in vivo screening of intestinal phase of T. spiralis done
by us showed 100% effectiveness of the compounds 4a—c
after a 3-day treatment course with an oral dosage of
100 mg/kg mw, beginning on the third day of infection.
During the control microscopic study of intestinal con-
tent after autopsy of all tested animals, no larvae were
found. This fact indicated that all the three compounds
possess a remarkable antitrichinellosis efficacy. We ob-
tained the same results using albendazole as a standard.

The results obtained by the pharmaco-therapeutic
experiment on the antitrichinellosis activity in muscle

stage (capsulated larvae) in 60 white mice pointed out
that the compounds 4a and 4c exhibit, 88% and 80% effi-
cacy respectively, whereas albendazole possessed 65%
activity at a concentration of 100 mg/kg mw with respect
to the control group of untreated animals. Ivermectin,
administered as a dosage of 0.2 mg/kg mw exhibited
28% efficacy after 2 days of treatment (Table 3).

Statistically significant differences in the level of para-
sites in both control and experimental groups in muscle

phase as well as in vitro were determined (p < 0.05).

Preliminary investigation in muscle phase by using four
guinea pigs showed 86% activity of 4a and 80% of 4c.

2.3. Hepatotoxicity in vitro

The results from a hepatotoxicity test in vitro of the
thiazolobenzimidazole derivatives on the cell viability





Scheme 2. Synthesis of 2-substituted-[1,3]thiazolo[3,2-a]benzimiazol-3(2H)-ones (Method B).
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Table 1. In vitro biological activity of compounds 4a-g against Trichinella spiralis larvae®
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Compound Efficacy® (%)/24 h
20 (pg/mL) 50 (ng/mL) 100 (pg/mL) 200 (ng/mL) 400 (pg/mL) 800 (png/mL) 1600 (png/mL)

4a 42.5 60.5 80.1 85.2 88.5 92.5 95.0
4b 30.0 38.2 40.2 43.0 52.1 62.2 65.2
4c 38.5 49.5 55.2 61.2 63.0 68.6 73.5
4d 18.3 20.0 22.5 26.1 48.2 51.3 58.3
4e 5.1 6.6 11.5 134 16.7 21.3 25.8
a4f 9.7 10.2 10.7 14.1 27.8 29.4 39.6
4g 3.7 43 6.3 9.9 19.2 24.6 27.5
Albendazole 9.3 10.6 10.7 13.3 14.2 23.1 28.9
Ivermectin 38.2 45.3 48.8 54.0 69.5 79.3 82.0

# Control—96 parasites.

®p <0.05.

Table 2. In vitro biological activity of compounds 4a-g against Trichinella spiralis larvae®

Compound Efficacy ® (%)/48 h
20 (pg/ml) 50 (pg/ml) 100 (pg/ml) 200 (pg/ml) 400 (pg/ml) 800 (pg/ml) 1600 (pg/ml)

4a 53.0 72.0 84.5 88.4 92.5 95.5 98.0
4b 333 39.8 449 54.1 59.2 68.3 72.0
4c 40.5 53.5 60.2 74.5 77.1 80.2 88.3
4d 28.0 31.7 36.0 423 49.8 62.4 73.6
4e 8.5 11.0 18.2 22.1 25.0 32.1 36.8
4f 18.0 20.7 21.5 21.6 27.3 36.7 42.0
4g 4.1 6.8 10.5 14.3 26.5 27.8 32.0
Albendazole 12.0 14.8 15.1 17.4 18.2 25.6 334
Ivermectin 40.0 62.1 78.5 88.2 923 97.0 98.1

# Control: 87 parasites.

®p <0.05.
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Table 3. Antitrichinosis activity of compounds 4a—c in muscle phase

Compounds Number of parasites in Efficacy (%)
1 g muscle mice mass

4a 300 £ 71.8* 88

4b 1000 £ 169 60

4c 500 = 122 80
Albendazole 900 £ 73 64
Ivermectin 1800 £ 145 28

Control 2-500 £ 901

#p <0.05.

Table 4. Effects of thiazolo[3,2-a]benzimidazole derivatives on the
viability of isolated hepatocytes (vs control)

Group Cell viability — Effect % versus  Effect % versus
control albendazole

Control 93 +3.5° 100

Albendazole 41+ 2.0* 156

4a 37+3.9 160 110

4b 47 +4.2%° 149 115

4c 20 +3.1% 178 151

4d 19 £2.5° 180 154

4e 17 £ 5.4 182 159

4f 15£3.7° 184 163

#p < 0.05 versus control.
®p < 0.05 versus albendazole.

of isolated rat hepatocytes (vs control) are presented in
Table 4.

After addition of the examined compounds (250 uM)
to the incubation medium, a statistically significant
decrease in cell viability was observed. Compounds 4a
and 4b had lowest toxicity in comparison to the control.
Compound 4b preserved the cell viability (15%) com-
pared with albendazole (p < 0.05).

3. Discussion

The yields of 2-arilyden-thiazolo[3,2-a]benzimidazol-
3(2H)-ones obtained by using Method A were found
to be in the range of 61-68% after the third reaction
stage of the three-step synthesis, but compared to the

H(@29) H(28)

starting 1H-benzimidazole-2-thiols, the yields varied in
the range of 26-30%.

Method B is a one-pot synthesis permitting the prepara-
tion of thiazolo[3,2-a]benzimidazol-3(2H)-ones in good
yields (49-62%). Nevertheless, in order to achieve better
results, we investigated the possibility of replacing the
sodium acetate with another catalyst, namely piperidine.
In that case, the yield of product 4a increased to 78%,
and that of 4c and 4d increased to 93% and §9%, respec-
tively. Therefore, the compounds 4e-g were synthesized
by using the efficient and simple procedure of Method B.

The prototropic properties of the benzimidazole are well
known. By the spectral assignment and multiplet analy-
sis of "TH NMR spectra, it was observed that the com-
pounds 4c-g present a mixture of the 6 and 7-
substituted derivatives in ratio 1:1. The presence of the
methyl group in the sixth position of 4d leads to an up-
field shift of the signal of H-5 proton by 7.855 ppm,
while the signal of H-5 proton in the 7-substituted iso-
mer is shifted downfield by 7.896 ppm (for description
of chemical shifts, see the numbering of the H-atoms
in Schemes 1). If the signals of H-8 protons in both
the isomers are taken into consideration, it might be
pointed out that the signal of H-8 in the 6-methyl-substi-
tuted thiazolobenzimidazolone is shifted downfield by
7.55 ppm and in the 7-substituted isomer by 7.47 ppm.
The chlorine atom exerts on the signals of the H-5 pro-
tons in both the isomers, 4g similar influence, by
7.588 ppm for the 7-chloro-substituted isomer and by
7.670 ppm for the 6-chloro-isomer. However, the nitro
group at C-6 position of the thiazolobenzimidazolone
cycle (4f) causes deshielding of the signal of the proton
H-5 by 8.941 ppm, the nitro group at C-7 position shift
upfield the signal of the H-5 by 7.773 ppm, and the
signals for chemical shift of H-8 protons are by 8.16
and 8.57 ppm. The signals of H-5 protons in the isomers
4c and 4e overlap.

On the basis of computational results, a planar geome-
try (dihedral angle 180°) of the compounds 4a—c¢ was
identified (Fig. 1). The possibility of H-bond formation
between the carbonyl oxygen and the hydrogen atom in
the sixth position of 1,3-benzodioxole cycle and the

S(10)

Figure 1. Planar geometry of compound 4a.
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hydrogen in the second position of indole was likely.
Probably, the presence of H-bond allows the formation
of seven-member-pseudo-cycle, which additionally sta-
bilizes the planar geometry. The albendazole molecule
also possessed a planar geometry and the formation of
amid H-bonds is obvious (Fig. 2).

The parasitological experiment in vitro ascertained that
the tested compounds possessed a different antihelmintic
effect expressed in suppressing the motor activity of 7. spi-
ralis larvae and in losing the spiral form, which is a mark
of non-viability. In the control samples, both in physio-
logical solution and in DMSO, practically all 7. spiralis
larvae were in spiral form, i.e., vital. The observed differ-
ence between the antitrichinellosis efficacy of the com-
pounds and that of albendazole was statistically
significant (p < 0.05). The results obtained by the in vitro
test for the activity of the compounds 4a—g and albenda-
zole proved that the efficacy of the compounds 4a—d was
higher than the activity of albendazole. The efficacy of
the compounds 4e-g was also comparable with the activ-
ity of albendazole. The most active compounds towards
albendazole proved to be compound 4a-98% efficacy—
followed by 4c¢ (88%) and 4b (75%). In a concentration
of 1600 pg/mL, ivermectin exhibited 82% and 98.1% lar-
vocide effect after 24 and 48 h, respectively. It deserves
to be emphasized that at the same concentration
(1600 pg/mL) the larvocide effect of the compound 4a
was 95% and 98%, while the compound 4c¢ was less
active—73.5% and 88.3%, respectively.

The flat dose-response curve in the experiment in vitro
can be explained with the biological characteristics of
T. spiralis larvae. On the other hand, obtaining a good
dose-response relationship depends on how much is pre-
viously known about the safety and the biological activ-
ity of the tested compounds. To obtain an acceptable
dose-response curve, additional experiments using
higher or lower concentrations are required.

Some anthelmintics from the benzimidazole group are
more effective against immature Trichinella, whereas oth-
ers are more effective against the adult worms. The anti-
trichinellosis activity of albendazole in intestinal phase,
according to the data given by McCracken, is as follows:
albendazole is 100% effective for 2 h with a dosage of

Figure 2. Planar geometry of albendazole.

12.5 mg/kg in mice, but only 73% active for 72 h with a
dosage of 50 mg/kg. If the data reported by the McCrac-
kens for the efficacy of thiabendazole, are taken into con-
sideration, it might be pointed out that in intestinal phase
in mice, a single dose of thiabendazole at 50 mg/kg is high-
ly effective against 2-h old Trichinella, but not against 20-h
old worms. However, a dosage of 150 mg/kg is highly
effective against 24-h old worms. Against mature worms,
a dosage of 150 mg/kg is ineffective, and for 72 h, even a
dosage of 500 mg/kg fails to remove the worms.?’

Our results obtained in the in vivo screening of intestinal
phase of T. spiralis in mice showed 100% effectiveness of
the compounds 4a—c and albendazole after a 3-days
treatment course with an oral dosage of 100 mg/kg
mw. The last effectiveness was established through
microscopic observation of small intestine of the ani-
mals. Ivermectin was not used in that test, but according
to Campbell W.C. et al., avermectins are highly active
against intestinal stage.*

Campbell et al.# reported that in the early muscle phase,
albendazole is 67% effective at 5 x 50 mg/kg and that
larvae encysted in the muscles could be reduced by a
dosage of 100 mg/kg.*

As it can be seen, the results obtained by the test (Table
3) in muscle phase indicated that the compounds 4a
and 4c exhibited, respectively, 88% and 80% efficacy,
respectively, against capsulated muscle 7. spiralis larvae,
while albendazole showed only 65% activity at a dosage
of 100 mg/kg mw after 10 days of treatment. The test
performed with ivermectin at a concentration of
0.200 mg/kg mw, which is the usually administrated
dose in nemathode infections, pointed out 28% effective-
ness of ivermectin. The obtained results agree with the
low capacity of ivermectin to eliminate the capsulated
muscle 7. spiralis larvae as shown by Criado-Fornelio
et al.!!, Ros-Moreno et al.'?, and Blackhall et al.'3. Sta-
tistically significant differences in the level of parasites in
both control and experimental groups in muscle phase
were determined (p < 0.05). All these facts confirm the
significance of the new compounds.

The preliminary results indicated also that the substitu-
ent at position 6(7) of the thiazolobenzimidazole deriva-

H(32)
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tives played a significant role in their biological activity.
As it can be seen from Table 1 that the most active com-
pounds 4a—d were not substituted or substituted with
a methyl group, while the presence of chlorine atom or
nitro group at that place was unessential; the corre-
sponding derivatives 4e—g were inactive. As mentioned
above, the compounds 4¢c—g present a mixture of two
regioisomers—substituted at positions 6 and 7.

Compound 4a containing 1,3-benzodioxole moiety at
the second position of the thiazolobenzimidazole hetero-
cycle was more active than that having an indolydene
residue, for instance 4a (R = H) was more active than
4b (R = H). From the compounds containing an indo-
lydene residue, the most active was compound 4c, i.e.,
with substituent methyl group at 6-th and 7-th positions
while 4a (R = H) was more effective than 4d (R = CH3).

The studied compounds can be regarded as thiabenda-
zole derivatives. Rey-Grobellet et al.?® found that thia-
bendazole in rabbit hepatocytes showed an activation
of cytochrome P450 enzymes and supposed that the
metabolites of thiabendazole might be responsible for
the observed toxicity.?!

According to Mirfazaelian A. et al.,”® albendazole is a
benzimidazole carbamate used as the drug of choice in
treatment of echinococcosis. After an oral administra-
tion, the drug is quickly oxidized by CYP3A4 to its
pharmacologically active metabolite albendazole sulfox-
ide. Some pharmacokinetic studies indicate that alben-
dazole sulfoxide is responsible for both antihelmintic
and toxic effects of albendazole.!**

The purpose of our study, using isolated hepatocytes
was to compare whether the new compounds showed
more toxic effect than albendazole. Because, it is known
that albendazole exerted hepatotoxic effect, we used it as
a control, versus which, to trace the effect of the new
compounds (more toxic/less toxic). We investigated the
effect of the compounds on cell viability by using a try-
pan blue test,>” which showed that with lowest toxicity
on the cell viability was 4a and 4b and most toxic versus
control was 4f. Compound 4b preserved the cell viability
15%, with respect to albendazole and the compound 4a
had hepatotoxicity comparable to that of albendazole
(» < 0.05).

The different effect of the compounds viability of hepa-
tocytes might be explained and connected with the
differences in their structure (different substituents at
positions 2 and 6(7)). The unsubstituted compounds
4a and 4b were less toxic in contrast to the compounds
containing methyl-, nitro-group or chlorine atom as a
substituent at position 6(7) of the benzimidazole ring.

4. Conclusion

The 2-substituted-[1,3]thiazolo[3,2-a]benzimidazole-
3(2H)-ones were synthesized by two different methods
and tested for activity against 7. spiralis. Ab initio com-
putations indicated that the investigated compounds

possess a planar geometry as all other broad spectrum
benzimidazole antihelmintics. The spectral assignment
and multiplet analysis of "H NMR spectra showed that
the obtained compounds 4c—g present a mixture from
6- and 7-substituted derivatives in ratio 1:1.

The in vitro and in vivo screening showed that the com-
pounds exhibit remarkable antiparasitic activity. They
were more effective both against encysted 7. spiralis
larvae in vitro and against muscle phase of T. spiralis
in vivo in comparison with albendazole. With respect
to ivermectin, compound 4a had the same activity as
ivermectin in vitro, but against muscle phase all three
compounds4a—c demonstrated much higher effectiveness
than ivermectin. The most active compounds possess
hepatotoxicity comparable to that of albendazole.

These results confirmed also the hypothesis that the
introduction of a condensed ring in the benzimidazole
system is favorable to the interaction of these molecules
with the biological targets.

5. Experimental

Melting points (mp) were determined on an Electrother-
mal AZ 9000 3MK4 apparatus and were uncorrected.
Thin layer chromatography (R; values) was performed
on silica gel 60 plates F,s4 (Merck, 0.2-mm thick) using
mobile phase benzene-methanol, 3:1 and benzene-ace-
tone, 8:1, and visualization was effected with ultraviolet
light. IR spectra were recorded on a Specord 71 IR spec-
trophotometer as potassium bromide discs. '"H NMR
spectra were obtained on a Bruker Avance DRX
250 MHz spectrometer (Bruker, Faelanden, Switzer-
land) using a dual 5-mm probe head and CDCl; and
DMSO-dg as solvents. Chemical shifts were expressed
relative to tetramethylsilan and were reported as ¢
(ppm). The measurements were carried out at ambient
temperature (300 K). The atom numbering used for
description of the slpectra is shown in Scheme 1. Typical
condition for 1-D "H spectra were pulse width 30°, FT
size 32 K and digital resolution 0.2 Hz per point. Mass
spectrometric measurements were performed using a
LCQ DECA instrument (Thermo Finnigan, Palo Alto,
CA, USA). Compounds were solubilized in CH3;OH.
Compounds (107®M solution) were prepared and
directly infused into the ESI source. The ions were pro-
duced using spray voltage, capillary voltage and capil-
lary temperature of 4 kV, 8 kV and 220 °C, respectively.

5.1. Chemistry

5.1.1. General procedure for compounds la-d. 4-
(Un)substituted-1,2-diamino-benzene (0.019 mol) and
water (3 mL) were added to solution of sodium hydrox-
ide (0.022 mol) in ethanol (20 mL) and carbon disulfide
(0.022 mol). The mixture was heated under reflux for
3 h. Charcoal is then added cautiously; and after the
mixture has been refluxed for 10 min, the charcoal was
removed by filtration. The filtrate is heated to 60—
70 °C and quenched with warm water (70 °C, 20 mL),
and then 50% acetic acid (9 mL) was added by thorough
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stirring. The product was separated, and after cooling
in the refrigerator for 3 h, the crystallization was
completed.

5.1.2. General procedure for compounds 2a—d. Solution of
sodium hydroxide (0.012 mol) in ethanol (14 mL) and
5-(un)substituted-1 H-benzimidazole-2-thiol (0.0067 mol)
was refluxed for 1h. After cooling, chloroacetic acid
(0.0067 mol) was added and the refluxing was continued
for another 1-5h. Then, the reaction mixture was
cooled, poured into water, and acidified with diluted
acetic acid. The crystallized product was filtrated, care-
fully washed with water, and re-crystallized.

5.1.3. General procedures for compounds 3a—c. Method
A: solution of 5(6)-(un)substituted-(1 H-benzimidazol-
2ylthio)acetic acid (0.104 mol) and acetic anhydride
(19.5mL) in dry pyridine (65 mL) was heated by reflux
for 10 min. Products were crystallized as pale orange
sediment after cooling and adding water (100 mL) in
small portions by stirring.

Method B: DCC (0.0144 mol) in pyridine (10 mL) was
added dropwise to the compounds 2a—c (0.0144 mol)
diluted in dry pyridine (60 mL). The solution was stirred
for 1012 h at 5-10 °C. The precipitate of dicyclohexyl-
urea was removed, and the filtrate was evaporated
under reduced pressure to dryness. The residue was
dissolved in chloroform and filtrated after heating with
charcoal. After cooling and filtering, the products
were re-crystallized.

[1,3]Thiazolo[3,2-a]benzimidazol-3(2H)-one 3a: Yield,
61% (Method A); 70% (Method B); mp 179-181 °C, re-
crystallized with ethanol-benzene 1:2; R = 0.69, mobile
phase benzene:methanol = 3:1; IR: 1740-v C=0; 1620-
v C=N; '"H NMR (CDCl5): 7.94 (m, 1H, C5-H); 7.62 (t,
1H, C8-H); 7.41-7.27 (m, 2H, C6-H, C7-H), 4.36 (s,
2H, CH,).

6(7)-Methyl-[1,3]thiazolo[3,2-a]benzimidazol-3(2 H)-one
3b: Yield, 64% (Method A); 71% (Method B); mp 192—
195 °C re-crystallized with ethanol; R;=0.50, mobile
phase benzene:acetone = 8:1; 'H NMR (CDCl5): 7.76
(m, 1H, C5-H); 7.49 (d, 1H, C8-H); 7.16 (m, 1H, C7-
H); 4.36 (s, 2H, CH,); 2.47 (s, 3H, CHj).

6(7)-Nitro-[1,3]thiazolo[3,2-a]benzimidazol-3(2 H)-one 3c:
Yield, 52% (Method B); mp 197 °C (destr.), re-crystallized
with benzene; R;= 0.69, mobile phase benzene:metha-
nol = 3:1; '"H NMR (CDCly): 8.84 (d, 1H, C5-H); 8.33
(m, 1H, C8-H); 7.73 (d, 1H, C7-H); 4.47 (s, 2H, CH,).

5.1.4. General procedure for compounds 4a—f. Method A:
0.0105 mol of the relevant aldehyde was added to the
solution of 0.01 mol 3a-d in 50 mL absolute ethanol
and 3-4 drops of pyridine. After several hours of reflux,
the solution was cooled and the precipitate obtained was
washed with ethanol, followed by double re-crystalliza-
tion from ethanol. Method B: Mixture of 0.01 mol 1H-
benzimidazole-2-thiol 1, 0.015 mol chloroacetic acid,
2 g sodium acetate, 0.01 mol aromatic aldehyde, and
glacial acetic acid was refluxed for 6 h. After cooling,

the product obtained was re-crystallized from glacial
acetic acid and washed with water. An additional
re-crystallization was performed with ethanol.

2-(1,3-Benzodioxol-5-ylmethylene)[1,3]thiazolo[3,2-a]ben-
zimidazol-3(2H)-one 4a (R = H, Ar = 1,3-benzodioxol-5-
yD): Yield, 62%; (method A); 51% (method B, sodium
acetate as a catalyst); 78% (Method B, piperidine as
catalyst); mp 247-248 °C; Ry=0.744 ; IR (KBr, cmfl):
1710—v C=0; 1580—v N=C; MH" m/z = 323(45),
[MH+MeOH]" m/z 355(100); 'H NMR (250 MHz,
CDCls, 6 ppm): 8.06 (m, 1H, C8-H); 7.97 (s, |H, C=CH);
7.68 (m, 1H, C5-H); 7.34-7.42 (m, 2H, C7-H, C6-H); 7.17
(dd, 1H, C6’-H, J = 1.79 and 8.13 Hz); 7.09 (d, 1H, C4’-
H, J=1.763 Hz); 6.95 (d, 1H, C7'-H, J = 8.13 Hz); 6.09
(s, 2H, CH,).

2-(Indol-3-ylmethylene)[1,3]thiazolo[3,2-a]benzimidazol-
3(2H)-one 4b: Yield, 65% (Method A); Mp 192-195 °C;
R;=0.67; IR (KBr cm™!): 3110—v NH; 1630—v C=0;
1600—v N=C; MH" m/z = 318(100), [MH+MeOH]"
mlz 350(15); '"H NMR (250 MHz, DMSO, § ppm):
12.16 (s, 1H, NH, D,O exchangeable); 9.93 (s, 1H,
C=CH); 8.30-8.29 (m, 2H, C2’-H, C4’-H); 8.10-8.07
(dd, 2H, C8-H, C5-H, J=8.32 and7.89); 7.53-7.49
(m, 2H, C7-H, C7'-H , J = 8.32 Hz); 7.21-7.27 (m, 3H,
C6’-H, C5'-H, C6-H).

2-(Indol-3-ylmethylene)-6(7)-methyl[1,3]thiazolo[3,2-a]ben-
zimidazol-3(2H)-one 4c¢: (R = CH3) Yield, 68% (method
A), 93% (method B, piperidine as a catalyst); mp >
298 °C; R;=7.07, IR: 3100—v NH; 1700—v C=O0;
1580—v N=C; MH" m/z =332 (100) [MH+MeOH]"
miz 364(55); '"H NMR (CDCIl;+DMSO, é ppm):11.90
(s, 1H, NH, D,O exchangeable); 8.08 (s, 1H, -C=CH);
7.60-7.54 (m, 3H, C4'-H, C5-H, C2’-H); 7.23-7.15 (m,
2H, C7’-H, C8- H); 6.85-6.99 (m, 3H, C7-H, C6'-H,
C5’-H).

2-(1,3-Benzodioxol-5-ylmethylene)-6(7)-methyl[1,3]thiaz-
0lo[3,2a]benzimi-dazol-3(2H)-one 4d: Yield, 63% (method
B, sodium acetate as a catalyst), 89% (method B, piperi-
dine as a catalyst); mp =215-218 °C; R;=0.817; IR:
1700—v C=0; MH" m/z = 337 (90) [MH+MeOH]" m/z
369(100); '"H NMR (250 MHz, CDCl5).

2-(1,3-Benzodioxol-5-ylmethylene)-(7)-methyl[1,3]thiaz-
olo[3,2a]benzimi-dazol-3(2H)-one: 7.95 (s, IH, C=CH);
7.89 (d, 1H, C5-H, J = 8.124 Hz); 7.47 (br s, 1H, C8-H);
7.20 (dd, 1H, Co6-H, J =1.086 Hz); 7.16 (d, 1H, C6’-H,
J=8.211Hz); 7.09 (s, 1H, C4’-H); 6.95 (d, 1H, C7'-
H); 6.09 (s, 2H, CH,); 2.50 (s, 3H, CHj).

2-(1,3-Benzodioxol-5-ylmethylene)-(6)-methyl[1,3]thiaz-
olo[3,2a]benzimi-dazol-3(2H)-one: 7.95 (s, 1H, C=CH);
7.85 (s, 1H, C5-H); 7.55 (d, 1H, C8-H); 7.20 (dd, 1H,
C7-H, J=1.086 and 10.596 Hz); 7.16 (d, 1H, C6'-H);
7.09 (s, 1H, C4’-H); 6.95 (d, 1H, C7’-H, J = 8.09 Hz);
6.09 (s, 2H, CH,); 2.49 (s, 3H, CHj3).

2-(Indol-3-ylmethylene)-6(7)-nitro[1,3]thiazolo[3,2-a]ben-
zimidazol-3(2H)-one 4e: Yield, 62% (Method B, sodium
acetate); mp °C; Ry=0.613; IR (KBr, cm™'): 3100—
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vNH; 1630—v C=0; 1330—v NO,; '"H NMR (250 MHz,
CDCl3): 10.08 (s, 1H, C5-H); 8.80 (br s, NH, D,O
exchangeable); 8.33 (m, 1H, C8-H); 7.86 (d, 2H, C4'-H,
C2'-H); 7.47-7.41 (m, 2H, C7-H, C=CH)] 7.37-7.33 (m,
3H, C7’-H, C6'-H, C5’-H).

2-(1,3-Benzodioxol-5-ylmethylene)-6(7)-nitro[1,3]thiazolo-
[3,2-a]benzimidazol-3(2 H)-one 4f: Yield, 58% (method B,
sodium acetate); mp = 260 °C (destruction); Ry = 0.789;
IR (KBr, cm™"): 1710—v C=0; 1580—v C=N; 1330—v
NO,; '"H NMR (250 MHz, CDCl5).

2-(1,3-Benzodioxol-5-ylmethylene)-7-nitro[1,3]thiazolo-
[3,2-a]benzimidazol-3(2H)-one: 8.59 (s, 1H, C8-H); 8.31
(dd, 1H, C6-H); 8.08 (s, 1H, C=CH); 7.77 (d, 1H, C5-
H, J=8.95Hz); 7.19 (m, 1H, C6-H); 7.11 (br s, 1H,
C4’-H); 6.98 (d, 1H, C7'-H, J=8.114 Hz); 6.12 (s, 2H,
CH,).

2-(1,3-Benzodioxol-5-ylmethylene)-6-nitro[1,3]thiazolo-
[3,2-a]benzimidazol-3(2H)-one: 8.94 (d, 1H, C5-H); 8.35
(dd, 1H, C7-H); 8.16 (d, 1H, C8-H, J = 8.80 Hz); 8.05 (s,
1H, C=CH); 7.19 (m, 1H, C6'-H); 7.11 (br s, 1H,
C4'-H); 6.98 (d, 1H, C7'-H, J=8.11 Hz); 6.12 (s, 2H,
CH,).

2-(1,3-Benzodioxol-3-ylmethylene)-6(7)-chloro[1,3]thiazolo-
[3,2-albenzimidazol-3(2 H)-one 4g: Re-crystallized; Yield,
51%; mp=240°C (destr.); R;=0.772; IR (KBr,
em ):1700—v C=0; 1580—v C=N:; 'H NMR
(250 MHz, CDCl5).

2-(1,3-Benzodioxol-3-ylmethylene)-7-chloro[1,3]thiazolo-
[3,2-a]benzimidazol-3(2H)-one: 7.97 (br s, 1H, C=CH);
7.49 (dd, 1H, C8-H, J = 2.547 and 8.171 Hz); 7.67 (dd,
1H, C5-H, J=2.12 Hz); 7.32 (dd, 1H, C6-H, J=1.89
and 8.47Hz); 7.17 (dd, 1H, C6-H, J=1.83 and
8.15Hz); 7.09 (d, 1H, C4'-H, J=1.81 Hz); 6.96 (d,
1H, C7’-H, J = 8.14 Hz); 6.10 (s, 2H, CH,).

2-(1,3-Benzodioxol-3-ylmethylene)-6-chloro[1,3]thiazolo-
[3,2-a]benzimidazol-3(2H)-one: 8.05 (dd, 1H, C8-H);
7.99 (s, 1H, C=CH); 7.59 (dd, 1H, C5-H, J=0.38 and
8.59 Hz); 7.36 (dd, 1H, C7-H, J=2.053 and 8.59 Hz);
7.17 (dd, 1H, C6’-H, J = 1.828 and 8.152 Hz); 7.09 (d,
1H, C4'-H, J=1815Hz); 696 (d, 1H, C7-H,
J=28.12 Hz); 6.10 (s, 2H, CH,).

5.2. Biological screening

The parasitological experiments in vitro as well as in vivo
for the intestinal phase of trichinellosis were carried out
according to Campbell’s method.?

Encapsulated 7. spiralis larvae were used in the parasi-
tological experiment in vitro, 100 specimens for 1 mL
physiological solution. The tested benzimidazole deriva-
tives were dissolved in DMSO. The concentrations used
are given in Table 1. The samples were incubated in ‘hu-
mid’ chamber with thermostat at 37 °C. The microscopy
control for vitality of 7. spiralis larvae was carried out
after 24 h as well as 48 h after treatment, using stereo-
microscope MBC-9.

The biological test for trichinellocide activity by intesti-
nal phase in vivo was accomplished using 50 white
immature mice, infected by equal conditions with 150
Trichinella larvae. The tested animals were divided into
three groups of 10 species for treatment with each one of
the compounds as well as one control group of 10 mice
without treatment and one control group of 10 mice
treated with albendazole. The treatment course was car-
ried out during 3 days in doses of 100 mg/kg mice weight
per os, beginning on the third day after infection. The
compounds were used in the form of a 1% suspension
in starch. The results of the performed test were estimat-
ed through microscopic observation of small intestine of
the animals.

The preliminary pharmaco-therapeutic experiment for
antihelmintic activity in muscles phase—capsulated lar-
vae was accomplished on 60 white mice and four guinea
pigs, invaded 40 days early with 1000 7. spiralis larvae
each. Thirty mice and three of the experimental animals
were treated per os with each one of compounds 4a—c in
doses 100 mg/kg mw pro die for 10 days cure course.
Ten mice and one of the guinea pigs were not treated
and were used as control samples. Two groups, each
of 10 mice were treated with albendazole and ivermectin.

To estimate the effect of the chemical substances, the
tested animals were post-mortem examined 10 days after
the last treatment. The intensity of invasion in mice was
established by compressive trichinelloscopy of 1 g skele-
ton muscle mass taken from each one of the mice. The
intensity of invasion for each guinea pig was determined
through artificial grind of 10 g from the skeleton muscles
(intercostal and motor muscles). The number of 7. spi-
rallis larvae in 1 g muscles mass from the treated and
control animals were determined by digestion of the
invaded muscles in pepsin—hydrochloric acid.

5.3. Hepatotoxicity test

Rat hepatocytes were used to examine the hepatotoxic-
ity of the synthesized compounds. The rat was anaesthe-
tized with sodium pentobarbital. In situ liver perfusion
and cell isolation were performed (Fau et al.,>’). The
cells were counted under microscope and the viability
was estimated by trypan blue (0.05%) exclusion. The ini-
tial viability averaged 90%. Incubations were carried out
in 25-mL Erlenmeyer flasks. The cells were diluted with
Krebs—Ringer-carbonate buffer, pH = 7.4. Each flask
contained 3 mL of the cell suspension (i.e., 9x 10° hepa-
tocytes) and the corresponding compound in concentra-
tion 250 uM. The incubation was performed under
carbogen atmosphere.

The significance of differences between groups was
determined by Student’s #-test.
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Abstract—A series 2a—4b of seven new side-chain ketone analogs of calcitriol (1) have been prepared. Unexpectedly, several of these
24- and 25-tert-butyl ketones, even though lacking the classical side-chain tertiary hydroxyl group, are considerably more antipro-
liferative in vitro than the hormone calcitriol (1) even at physiologically relevant low nanomolar concentrations and are less calcemic
than calcitriol (1) in vivo. In addition, ketone analog 19-nor-2a is not significantly less calcemic in vivo than 19-methylene analog 2a.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

For chemotherapy of various human illnesses, medicinal
organic chemists are designing and preparing analogs
that are at least as potent as, but less calcemic than,
the natural hormone 1a,25-dihydroxyvitamin D3 (1, cal-
citriol).!* Currently, approximately eight such analogs
of calcitriol (1) are regularly used as drugs that promote
healthier living.* A continuing chemical challenge, how-
ever, is to determine which small structural changes and
which simple functional group alterations in the large
natural hormone molecule will elicit desirable biological
responses. Understanding such chemical structure—
biological activity relationships (SAR) is important for
rational design of new analogs as potential drug candi-
dates.>* Toward this goal, we have developed a series
of calcitriol analogs that lack the natural 25-OH group
widely thought to be necessary for high biological activ-
ity.'-® Specifically, we rationally designed and prepared
some side-chain sulfone® and sulfoximine® analogs such
that these functional groups might act as H-bond accep-
tors (rather than as H-bond donors like the natural
25-OH group) toward the vitamin D receptor (VDR);
several of these new analogs are potent, selective, and
low-calcemic inhibitors of the human CYP24

Keywords: Vitamin D; Calcitriol; Antiproliferative.
* Corresponding authors. Tel.: +1 410 516 4670; fax: +1 410 516
8420; e-mail: ghp@jhu.edu

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

doi:10.1016/j.bmc.2005.06.031

hydroxylase enzyme.>® Hoffman-La Roche researchers
showed that incorporating a 16,17-double bond into
an analog generally promotes antiproliferative activity.’
Reddy and colleagues® showed that such a 16-ene 24-ke-
tone 25-OH metabolite is even more antiproliferatively
potent than its 24-CH, non-ketone parent, and we have
similarly observed the high antiproliferative activity of a
16-ene 25-ketone analog.” However, as far as we know,
there are no reported examples of any 16,17-saturated
side-chain fert-butyl ketone analogs of calcitriol (1).
Finally, DeLuca and colleagues'® have reported recently
a biologically active abbreviated side-chain analog hav-
ing no side-chain heteroatom.

In this study, we describe a series of seven new 16,17-sat-
urated analogs (2a-4b) of calcitriol (1) in which two
minimal changes have been made in the side chain: (1)
the natural side-chain tertiary hydroxyl group is re-
placed by a methyl group (forming a terminal fert-butyl
group) and (2) a ketone carbonyl group is placed at
either C-24 or C-25.

2. Results
2.1. Chemistry
Synthesis of new analogs 2a, 19-nor-2a, and 3a is out-

lined in Scheme 1, starting from previously reported
side-chain iodides 5'! and 6.!2 As noted before in the
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n=1
2a, 2324-saturated
19-nor2a
2b, 23-ene

HO™ HOY' n=0 HO™

1 (10,25-dihydroxyvitamin D3, calcitriol) 3a, 2223-saturated
3b, 22-ene

4b, R=Me

16-ene series,'?> so now in the 16,17-saturated series, 10 proceeds regiospecifically at only C-8, the less-hin-

Horner—-Wadsworth-Emmons (HWE) coupling of the dered ketone carbonyl group. Synthesis of new enone
A-ring nucleophile with 8,24- and 8,25-diketones 9 and analog 2b is summarized in Scheme 2, featuring

<

LDA, o 1. TBAF

HMPA, THF 2.PDC

TESO

o~ I

| P(O)Phz  1.n-BuLi, then 10
THF, 55%

. 2. TBAF, 839
TBSO" OTBS 83%

(#)-11

(+)2a (10,3B) [HIK-25(0) TB-1]
(+)-2a' (1B,30) [HIK-25(0)TB-2]

P(O)Ph, 1.n-BuLi, then 10
| THF, 15%

- 2. TBAF, 85%
TBSO OTBS

(+)-11

HOM
(4)-19-nor-2a [HJK-19-nor-25(0)TB]

| P(O)Ph, 1.n-BuLi, then 9
THF, 35%

2. TBAF, 82%

TBSO™ 0TBS

HO"

(+)-3a [HJK-24(0)TB]

Scheme 1.
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KCN
= DMSO
TESO 1 87%
5
P(O)Ph, 1. n-Buli, then 13
| THF, 85%
2. DIBAL, 83%
TBSO™ OTBS
()11 TBSO
14
Scheme 2.

successful HWE coupling of triene aldehyde 14 without
compromising the essential but sensitive conjugated tri-
ene unit. Synthesis of new analog 3b is outlined in
Scheme 3, and synthesis of analogs 4a and 4b is shown
in Scheme 4.

2.2. Biology

Our standard in vitro murine keratinocyte assay'? indi-
cates that the 25-oxo analogs 2a and 2b as well as the 24-
oxo analogs 3a and 3b are much more antiproliferative
than natural calcitriol (1) as is especially notable at
physiologically relevant low nanomolar concentrations
(Fig. 1). Noteworthy is that analog 3a, differing only
slightly from natural calcitriol (1) by being a 24-ketone
and by having a methyl group in place of the classical
25-OH group, is desirably much more antiproliferative
than calcitriol (1). Noteworthy also for SAR

CHO

1. (MeO)z’P\)I\K
15

@)

(0]

KOtBu, THF, 70%

2. HF, 66%

(+)-2b (10.,3p) [MK-23-ene-25(0)TB]
2b' (18,30)

generalizations is that there is little observed difference
in antiproliferative activity between the pair of saturated
versus o,B-unsaturated ketones 2a versus 2b. 24 24-
Difluorinated analog 4a and 24,24-dimethylated analog
4b, however, are much less antiproliferative than calci-
triol (1) and than the corresponding 24-unsubstituted
analog 2a (data not shown); thus, both electron-with-
drawing groups (i.e., F) and a sterically hindered 25-car-
bonyl as in analog 4b diminish antiproliferative activity
considerably.

Our standard in vivo mouse urine assay'? shows that at
least 10 times higher doses of the saturated ketone ana-
logs 2a and 3a are required to cause the same level of uri-
nary calcium excretion as the natural hormone calcitriol
(1, Fig. 2). When dosed at the same level as calcitriol (1),
ketone 2a was much less calcemic than calcitriol (1).
Introduction of a conjugated C=C double bond as in

1. TBAF, 37%

_—

2. PDC, 90%

P(O)Ph, 1. n-BuLi, then 18
| THF, 18%

2.HF, 93%

TBSO™ OTBS

HO™
(+)-8b [HBJ-22-ene-24(0)TB]

Scheme 3.
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1.Zn, BrF,CCO,Et
2.PhOC(S)CI

3.nBusSnH, AIBN
45% (3 steps)

TESO
)ﬁ(oa
LDA,
0

THF
99%

R R

1.t-BuLi, THF

2. TBAF

3. PDC L

A
o]

=F 21, R =F, 59% (from 20)
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Figure 1. Dose-response effects of analogs on keratinocyte
proliferation (96 h).

enone 2b does not alter calcemic activity very much (Fig.
2). Surprisingly, based on DeLuca’s observations that
19-nor analogs usually are much less calcemic than their
19-methylene versions,”!* the 19-nor version of 25-ke-
tone 2a (i.e., 19-nor-2a) does not have significantly less
calcemic activity than its 19-methylene counterpart 2a.

3. Conclusions
Two unexpected observations arise from this work: (1)

simply replacing the natural 25-OH group in calcitriol
(1) by a —CHj; group and incorporating a 24-ketone func-
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Figure 2. Effect of vitamin D; analogs on calcium levels in rat urine.

tionality produces analog 3a that is substantially more
antiproliferative in vitro than the natural hormone even
at physiologically relevant nanomolar concentrations;
and (2) simply removing the one carbon exocyclic 19-
methylene group produces analog 19-nor-2a that is not
significantly less calcemic than 19-methylene analog 2a.
These important SAR generalizations may help design
even more potent and safe new analogs of calcitriol (1).

4. Experimental

Unless otherwise noted, reactions were run in flame-
dried round-bottomed flasks under an atmosphere of
ultra-high-purity (UHP) argon. Diethyl ether (ether)
and tetrahydrofuran (THF) were distilled from sodium
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benzophenone ketyl prior to use. Methylene chloride
(CH,Cl,) was distilled from calcium hydride prior to
use. All other compounds were purchased from Aldrich
Chemical Co. and used without further purification.
Analytical thin-layer chromatography (TLC) was con-
ducted with silica gel 60 F,s4 plates (250 um thickness;
Merck). Column chromatography was performed using
short path silica gel (particle size <230 mesh), flash sil-
ica gel (particle size 400-230 mesh), or Florisil (200
mesh). Yields are not optimized. Purity of products
was judged to be >95% based on their chromatograph-
ic homogeneity. High-performance liquid chromatogra-
phy (HPLC) was carried out with a Rainin HPLX
system equipped with two 25mL/min preparative
pump heads using Rainin Dynamax 10 x 250 mm
(semipreparative) columns packed with 60 A silica gel
(8 um pore size), either as bare silica or as C-18-bonded
silica. Melting points were measured using a Mel-Temp
metal-block apparatus and were uncorrected. Nuclear
magnetic resonance (NMR) spectra were obtained
either on a Varian XL-400 spectrometer, operating at
400 MHz for 'H and 100 MHz for '*C, or on a Varian
XL-500 spectrometer, operating at 500 MHz for 'H
and 125 MHz for '*C. Chemical shifts are reported in
parts per million (ppm, d) downfield from tetrameth-
ylsilane. Infrared (IR) spectra were obtained using a
Perkin-Elmer 1600 FT-IR spectrometer. Absorption
bands are reported in wave numbers (cm~'). Low-
and high-resolution mass spectra (LRMS and HRMS)
were obtained with electronic or chemical ionization
(EI or CI) either (1) at Johns Hopkins University on
a VG Instruments 70-S spectrometer run at 70 eV for
EI and run with ammonia (NH3) as a carrier gas for
CI or (2) at the Ohio State University on a Finnigan-
MAT CHS, a Finnigan-MAT 731, or a VG Instru-
ments 70-VSE spectrometer run at 70 eV for EI and
run with methane (CHy) for CI.

4.1. tert-Butyl C,D-ring ketone 9

A 10-mL round-bottomed flask was charged with diiso-
propylamine (207 uL, 1.41 mmol distilled over calcium
hydride prior to use) and 2 mL of distilled THF. This
solution was cooled to —78 °C, and r-BuLi (1.0 ml of
1.6 M solution in hexane, 1.37 mmol) was added via
syringe. Pinacolone (174 pL, 1.33 mmol dried over
potassium carbonate and activated molecular sieve
for 24 h immediately prior to use) was dissolved in
1 mL of distilled THF and cooled to —78 °C at which
point it was added to the reaction flask via cannula.
The reaction was left to stir for 30 min. Hexamethyl-
phosphoramide (HMPA, 300 pL) was then added via
syringe, and the reaction mixture was allowed to stir
for an additional 15min. A solution of iodide 5
(0.09 g, 0.19 mmol) in 2mL of THF was cooled to
—78 °C and added to the reaction mixture via cannula.
The reaction mixture was stirred at —78 °C for 2 h and
to warm to room temperature slowly. The resulting yel-
low mixture quenched with 2 mL of water, extracted
with ethyl acetate (3x 25 mL), dried over MgSQOy, con-
centrated, and purified using silica gel column chroma-
tography (10% ethyl acetate/hexanes) to give a colorless
oil 7 (0.06 g, 80%).

A 15-mL round-bottomed flask was charged with TES-
tert-butyl ketone 7 (0.06 g, 0.2 mmol) dissolved in 5 mL
of distilled THF. Tetrabutylammonium fluoride (TBAF
1 M solution in THF, 440 puL, 0.4 mmol) was added to
the reaction flask, and this solution was left to stir at
room temperature for 7h. The resulting mixture
quenched with 2 mL of water, extracted with ethyl ace-
tate (3x 25 mL), dried over MgSQy, concentrated, and
purified using silica gel column chromatography (20%
ethyl acetate/hexanes) to give a colorless oil (34 mg,
80%): [o]5 +20.4 (c 2.0, CHCl3); "H NMR (400 MHz,
CDCl) 6 4.05 (m, 1H), 2.51-2.35 (m, 2H), 1.98-1.94
(m, 1H), 1.89-1.68 (m, 4H), 1.56-1.29 (m, 11H), 1.12
(s, 9H), 0.91 (s, 3H), 0.86 (d, J=6.4 Hz, 3H); '*C
NMR (100 MHz, CDCl3) ¢ 216.5, 69.3, 56.5, 52.5,
44.2, 41.8, 40.3, 34.9, 33.5, 33.3, 29.9, 27.0, 26.4, 22.5,
184, 17.4, 13.5; IR (neat, cmfl) 3516, 2935, 2870,
1703, 1477, 1365, 1067, 990; HRMS m/z [M+Na] calcd
317.2450 for C9H34,0-Na”, found 317.2436.

A flame-dried 25 mL flask equipped with a magnetic stir
bar, and a septum along with argon (Ar) ballon was
charged with the alcohol tert-butyl ketone (0.035 g,
0.11 mmol) and dissolved in 2mL freshly distilled
CH,Cl,. Then, to this solution, PDC (125 mg,
0.32 mmol) was added. The resulting mixture was
allowed to stir at room temperature for 8 h. The mixture
were filtered with Celite, concentrated, and purified
using silica gel chromatography (30% ethyl acetate/hex-
anes) to give diketone 9 as a colorless oil (31 mg, 90%):
(0] +11.5 (¢ 0.01, CHCl;); 'H NMR (400 MHz,
CDCl;) 6 2.47-2.41 (m, 3H), 2.27-2.19 (m, 2H), 2.10
(d, J=12.8 Hz, 1H), 2.02-1.86 (m, 4H), 1.76-1.16 (m,
6H), 1.18 (s, 9H), 0.92 (d, J=6.0 Hz, 3H), 0.61 (s,
3H); *C NMR (100 MHz, CDCl;) § 216.19, 211.94,
61.88, 56.59, 49.82, 44.18, 40.89, 38.89, 35.11, 33.20,
29.80, 27.37, 26.41, 23.97, 19.02, 18.51, 12.45; IR (neat,
cm ') 2958, 2872, 1708, 1474, 1364, 1223, 1068; HRMS
mlz [M+Na] caled 315.2294 for C,oH3,0,Na™, found
315.2276.

4.2. tert-Butyl C,D-ring ketone 10

A 10-mL round-bottomed flask was charged with diiso-
propylamine (322 pL, 2.29 mmol distilled over calcium
hydride prior to use) and 2 mL of distilled THF. This
solution was cooled to —78 °C, and »-BuLi (1.39 mL
of 1.6 M solution in hexane, 2.23 mmol) was added via
syringe. Pinacolone (272 pL, 2.17 mmol dried over
potassium carbonate and activated molecular sieve for
24 h immediately prior to use) was dissolved in 1 mL
of distilled THF and cooled to —78 °C at which point
it was added to the reaction flask via cannula. The reac-
tion was left to stir for 30 min. Hexamethylphosphora-
mide (HMPA, 300 uL) was then added via syringe,
and the reaction mixture was allowed to stir for an addi-
tional 15min. A solution of iodide 6 (140 mg,
0.31 mmol) in 2 mL of THF was cooled to —78 °C and
added to the reaction mixture via cannula. The reaction
mixture was stirred at —78 °C for 2 h and to warm to
room temperature slowly. The resulting yellow mixture
quenched with 2 mL of water, extracted with ethyl ace-
tate (3x 25 mL), dried over MgSQ,, concentrated, and
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purified using silica gel column chromatography (4%
ethyl acetate/hexanes) to give 8 as a colorless oil
(130 mg, 97%).

A 15-mL round-bottomed flask was charged with TES-
tert-butyl ketone 8 (130 mg, 0.30 mmol) dissolved in
SmL of distilled THF. Tetrabutylammonium fluoride
(TBAF, 1 M solution in THF, 369 uL, 0.36 mmol) was
added to the reaction flask, and this solution was left
to stir at room temperature for 7 h. The resulting mix-
ture quenched with 2 mL of water, extracted with ethyl
acetate (3x 25 mL), dried over MgSQ,, concentrated,
and purified using silica gel column chromatography
(10% ethyl acetate/hexanes) to give a colorless oil
(80 mg, 84%): [oc]zD5 +20.8 (¢ 0.65, CHCl3); '"H NMR
(400 MHz, CDCl3) 6 4.04 (m, 1H), 2.42-2.39 (m, 2H),
1.97-1.94 (m, 1H), 1.84-1.76 (m, 3H), 1.59-1.15 (m,
8H), 1.10 (s, 9H), 0.90 (s, 3H), 0.89 (d, J=7.6 Hz,
3H); '*C NMR (100 MHz, CDCl3) § 216.1, 66.3, 56.3,
52.5, 44.0, 41.8, 40.3, 36.8, 35.3, 35.1, 33.5, 27.1, 26.3,
22.4,20.2, 18.4, 17.3, 13.5; IR (neat, cm™") 3358, 2932,
2872, 1701, 1365, 1152, 1023; HRMS m/z [M+Na] calcd
331.2607 for CoyH3s0-Na™, found 331.2590.

A flame-dried 25-mL flask equipped with a magnetic stir
bar, and a septum along with an Ar ballon was charged
with the alcohol terz-butyl ketone (80 mg, 0.25 mmol)
and dissolved in 2 mL freshly distilled CH,Cl,. Then,
to this solution, PDC (273 mg, 0.72 mmol) was added.
The resulting mixture was allowed to stir at room tem-
perature for 8 h. The mixture were filtered with Celite,
concentrated, and purified using silica gel chromatogra-
phy (10% ethyl acetate/hexanes) to give diketone 10 as a
colorless oil (79 mg, 99%): [oc]f)5 +7.6 (¢ 0.75, CHCl3). 'H
NMR (400 MHz, CDCl3) 6 2.44 (m, 3H), 2.29-2.16 (m,
2H), 2.13-2.08 (m, 1H), 2.03-1.80 (m, 2H), 1.77-1.25
(m, 12H), 1.12 (s, 9H), 0.97 (d, J = 6.4 Hz, 3H), 0.62
(s, 3H); 3C NMR (100 MHz, CDCl;) § 216.0, 212.1,
62.0, 56.3, 49.9, 44.1, 40.9, 38.9, 36.6, 35.4, 35.3, 274,
26.4, 24.0, 20.1, 19.0, 18.6, 12.4; IR (neat, cm ') 2958,
2873, 1711, 1478, 1367, 1073; HRMS m/z [M+Na] calcd
329.2451 for C,oH3,0,Na*, found 329.2469.

4.3. 25(0) Analogs (+)-2a and (+)-2b’

Racemic phosphine oxide (+)-11 and enantiomerically
pure C,D-ring ketone (+)-10, each was separately azeo-
tropically dried with anhydrous benzene (4x 1 mL) on a
rotary evaporator and held under vacuum (ca.
0.1 mmHg) for at least 48 h prior to use. A flame-dried
10-mL recovery flask equipped with a magnetic stir
bar, a septum along with an Ar balloon was charged
with racemic phosphine oxide (+)-11 (70 mg, 0.12 mmol)
which was dissolved in 2 mL freshly distilled THF. The
flask was cooled down to —78 °C in a dry ice bath. To
this solution, n-BuLi (82 pL, 0.12 mmol, 1.6 M solution
in hexanes) was added dropwise over several minutes,
during which time a deep red color was developed and
persisted. This mixture was allowed to stir at —78 °C
for an additional 10 min. Meanwhile, a flame-dried 10-
mL recovery flask equipped with a magnetic stir bar,
and a septum along with an Ar balloon was charged
with C,D-ring ketone 10 (33 mg, 0.1 mmol), dissolved

in 1 mL freshly distilled THF, and cooled down to
—78 °C in a dry ice bath. The solution of C,D-ring ke-
tone was gently transferred into the flask containing
the phosphine oxide anion at —78 °C over several min-
utes. After the addition was complete, the deep red color
persisted and the mixture was allowed to stir at —78 °C
for 8 h, during that time it was visually checked. On
observation of the light yellow color, the reaction was
quenched at —78 °C by adding 3 mL of pH 7 buffer
and allowed to come to room temperature. The mixture
was then rinsed into a separatory funnel with ethyl ace-
tate and extracted with ethyl acetate (3x 25 mL). The
combined extracts were washed with water (1x 25 mL)
and brine solution, dried over MgSQy, filtered, and puri-
fied using silica gel chromatography (5% ethyl acetate/
hexanes) to give a colorless oil (40 mg, 55%).

A 15-mL round-bottomed flask was charged with the
coupled compound (20 mg, 0.02 mmol) dissolved in
SmL of distilled THF. Tetrabutylammonium fluoride
(TBAF, 1 M solution in THF, 148 uL, 0.1 mmol) was
added to the reaction flask, and this solution was left
to stir at room temperature for 7 h. The resulting mix-
ture quenched with 2 mL of water, extracted with ethyl
acetate (3x 25mL), dried over MgSQO,, concentrated,
and purified using silica gel column chromatography
(25% ethyl acetate/hexanes) to give 2a and 2a’
(11 mg, 83%) as a mixture of diastereomers. The
diastereomeric mixture was separated by an HPLC
using Chiral OD [semipreparative (1x 25cm), flow
rate = 2.5 mL/min] eluted with 2.5% isopropyl alcohol
in hexanes to afford 4 mg of 2a (1o, 38) and 1.3 mg
of 2a’ (1B, 3a) in 55 and 17% yield. The retention time
for 2a is 103.15 min and 2a’ is 121.28 min. Data for 2a
(Lo, 3P): [oc]]z)5 +20.3 (¢ 0.1, CHCL); 'H NMR
(400 MHz, CDCl3) 6 6.36 (d, J=11.2Hz, 1H), 5.99
(d, J=11.2Hz, 1H), 5.31 (s, 1H), 498 (s, 1H), 4.41
(m, 1H), 421 (m, 1H), 2.80 (dd, J=12.0, 4.0 Hz,
1H), 2.58 (dd, J=12.0, 2.8 Hz, 1H), 2.42 (m, 2H),
2.29 (dd, J=13.6, 6.4 Hz, 1H), 2.03-1.82 (m, 5H),
1.66-1.62 (m, 2H), 1.53-1.51 (m, 3H), 1.48-1.23 (m,
10H), 1.11 (s, 9H), 0.92 (d, J = 6.4 Hz, 3H), 0.515 (s,
3H); '*C NMR (100 MHz, CDCl5) ¢ 216.2, 147.6,
143.3, 132.8, 125.0, 116.9, 111.8, 70.8, 66.9, 56.3,
56.2, 459, 45.3, 44.1, 42.8, 404, 36.9, 36.0, 35.5,
29.1, 27.6, 26.4, 23.6, 22.2, 20.4, 18.8, 12.0; IR (neat,
ecm™') 3374, 2949, 2360, 1705, 1464, 1366, 1054;
HRMS m/z [M+Na] calcd 465.3339 for C§9H4603Na+,
found 465.3310. Data for 2a’ (1B, 3a): [oc]ZD +3.9 (¢ 0.1,
CHCly); 'H NMR (400 MHz, CDCl;) 6 6.39 (d,
J=11.2Hz, 1H), 6.05 (d, J=11.2Hz, 1H), 5.32 (s,
1H), 5.00 (s, 1H), 444 (m, 1H), 4.21 (m, 1H), 2.82
(dd, /=12.0, 3.6 Hz, 1H), 2.61 (dd, J=13.2, 4.0 Hz,
1H), 2.44 (m, 3H), 2.30 (dd, J=13.2, 7.6 Hz, 1H),
2.04-1.82 (m, SH), 1.68-1.63 (m, 2H), 1.55-1.49 (m,
3H), 1.47-1.25 (m, 10H), 1.31 (s, 9H), 0.94 (d,
J=6.4Hz 3H), 0.54 (s, 3H); *C NMR (100 MHz,
CDCly) ¢ 216.2, 247.2, 143.3, 132.6, 125.0, 117.0,
112.6, 94.4, 71.4, 66.8, 56.3, 56.2, 459, 45.5, 42.8,
40.4, 36.9, 36.0, 35.5, 29.0, 27.6, 26.4, 23.6, 22.3,
204, 18.8, 12.0; IR (neat, cm™') 3368, 2951, 1705,
1465, 1054; HRMS m/z [M+Na] calcd 465.3339 for
C29H4603Na+, found 465.3332.
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4.4. 19-nor-25(0) Analog (+)-2a

19-nor Phosphine oxide (+)-11 and enantiomerically
pure C,D-ring ketone (+)-10, each was separately azeo-
tropically dried with anhydrous benzene (4x 1 mL) on
a rotary evaporator and held under vacuum (ca.
0.1 mmHg) for at least 48 h prior to use. A flame-dried
10-mL recovery flask equipped with a magnetic stir
bar, a septum along with an Ar balloon was charged with
phosphine oxide (+)-11 (60 mg, 0.12 mmol) which was
dissolved in 2 mL freshly distilled THF. The flask was
cooled down to —78 °C in a dry ice bath. To this solution
was added #-BuLi (81 pL, 0.12 mmol, 1.42 M solution in
hexanes) dropwise over several minutes, during which
time a deep red color was developed and persisted. This
mixture was allowed to stir at —78 °C for an additional
10 min. Meanwhile, a flame-dried 10-mL recovery flask
equipped with a magnetic stir bar, a septum along with
an Ar balloon was charged with C,D-ring ketone (+)-
10 (27 mg, 0.08 mmol), dissolved in 1 mL freshly distilled
THF, and cooled down to —78 °C in a dry ice bath. The
solution of C,D-ring ketone was gently transferred into
the flask containing the phosphine oxide anion at
—78 °C via cannula over several minutes. After the addi-
tion was complete, the deep red color persisted and the
mixture was allowed to stir at —78 °C for 8 h, during
which time it was visually checked. On observation of
the light yellow color, the reaction was quenched at
—78 °C by adding 3 mL of pH 7 buffer and allowed to
come to room temperature. The mixture was then rinsed
into a separatory funnel with ethyl acetate and extracted
with ethyl acetate (3x 25 mL). The combined extracts
were washed with water (1x 25 mL) and brine solution,
dried over MgSQy, filtered, and purified using silica gel
chromatography (2% ethyl acetate/hexanes) to give a
colorless oil (8 mg, 15%).

A 15-mL round-bottomed flask was charged with the
coupled compound (8 mg, 0.02 mmol) dissolved in
5mL of distilled THF. Tetrabutylammonium fluoride
(TBAF, 1 M solution in THF, 148 pL, 0.1 mmol) was
added to the reaction flask, and this solution was left
to stir at room temperature for 7 h. The resulting mixture
quenched with 2 mL of water, extracted with ethyl ace-
tate (3x 25 mL), dried over MgSQ,, concentrated, and
purified using silica gel column chromatography (25%
eth¥1 acetate/hexanes) to %ive 19- nor-2a (4 mg, 85%):
[oc]zD +15.2 (¢ 0.5, CHCl3); 'H NMR (400 MHz, CDCl3)
0 6.31 (d, J=11.6 Hz, 1H), 5.85 (d, /= 11.2 Hz, 1H),
441 (m, 1H), 4.05 (m, 1H), 2.81-2.71 (m, 2H), 2.50—
2.18 (m, 5H), 2.11-1.22 (m, 18H), 1.13 (s, 9H), 0.94 (d,
J=6.8Hz, 3H), 0.53 (s, 3H); *C NMR (100 MHz,
CDCl3) o0 216.2, 143.2, 131.0, 123.9, 115.2, 67.4, 67.2,
56.3, 56.2, 45.8, 44.7, 42.2, 40.4, 37.2, 36.9, 36.0, 35.5,
29.7, 28.9, 27.6, 26.4, 23.5, 22.2, 20.4, 18.8, 12.0; IR
(neat, cm™ ') 3500, 2926, 1706, 1364, 1049; HRMS m/z
[M+Na] caled 453.3339 for CygHusO3;Na*, found
453.3351; UV (CH,Cly) Amax = 255 nm (e = 29,530).

4.5. 24(O)TB analog (+)-3a

Enantiomerically pure A-ring phosphine oxide (—)-11
and C,D-ring ketone (+)-9, each was separately

azeotropically dried with anhydrous benzene (4x
1 mL) on a rotary evaporator and held under vacuum
(ca. 0.1 mmHg) for at least 48 h prior to use. A flame-
dried 10-mL recovery flask equipped with a magnetic
stir bar, a septum along with an Ar balloon was
charged with enantiomerically pure A-ring phosphine
oxide (—)-11 (50 mg, 0.08 mmol) which was dissolved
in 2mL freshly distilled THF. The flask was cooled
down to —78 °C in a dry ice bath. To this solution,
n-BuLi (48 pL, 0.08 mmol, 1.6 M solution in hexanes)
was added dropwise over several minutes, during which
time a deep red color was developed and persisted.
This mixture was allowed to stir at —78 °C for an addi-
tional 10 min. Meanwhile, a flame-dried 10-mL recov-
ery flask equipped with a magnetic stir bar, and a
septum along with an Ar balloon was charged with
enantiomerically pure C,D-ring ketone (+)-9 (22 mg,
0.075 mmol), dissolved in 1 mL freshly distilled THF,
and cooled down to —78 °C in an dry ice bath. The
solution of C,D-ring ketone was gently transferred into
the flask containing the phosphine oxide anion at
—78°C via cannula over several minutes. After the
addition was complete, the deep red color persisted
and the mixture was allowed to stir at —78 °C for
9 h, during that time it was visually checked. On obser-
vation of the light yellow color, the reaction was
quenched at —78 °C by adding 3 mL of pH 7 buffer
and allowed to come to room temperature. The mix-
ture was then rinsed into a separatory funnel with ethyl
acetate and extracted with ethyl acetate (3x 25 mL).
The combined extracts were washed with water (1x
25 mL) and brine solution, dried over MgSQ,, filtered,
and purified using silica gel chromatography (5% ethyl
acetate/hexanes) to give a colorless oil coupled product
(13 mg, 35%).

A 15-mL round-bottomed flask was charged with the
coupled product (13 mg, 0.02mmol) dissolved in
SmL of distilled THF. Tetrabutylammonium fluoride
(TBAF 1M solution in THF, 59 pL, 0.06 mmol) was
added to the reaction flask, and this solution was left
to stir at room temperature for 7 h. The resulting mix-
ture quenched with 2 mL of water, extracted with ethyl
acetate (3x 25 mL), dried over MgSQ,, concentrated,
and purified using silica gel column chromatography
(25% ethyl acetate/hexanes) to give 24(O)TB 3 (7 mg,
82%) as a colorless oil. The product was separated
by an HPLC using Chiral OD [semipreparative (1x
25 cm), tg = 38.5 min] eluted with 7% IPA in hexanes
to afford 4mg of 24(O)TB 3: [oc}f)s +29.6 (¢ 3.0,
CHCl;); '"H NMR (400 MHz, CDCl;) & 6.36 (d,
J=11.2Hz, 1H), 599 (d, J=11.2Hz, 1H), 5.32 (s,
1H), 4.99 (s, 1H), 442 (m, 1H), 4.22 (m, 1H), 2.81
(dd, J=12.0, 4.0 Hz, 1H), 2.59 (dd, J=12.0, 2.8 Hz,
1H), 2.52-2.28 (m, 5H), 2.20-1.20 (m, 16H?, 1.13 (s,
9H), 0.91 (d, J = 6.4 Hz, 3H), 0.53 (s, 3H); '*C NMR
(100 MHz, CDCls) ¢ 216.5, 147.5, 143.1, 132.9, 124.9,
117.0, 111.8, 70.8, 66.8, 56.4, 56.2, 45.8, 45.2, 44.2,
42.8, 40.4, 35.7, 33.2, 30.2, 29.0, 27.5, 26.4, 23.5,
22.2, 18.6, 14.6, 12.0; IR (neat, cmfl) 3356, 2949,
2872, 1703, 1465, 1364, 1054, 754; HRMS mi/z
[M+Na] caled 451.3182 for C,sH,40sNa*, found
451.3178.
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4.6. Cyano-C,D-ring ketone 13

A flame-dried 10-mL recovery flask equipped with a
magnetic stir bar, and a septum along with an Ar bal-
loon was charged with C-8 alcohol (50 mg, 0.22 mmol)
dissolved in 2.2 mL freshly distilled CH,Cl,. To this
solution, PDC (170 mg, 0.45 mmol) and 0.22g of
oven-dried Celite were added in one portion at room
temperature. The resulting mixture was allowed to stir
at room temperature for about 12 h. The mixture was
directly purified by column chromatography eluted with
first 20% ethyl acetate in hexanes to afford 43 mg of
ketone 13 in 83% yield: 'H NMR (CDCls, 400 MHz) §
2.52 (dd, J=7.6 Hz, 1H), 2.41-2.21 (m, 4H), 2.12-2.01
(m, 2H), 1.99-1.74 (m, 4H), 1.69-1.54 (m, 2H), 1.37-
1.25 (m, 1H), 1.2 (d, J = 6.8 Hz, 3H), 0.67 (s, 3H); 1°C
NMR (CDCl;, 100 MHz) ¢ 211.1, 118.4, 61.5, 54.9,
49.5, 40.7, 38.4, 33.1, 27.3, 24.6, 23.7, 19.2, 18.9, 12.5;
HRMS m/z [M+Na] caled 242.1515 for C;4H, NO,
found 242.1519.

4.7. 23-Enone analogs (+)-2b and 2b’

Phosphine oxide (£)-11 and C,D-ring ketone 29, each was
separately azeotropically dried with anhydrous benzene
(4x 1 mL) on a rotary evaporator and held under vacuum
(ca. 0.1 mmHg) for at least 48 h prior to use. A flame-
dried 10-mL recovery flask equipped with a magnetic stir
bar, a septum along with an Ar balloon was charged with
phosphine oxide ()-11 (60 mg, 0.1 mmol) and dissolved
in ca 1.2 mL freshly distilled THF to give ca. 0.1 M solu-
tion, and the flask was cooled down to —78 °Cin a dry ice
bath. To this solution, #n-BuLi (70 pL, 0.11 mmol, 1.6 M
solution in hexanes) was added dropwise over several
minutes, during which time a deep red color was devel-
oped and persisted. This mixture was allowed to stir at
—78 °C for an additional 10 min. Meanwhile, a flame-
dried 10-mL recovery flask equipped with a magnetic stir
bar, and a septum along with an Ar balloon was charged
with C,D-ring ketone 13 (15 mg, 0.068 mmol), dissolved
in 0.5mL freshly distilled THF, and cooled down to
—78 °Cin a dry ice bath. The solution of C,D-ring ketone
13 was transferred dropwise into the flask containing the
phosphine oxide anion at —78 °C via cannula over several
minutes. After the addition was complete, the deep red
color persisted and the mixture was allowed to stir at
—78 °C for 2 h, during that time it was visually checked.
On observation of the light yellow color, the reaction
was quenched at —78 °C by adding of 3 mL of pH 7 buffer
and allowed to come to room temperature. The mixture
was then rinsed into a separatory funnel with ethyl acetate
and extracted with ethyl acetate (4x 25 mL). The com-
bined extracts were washed with water (25 mL) and brine
solution (25 mL), dried over Na,SQy, and filtered. The fil-
trate was concentrated in vacuo to give the crude product
that was purified by column chromatography eluted with
25% ethyl acetate in hexanes in the presence of 1% trieth-
ylamine to afford 34 mg of the coupled product in 85%
yield in a 3.8:1 ratio as determined by '"H NMR.

This coupled product (30 mg, 0.051 mmol) was charged
into 5-mL round-bottomed flask equipped with a mag-
netic stir bar, and a septum along an Ar balloon and

dissolved in 1 mL anhydrous dichloromethane to give
ca. 0.05M solution. Then the flask was cooled down
to —78°C. To this well-stirred solution, DIBAL
(0.077 mmol, 51.6 mL, 1.5 M solution in toluene) was
added via syringe at this temperature and the mixture
was then allowed to stir at —78 °C for 1 h. This reaction
mixture was diluted with ether (25 mL), and 1 N solu-
tion of HCI (ca. 1 mL) was added and stirred for a
few minutes. The reaction mixture was then rinsed into
a separatory funnel with ethyl acetate and was extracted
with ethyl acetate (4x 10 mL). The combined extracts
were washed with water (10 mL) and brine solution
(10 mL), dried over Na,SOy, and filtered. The filtrate
was concentrated in vacuo to give the crude product that
was purified by flash column chromatography eluted
with 5% ethyl acetate in hexanes in the presence of 1%
triethylamine affording 25 mg of 23-aldehyde 14 in
83% yield.

A flame-dried 10-mL recovery flask equipped with a
magnetic stir bar, and a septum along with an Ar bal-
loon was charged with KOtBu (3.5 mg, 0.031 mmol)
and 0.5 mL freshly distilled THF. Then, the flask was
cooled down to —78 °C in a dry ice bath. To this solu-
tion, dimethylphosphonate 15 (6.4 mg, 0.031 mmol)
was added as a solution in 0.5 mL freshly distilled
THEF. After 30 min, 0.5 mL of THF solution of 23-alde-
hyde 14 (15 mg, 0.026 mmol) was transferred into the
flask via cannula over several minutes at —78 °C. After
the addition was complete, the mixture was gradually
warmed up to room temperature and then stirred for
about 4 h. The reaction was quenched by adding 2 mL
distilled water and then rinsed into a separatory funnel
with ethyl acetate. The mixture was extracted with ethyl
acetate (3x 10 mL). The combined extracts were washed
with water (10 mL), and brine solution (10 mL), dried
over Na,SQy, and filtered. The filtrate was concentrated
in vacuo to give the crude product that was purified by
flash column chromatography eluted with 5% ethyl
acetate in hexanes to afford 12 mg of trams-olefin as
determined by '"H NMR in 70% yield.

This product (12 mg, 0.018 mmol) was charged into a
SmL argon purged polypropylene vial equipped with
a magnetic stir bar, a septum along with a cap and
dissolved in 1.0 mL acetonitrile to give ca. 0.02M
solution. To this well-stirred solution, HF (1.8 mmol,
49% aqueous solution) was added via syringe at room
temperature and the mixture was then allowed to stir
at room temperature for 2 h. TLC showed the comple-
tion of the reaction. This reaction mixture was diluted
with ether (25 mL) and saturated solution of NaHCO;
was added until no more carbon dioxide was liber-
ated. The reaction mixture was then rinsed into a
separatory funnel with ethyl acetate and was extracted
with ethyl acetate (4x 10 mL). The combined extracts
were washed with water (10 mL) and brine solution
(10 mL), dried over Na,SOy, and filtered. The filtrate
was concentrated in vacuo to give the crude product
as a mixture of diastereomers in 4:1 ratio (as deter-
mined by '"H NMR of the crude reaction mixture).
The crude was purified by column chromatography
eluted with 100% ethyl acetate in the presence of 1%
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TEA to afford 5.2 mg of a diastereomeric mixture of
2b and 2b’ in 66% yield. This analog 2b was purified
by an HPLC [semipreparative (1x 25cm) Chiracel
OD, tg =48.2 min] eluted with 5% isopropyl alcohol
in hexanes to afford 2.2 mg of 2b: '"H NMR (CDCls,
400 MHz) 6 6.95-6.88 (m, 1H), 6.49 (d, J=15.2 Hz,
1H), 6.37 (d, J=11.2Hz, 1H), 6.01 (d, J=11.6 Hz,
1H), 5.33-5.32 (m, 1H), 5.00-4.99 (m, 1H), 4.45-4.01
(m, 1H), 4.25-422 (m, 1H), 2.84 (dd, J=12.0,
4.4 Hz, 1H), 2.60 (dd, J=13.2, 5.0 Hz, 1H), 2.34-
229 (m, 2H), 2.07-1.89 (m, 6H), 1.68-1.49 (m,
17H), 1.35-1.25 (m, 4H), 0.95 (d, J=6.4 Hz, 3H),
0.55 (s, 3H); >C NMR (CDCls, 100 MHz) & 204.3,
147.6, 146.2, 142.9, 1329, 125.7, 124.9, 117.1, 111.8,
70.8, 66.8, 56.2, 56.0, 459, 45.2, 42.8, 42.7, 40.3,
39.3, 36.0, 29.0, 27.6, 26.2, 23.5, 22.2, 19.1, 12.0; IR
(neat, cm™') 3369, 2949, 2872, 1684, 1619, 1437,
1366, 1055, 908; HRMS m/z [M+Na] caled 463.3183
for CiyH4sNO;Na®, found 463.3193; UV (MeOH)
Amax = 265 nm (¢ = 15,864).

4.8. 22-Ene-24 ketone silyl ether 17

To a solution of the phosphate 15 (80 mg, 0.38 mmol) in
THF (5 mL), potassium terz-butoxide (43 mg, 0.38 mg)
was added at 0 °C. After stirring for 1 h at 0 °C, a solu-
tion of the aldehyde (+)-16 (60 mg, 0.18 mmol) in THF
(2 mL) was added via cannula at rt. Then, the mixture
was stirred for 4 days at rt. The resulting mixture was
quenched with water (3 mL), extracted with EtOAc
(3x 25 mL), dried over MgSQy,, and concentrated. The
residue was subjected to column chromatography with
EtOAc/hexanes (1:15) as eluent to afford 50 mg (68%)
of the desired ketone 17 as a colorless oil: [o]; +73.4
(¢ 1.0, CHCLy); '"H NMR (400 MHz, CDCl3) § 6.75
(dd, J=15.2, 92 Hz, 1H), 6.39 (dd, J =152, 0.8 Hz,
1H), 4.03 (m, 1H), 2.24 (m, 1H), 1.93 (dt, J=124,
2.8 Hz, 1H), 1.82 (m, 1H), 1.50-1.69 (m, 4H), 1.13-
1.41 (m, 6H), 1.14 (s, 9H), 1.05 (d, J = 6.4 Hz, 3H),
0.94 (s, 3H), 0935 (t, J=8.0Hz, 9H), 0.54 (q,
J=8.0 Hz, 6H); '*C NMR (100 MHz, CDCls) § 204.8,
152.9, 121.8, 69.3, 55.5, 52.9, 42.8, 42.4, 40.6, 39.7,
34.6, 27.4,26.2,23.0, 19.2, 17.7, 13.8, 6.9, 4.9; IR (neat,
em™') 2953, 2875, 1725, 1690, 1623, 1457, 1366, 1234,
1166, 1081, 1018, 725; HRMS m/z [M+Na] calcd
429.3159 for C,5Hy60,SiNa™, found 429.3161.

4.9. 22-Ene-24 ketone C,D-ring ketone 18

To a solution of silyl ether 17 (46 mg, 0.11 mmol) in
THF (3 mL), 0.35mL (0.35 mmol) of a 1.0 M solution
of TBAF in THF was added at rt, and then it was
stirred overnight at rt. The reaction mixture was
quenched with water (2 mL), extracted with EtOAc
(3%, 20), washed with brine, dried over MgSO,, and
concentrated. The residue was subjected to column
chromatography with EtOAc/hexanes (1:3) as eluent
to give 12 mg (37%) of the desired alcohol as a color-
less oil.

To a solution of the alcohol (12 mg, 0.041 mmol) in
CH,Cl, (4mL), 120mg of oven-dried Celite and
PDC (120mg, 0.33 mmol) was added at room

temperature. The mixture solution was stirred over-
night and then passed through a 2 cm pad of flash sil-
ica gel and washed with EtOAc. The filtrate was
concentrated and subjected to column chromatogra-
phy with EtOAc/hexanes (1:4) as eluent to give
11 mg (90%) of the desired C,D-ring ketone 18 as a
colorless oil: [ +30.8 (¢ 0.5, CHCly);: '"H NMR
(400 MHz, CDCI3) 6 6.74 (dd, J=15.2, 9.2 Hz, 1H),
6.42 (dd, J=15.2, 8.0Hz, 1H), 2.46 (dd, J=11.2,
7.6 Hz, 1H), 2.18-2.32 (m, 3H), 2.00-2.12 (m, 2H),
1.91 (m, 1H), 1.46-1.78 (m, 5H), 1.27 (m, 1H), 1.14
(s, 9H), 1.12 (d, J=6.4Hz, 3H), 0.67 (s, 3H); "*C
NMR (100 MHz, CDCl;) 6 211.5, 204.6, 151.5,
122.3, 61.7, 55.3, 49.9, 429, 40.9, 39.7, 38.8, 27.5,
26.2, 24.0, 19.5, 19.1, 12.7; IR (neat, cm™') 2961,
2872, 1713, 1688, 1622, 1477, 1366, 1233, 1076, 989,
950, 860; HRMS m/z [M+Na] caled 313.2138 for
C19H3002Na+, found 313.2132.

4.10. 22-Ene-24(0)TB (+)-3b

A solution of 50 mg (0.086 mmol) of enantiomerically
pure phosphine oxide (—)-11 in 1.5 mL of anhydrous
THF was cooled to —78 °C and treated with 54 uL
(0.086 mmol, 1.6 M in hexanes) of n-BuLi under argon
atmosphere. The mixture turned deep reddish color
and was stirred for 15 min at —78 °C. To the solution,
a precooled (—78 °C) solution of 10 mg (0.034 mmol)
of the enantiomerically pure C,D-ring ketone (+)-18 in
1.5 mL of anhydrous THF via cannula was added drop-
wise. The reaction kept going until the reddish-orange
color faded to yellow (about 3 h). The reaction was
quenched by adding 1.0 mL of pH 7 buffer at —78 °C,
and then warmed to room temperature, extracted with
EtOAc (3x 20mlL), washed with brine, dried over
MgSO,, and concentrated. The residue was subjected
to column chromatography with EtOAc/hexanes (1:10)
as eluent to afford 4 mg (18%) of the coupled product
as a colorless oil.

The coupled product (4 mg, 0.0060 mmol) was dissolved
in 2 mL of anhydrous EtOH, and to the solution, 50 uL
of 49% aq HF was added. The resulting mixture was
stirred 2 h at room temperature, and then quenched with
5mL of satd NaHCOj; solution. The solution was stir-
red for 10 min, and then extracted with EtOAc (3%
20 ml), washed with brine, dried over MgSQO,, and con-
centrated. The residue was subjected to column chroma-
tography with EtOAc as eluent to give 2 mg (93%) of the
desired product 3b as a colorless oil: [oc]f)s +65.0 (¢ 0.10,
CHCl;); '"H NMR (400 MHz, CDCl3) d 6.78 (dd,
J =152, 92 Hz, 1H), 6.41 (d, /=152 Hz, 1H), 6.37
(d, J=11.2Hz, 1H), 6.01 (d, J=11.2Hz, 1H), 5.32
(m, 1H), 4.99 (m, 1H), 443 (m, 1H), 4.23 (m, 1H),
2.83 (dd, J=11.6, 3.2Hz, 1H), 2.60 (dd, J=13.2,
3.2Hz, 1H), 2.20-2.34 (m, 2H), 1.89-2.04 (m, 4H),
1.43-1.76 (m, 6H), 1.14-1.41 (m, 5H), 1.15 (s, 9H),
1.09 (d, J=6.8Hz, 3H), 0.58 (s, 3H); *C NMR
(100 MHz, CDCls) ¢ 189.1, 152.4, 147.6, 142.6, 133.1,
124.9, 122.1, 117.2, 111.8, 70.8, 66.8, 56.1, 55.3, 46.1,
45.3, 42.8, 40.3, 40.2, 29.7, 29.0, 27.4, 26.2, 23.5, 22.3,
19.6, 12.3; IR (neat, cm~ ') 3401, 2955, 2926, 2872,
1684, 1653, 1617, 1558, 1546, 1507, 1457, 1079.
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4.11. Difluoro ethyl ester 19

A suspension of activated =zinc dust (98.5mg,
1.51 mmol) and ethyl bromodifluoroacetate (0.19 mL,
1.51 mmol) in THF (5mL) was refluxed for 20 min
and then cooled to 0°C. To this, the solution of the
aldehyde (+)-16 (100 mg, 0.30 mmol) in THF (5 mL)
was added. The reaction mixture was warmed to room
temperature, followed by refluxing for 20 min, and then
cooled to room temperature. The reaction mixture was
poured into 1 M KHSO,4 and extracted with EtOAc
(3% 20 mL), washed with brine, dried over MgSOy,, con-
centrated in vacuo, and then purified by column chro-
matography (10% EtOAc/hexanes) to give 84.5 mg
(62%) of a 1:1 mixture of diastereomers of the desired
alcohol as a colorless oil.

To a solution of ethyl ester (84 mg, 0.18 mmol) and pyr-
idine (0.066 mL, 0.82 mmol) in CH,Cl, (5 mL), phenyl
chlorothionoformate (0.053 mL, 0.38 mmol) was added.
After being stirred at room temperature for 20 h, the
reaction mixture was diluted with water, extracted with
ether (3x 20 mL), washed with satd NaHCOj; solution
and brine, dried over MgSQOy, concentrated in vacuo,
and then purified by column chromatography (5%
EtOAc/hexanes) to give 97.8 mg (90%) of the desired
carbonate as diastereomeric mixtures.

To the solution of the resulting phenylthianocarbonate
(97.5mg, 0.16 mmol) in anhydrous benzene (10 mL),
2,2’-azobisisobutyronitrile (AIBN, 5 mg) and tributyltin
hydride (0.066 mL, 0.24 mmol) were added at room
temperature. After being refluxed for 3 h, the mixture
was cooled to 0 °C, diluted with water, extracted with
EtOAc (3x 20mL), washed with brine, dried over
MgSQO,, concentrated in vacuo, and then purified by col-
umn chromatography (3% EtOAc/hexanes) to give
58.2 mg (80%) of the desired difluoro ester 19 as a color-
less oil: 'H NMR (400 MHz, CDCl;) 6 4.32
(q, J=7.2Hz, 2H), 4.03 (s, 1H), 2.14-2.06 (m, 1H),
1.98-1.89 (m, 2H), 1.85-1.75 (m, 2H), 1.69-1.64 (m,
1H), 1.61-1.53 (m, 2H), 1.49-1.43 (m, 1H), 1.38-1.34
(m, 2H), 1.35 (t, J=7.2 Hz, 3H), 1.26-1.17 (m, 3H),
1.13-0.99 (m, 2H), 0.94 (t, J=8.0 Hz, 9H), 0.91 (d,
J =6.0 Hz, 3H), 0.90 (s, 3H), 0.55 (q, J = 8.0 Hz, 6H).

4.12. Difluoro-C,D-ring diketone 21

To a solution of ethyl ester 19 (54 mg, 0.12 mmol) in
THF (5 mL) was added 125.1 pL of tert-BuLi (1.43 M
in pentane, 0.18 mmol) at —78 °C. After being stirred
for 3 h, the reaction mixture was warmed up to room
temperature, diluted with water, extracted with ether
(3x 20 mL), washed with satd NaHCO; solution and
brine, dried over MgSQ,, concentrated in vacuo, and
then purified by column chromatography (hexanes only)
to give 41.6 mg (75%) of the desired ketone as a colorless
oil: 'TH NMR (400 MHz, CDCl5) ¢ 4.02 (d, J =2.4 Hz,
1H), 1.95-1.90 (m, 1H), 1.87-1.74 (m, 2H), 1.69-1.64
(m, 1H), 1.57-1.52 (m, 2H), 1.49-1.43 (m, 2H), 1.39-
1.31 (m, 3H), 1.26 (s, 9H), 1.24-1.20 (m, 2H), 1.12-
099 (m, 2H), 094 (t, J=8.0Hz, 9H), 0.89 (d,
J =6.0 Hz, 3H), 0.89 (s, 3H), 0.55 (q, J = 8.0 Hz, 6H).

To a solution of ketone (30 mg, 0.065 mmol) in THF
(5.0 mL), 0.20 mL (0.20 mmol) of a 1.0 M solution of
TBAF in THF was added, and then it was stirred at
0 °C for 1 h and stirred overnight at room temperature.
The reaction mixture was quenched with water (5 mL),
extracted with EtOAc (3x 20 mL), washed with brine,
dried over MgSQ,, concentrated in vacuo, and then
purified by column chromatography (25% EtOAc/hex-
anes) to give 21.0 mg (93%) of alcohol as a colorless oil.

To a solution of the C,D-ring alcohol (14.1 mg,
0.041 mmol) in CH,Cl, (5 mL) were added 50 mg of
oven-dried Celite and PDC (46.2 mg, 0.12 mmol) at
room temperature. The reaction mixture was stirred
overnight and then passed through a 2 cm pad of flash
silica gel and washed with EtOAc. The filtrate was con-
centrated and purified by column chromatography (20%
EtOAc/hexanes) to give 13.0 mg (93%) of the desired
C,D-ring diketone 21 as a colorless oil: [o)5; +1.30
(¢ 1.01, CHCl;); '"H NMR (400 MHz, CDCl3) 6 2.45
(dd, J=11.6, 7.6 Hz, 1H), 2.30-2.21 (m, 2H), 2.11-
2.07 (m, 2H), 2.05-1.97 (m, 1H), 1.96-1.84 (m, 3H),
1.76-1.71 (m, 1H), 1.61-1.42 (m, 5H), 1.33-1.21
(m, 2H), 1.25 (s, 9H), 0.97 (d, J= 6.0 Hz, 3H), 0.64
(s, 3H); >°C NMR (100 MHz, CDCls) 6 211.83, 205.23
(J=15.5Hz), 120.74 (J=253.1Hz), 61.87, 55.99,
49.81, 43.34, 40.90, 38.89, 34.91, 30.54 (J=22.7 Hz),
27.30, 27.04 (J=4.1Hz), 26.07 (J=2.3Hz), 23.99,
19.01, 18.41, 12.47; IR (neat, cm™') 2954, 2860, 1719,
1460, 1366, 1307, 1231, 1196, 1043, 1008, 967, 943,
914, 843, 773, 737, HRMS m/z [M+Na] calcd 365.2262
for C20H32F202Na+, found 365.2252.

4.13. 24-F,-25(0)TB analog (—)-4a

To a solution of 50.0 mg (0.086 mmol) of enantiomeri-
cally pure A-ring phosphine oxide (—)-11 in 2.0 mL of
anhydrous THF, 53.6 uL (0.086 mmol, 1.6 M in hex-
anes) of n-BuLi was added at —78 °C, and then the red-
dish solution was stirred for 15 min at —78 °C. To the
solution, a precooled (—78 °C) solution of enantiomeri-
cally pure C,D-ring ketone (+)-21 (8.0 mg, 0.023 mmol)
in 1.0 mL of anhydrous THF was added dropwise. The
reaction kept going until the reddish-orange color faded
to yellow (about 6 h). The reaction was quenched by
adding 1.0 mL of pH 7 buffer, and then warmed up to
room temperature, extracted with EtOAc (2x 20 mL),
washed with brine, dried over MgSQ,, concentrated in
vacuo, and then purified by column chromatography
(20% EtOAc/hexanes) to afford 13.3 mg (81%) of the
coupled product as a pale yellow oil.

The coupled product (13.2mg, 0.019 mmol) was dis-
solved in 5 mL of anhydrous THF, and to this solution,
0.075 mL (0.075 mmol) of a 1.0 M solution of TBAF in
THF was added. The reaction was run in darkness over-
night, and then extracted with EtOAc (2x 30 mL),
washed with brine, dried over MgSQO,, concentrated in
vacuo, and then purified by column chromatography
(5% MeOH/CH,Cl,) to give 8.48 mg (95%) of the de-
sired compound 4a as a colorless oil: [o]) —23.3
(¢ 0.42, CHCl;); '"H NMR (400 MHz, CDCl;) ¢ 6.37
(d, J=11.6 Hz, 1H), 6.01 (d, J=11.2 Hz, 1H), 5.32
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(t, J=1.6 Hz, 1H), 5.00 (t, J = 1.6 Hz, 1H), 4.44-4.41
(m, 1H), 4.24-4.21 (m, 1H), 2.82 (dd, J = 12.8, 4.4 Hz,
1H), 2.60 (dd, J=13.6, 3.6 Hz, 1H), 3.34-2.28 (m,
1H), 2.07-1.82 (m, 6H), 1.70-1.58 (m, 5H), 1.55-1.42
(m, 5H), 1.31-1.27 (m, 2H), 1.26 (s, 9H) 0.94 (d,
J=6.4Hz 3H), 0.54 (s, 3H); '*C NMR (100 MHz,
CDCly) 6 205.33 (J =29.1 Hz), 147.58, 142.95, 132.96,
124.93, 120.86 (J=253.6 Hz), 117.09, 111.81, 70.82,
66.84, 56.26, 55.86, 45.85, 45.24, 43.34, 42.82, 40.39,
35.50, 30.64 (J=22.7Hz), 29.03, 27.39, 27.13, 26.08,
23.52, 22.19, 18.51, 11.98; IR (neat, cm™ ') 3365, 2942,
2860, 1725, 1642, 1454, 1366, 1225, 1049, 961, 908,
796, 749, 737, 596; UV (MeOH) Amax =252 nm
(¢ = 3166).

4.14. Ester 20

Lithium diisopropylamide (LDA) solution was prepared
by treating diisopropylamine (213.5 mg, 2.11 mmol) in
THF (5 mL) at —78 °C with a 1.6 M solution of n-BuLi
in hexanes (1.3 mL, 2.08 mml). The LDA solution was
stirred at —78 °C for 30 min, and then a solution of ethyl
isobutyrate (245 mg, 2.11 mmol) in THF (2mL) was
added. After being stirred for 1 h at —78 °C, a solution
of iodide (+)-6 (95 mg, 0.211 mmol) in THF (2 mL) was
added. The reaction mixture was stirred at —78 °C for
2 h, then warmed up to room temperature and quenched
with the addition of water (5 mL). The reaction mixture
was extracted with diethyl ether (4x 15 mL). The organic
layer was washed with water and brine, dried over sodi-
um sulfate, concentrated in vacuo, and then purified by
column chromatography (5% EtOAc/petroleum ether)
to give 91.8 mg of ester 20 (0.209 mmol, 99% yield) as
a colorless oil: [o]}} +41.8 (¢ 1.50, CHCl3); '"H NMR
(CDCl3, 400 MHz) 6 4.104 and 4.102 (q, J=7.2 Hz,
2H), 4.03-4.02 (m, 1H), 1.93 (dm, J=12.4 Hz, 1H),
1.83-1.72 (m, 2H), 1.67-1.65 (m, 1H), 1.61-1.50 (m,
5H), 1.43-1.27 (m, 6H), 1.24 (t, J= 7.2 Hz, 3H), 1.19-
097 (m, 2H), 1.14 (s, 3H), 1.137 (s, 3H), 0.94 (t,
J =8.0 Hz, 9H), 0.88 (s, 3H), 0.87 (d, J = 6.4 Hz, 3H),
0.55 (q, J = 8.0 Hz, 6H); '*C NMR (CDCl;, 100 MHz)
o 178.12, 69.38, 60.10, 56.28, 53.07, 42.15, 42.07,
40.74, 36.97, 35.40, 34.65, 30.61, 27.11, 25.25, 25.11,
22.99, 18.63, 17.67, 14.28, 13.46, 6.93, 4.93; IR (neat,
cm ') 2950, 2875, 1731, 1472, 1144, 1025, 742; HRMS
mlz [M+Na] caled 461.3421 for C,sHs0O03SiNa*, found
461.3398.

4.15. Diketone 22

To a solution of ester 20 (90 mg, 0.205 mmol) in diethyl
ether (4 mL), a solution of terz-butyllithium (1.43 M in
pentane, 0.15 mL, 0.215 mmol) was added dropwise at
—78 °C. After being stirred for 1 h at —78 °C, the reac-
tion mixture was warmed up to room temperature,
and then quenched with the addition of water (4 mL).
The reaction mixture was extracted with diethyl ether
(4x 15 mL). The organic layer was washed with water
and brine, dried over sodium sulfate, concentrated in
vacuo, and then purified by column chromatography
(5% EtOAc/petroleum ether) to give 83.1 mg of tert-
but}ll ketone (0.184 mmol, 90% yield) as a colorless oil:
[0} +41.1 (¢ 0.71, CHCL); 'H NMR (CDCl,,

400 MHz) 6 4.02-4.01 (m, 1H), 1.93 (dm, J = 12.8 Hz,
1H), 1.83-1.72 (m, 2H), 1.67-1.42 (m, 5H), 1.38-0.99
(m, 7H), 1.37-1.14 (m, 2H), 1.23 (s, 3H), 1.22 (s, 9H),
1.19 (s, 3H), 0.94 (t, J = 8.0 Hz, 9H), 0.88 (s, 3H), 0.87
(d, J=6.4Hz 3H), 0.54 (q, J=8.0Hz, 6H); *C
NMR (CDCl;, 100 MHz) 6 218.85, 69.39, 56.49, 53.06,
49.48, 45.66, 42.08, 40.74, 38.08, 35.90, 34.63, 30.99,
28.45, 27.31, 26.63, 26.52, 23.01, 18.55, 17.67, 13.45,
6.93, 4.93; IR (neat, cm™') 2952, 2876, 1684, 1476,
1367, 1166, 1085, 1019, 725; HRMS m/z [M+Na] calcd
473.3785 for C28H5402SiNa+, found 473.3873.

To a solution of tert-butyl ketone (40 mg,
0.0887 mmol) in THF (3 mL), a solution of tetrabutyl-
ammonium fluoride (TBAF, 1.0 M in THF, 0.89 mL,
0.89 mmol) was added. After being stirred for 4 h at
room temperature, the reaction mixture was concen-
trated. Purification of the residue by flash column chro-
matography (20% EtOAc/hexanes) provided 29.6 mg
(0.088 mmol, 99% yield) of the corresponding alcohol.
A solution of this alcohol (29.6mg) in CH,Cl,
(3mL) was added to pyridinium dichromate (PDC,
66.7 mg, 0.177 mmol, 2equiv) and Celite (70 mg) at
room temperature under argon atmosphere. After
being stirred overnight, the reaction mixture was dilut-
ed with EtOAc and filtered through a silica gel plug.
The filtrate was concentrated in vacuo and then puri-
fied by column chromatography (20% EtOAc/petro-
leum ether) to give 27.6mg of the diketone 22
(0.0825 mmol, 94% yield) as colorless oil: [o]3) +8.7
(¢ 1.33, CHCl;); '"H NMR (CDCl;, 400 MHz) & 2.42
(dd, J=11.4, 7.4Hz, 1H), 2.29-2.16 (m, 2H), 2.09
(dm, J=13.2Hz, 1H), 2.03-1.81 (m, 3H), 1.76-1.39
(m, 8H), 1.37-1.14 (m, 2H), 1.23 (s, 3H), 1.21
(s, 9H), 1.20 (s, 3H), 0.94 (d, J=6.4 Hz, 3H), 0.61
(s, 3H); *C NMR (CDCl;, 100 MHz) & 218.68,
212.04, 61.93, 56.27, 49.84, 49.34, 45.70, 40.93, 38.91,
38.12, 36.01, 30.96, 28.36, 27.46, 26.59, 26.55, 24.02,
19.05, 18.66, 12.41; IR (neat, cm ') 2957, 2873, 1715,
1682, 1477, 1385, 1366, 1220, 1044, 982; HRMS m/z
[M+Na] caled 357.2764 for C,,H330,Na™, found
357.2750.

4.16. 24-(CHs),-25(0)TB analog (+)-4b

Phosphine oxide (—)-11 and enantiomerically pure C,D-
ring diketone 22 were separately azeotropically dried
four times with benzene and held under vacuum for
60 h immediately prior to use. To a solution of phos-
phine oxide (—)-11 (62.0 mg, 0.106 mmol) in THF
(2mL), a 1.6 M solution of n-BuLi in hexanes (66 uL,
0.106 mmol) was added dropwise at —78 °C under argon
atmosphere. The resulting deep reddish-orange solution
was allowed to stir for 20 min, at which time a precooled
(=78 °C) solution of enantiomerically pure C,D-ring
diketone (+)-22 (15.8 mg, 0.0472 mmol) in THF
(2 mL) was transferred dropwise via cannula. The deep
reddish-orange solution was stirred in the dark for 5 h,
during which time the color was faded. On observation
of a light yellow color, the reaction mixture was
quenched at —78 °C with 3 mL of buffer water (pH 7).
The mixture was allowed to come up to rt, extracted
with EtOAc (4x 10 mL), dried over Na,SQ,, filtered,
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concentrated, and purified by silica gel column chroma-
tography (5% EtOAc/petroleum ether) to give 17 mg of
the coupled product (0.0243 mmol, 52% yield).

This coupled product was dissolved in THF (2 mL) and
treated with a solution of tetrabutylammonium fluoride
(TBAF, 1.0M in THF, 0.24 mL, 0.24 mmol). After
being stirred overnight at room temperature, the reac-
tion mixture was concentrated. Purification of the resi-
due by flash column chromatography (100% EtOAc)
provided 9.9 mg of 24-(CHj3),-25(0)TB 4b (0.021 mmol,
86% yield) as a white solid: mp (°C) 109-112; [a]g +40.7
(¢ 0.48, CHCl5); '"H NMR (CDCls, 400 MHz) 6 6.37 (d,
J=11.2Hz, 1H), 6.01 (d, J=11.2Hz, 1H), 6.07 (d,
J=16.0 Hz, 1H), 5.32 (m, 1H), 5.00 (m, 1H), 4.43 (m,
1H), 4.24-422 (m, 1H), 2.81 (dd, J=12.0, 4.0 Hz,
1H), 2.59 (dd, J =13.2, 3.2 Hz, 1H), 2.31 (dd, J = 13.4,
6.6 Hz, 1H), 2.05-1.81 (m, 5H), 1.72-1.43 (m, 10H),
1.32-1.19 (m, 4H), 1.23 (s, 3H), 1.22 (s, 9H), 1.21 (s,
3H), 0.91 (d, J=6.0 Hz, 3H), 0.52 (s, 3H); '*C NMR
(CDCl;, 100 MHz) 6 218.85, 147.60, 143.18, 132.81,
124.99, 116.99, 111.77, 70.82, 66.85, 56.30, 56.17,
49.45, 45.86, 45.25, 42.83, 40.41, 38.10, 36.64, 31.06,
29.06, 28.43, 27.58, 26.66, 26.51, 23.57, 22.25, 20.70,
18.78, 11.95; IR (neat, cm™ ') 3350, 2949, 2872, 1682,
1475, 1054, 755; HRMS m/z [M+Na] caled 493.3652
for CyHsoO3Na*, found 493.3675; UV (MeOH)
Amax = 265 nm (& = 14,822).
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Abstract—A new set of 5,6-dihydro-pyrazolo[1,5-c]quinazoline-2-carboxylates (2-18), bearing different substituents (COOEt, Cl, Br,
CHs;, and COOH) at position-1, were synthesized in order to investigate the influence of various groups at this specific position on
Gly/NMDA receptor affinity and/or selectivity. All the herein reported compounds were evaluated for their binding at the Gly/
NMDA, AMPA, and KA receptors. Some selected compounds were also tested for their functional antagonistic activity at both
the AMPA and NMDA receptor-ion channels.

The results obtained in this study have highlighted that a C-1 lipophilic substituent on the pyrazolo[1,5-c]quinazoline-2-carboxylate
core shifts selectivity toward the Gly/NMDA receptor, while a C-1 anionic carboxylate residue is able to increase affinity toward this
receptor subtype. In particular, the 2-carboxylic acids 15 and 16, bearing a chlorine atom at position-1, are not only potent
(K;=0.18 and 0.16 uM, respectively), but also highly Gly/NMDA versus AMPA selective (selectivity ratio > 500). Furthermore,
the 1,2-dicarboxylic acids 13 and 14 are endowed with the highest Gly/NMDA receptor binding activity (K;=0.09 and
0.059 uM, respectively), among the pyrazoloquinazoline series of derivatives.

A molecular modeling study has been carried out to better understand receptor affinity and selectivity of these new pyrazoloquinaz-
oline derivatives.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Glutamate, the most important excitatory neurotrans-
mitter in mammalian brain, acts through the activation
of either ionotropic (iGluRs) (NMDA, AMPA, and
Kainate subtypes) or metabotropic (mGluRs)
receptors. !+

It is now widely accepted that over-activation of iGluRs,
especially of the NMDA receptor, is one of the major
causes of Ca®* overload in cells, potentially leading to

Keywords: lonotropic glutamate receptors; Gly/NMDA receptor ant-

agonists; AMPA  receptor antagonists; Pyrazoloquinazoline

derivatives.
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3780; e-mail: flavia.varano@unifi.it
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cell damage and death. This excitotoxic mechanism is
thought to be involved in several neurodegenerative dis-
orders, such as Parkinson’s, Huntington’s, and Alzhei-
mer’s diseases, as well as in brain ischemia and
epilepsy. Therefore, a pharmacological intervention
with iGluRs antagonists has been suggested to have a
potential therapeutic benefit.":>* In particular, the
non-competitive NMDA antagonists acting at the gluta-
mate coagonist glycine binding site on the NMDA
receptor complex (Gly/NMDA)> have been recognized
as potential therapeutic agents for the above mentioned
disorders.®' In fact, selective Gly/NMDA receptor
antagonists are endowed with a better side-effect profile
than competitive and other non-competitive NMDA
receptor antagonists."'® Furthermore, it is worth men-
tioning that increasing evidence supports the hypothesis
that the NMDA receptor plays a pivotal role in the
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development and maintenance of pain hypersensitivity.
Following such a hypothesis, Gly/NMDA receptor
antagonists should also be effective for the treatment
of chronic pain.®

In recent years, some research in our laboratory has
been directed toward the synthesis of tricyclic heteroaro-
matic systems as Gly/NMDA and/or AMPA receptor
antagonists.!'"!® Structure-activity relationship (SAR)
studies on some of these tricyclic derivatives have point-
ed out that introduction of suitable substituents on pre-
cise positions of the benzofused moiety shifts selectivity
toward AMPA or Gly/NMDA receptors.'14:16-18

As a part of this research project, we reported the syn-
thesis and binding activity at Gly/NMDA, AMPA,
and kainate (KA) receptors of some 5,6-dihydro-pyraz-
olo[1,5-c]quinazoline-2-carboxylates (1 PQZ) (Chart 1)
bearing various substituents on the benzofused
moiety.!”

The binding results showed that some of these com-
pounds are potent and/or selective AMPA or Gly/
NMDA receptor antagonists, depending on the benzo-
fused substitutions. In particular, in accordance with
our previously reported data,'>!#16 the presence of both
a chlorine atom at position-8 and a N*-nitrogen-con-
taining heterocycle at position-9 is required for potent
and highly selective AMPA receptor antagonists. More-
over, some Gly/NMDA receptor selectivity is obtained
when the benzofused moiety of the PQZ derivatives is
unsubstituted or when it bears chlorine atom(s).

Continuing with the study on PQZ derivatives, in the
present paper we report the synthesis of a new set of
1-substituted pyrazolo[1,5-c]quinazoline-2-carboxylates
2-18 (Chart 2), in order to investigate the influence of
different groups (COOEt, CI, Br, CH;, and COOH) at
position-1 of the PQZ tricyclic system on Gly/NMDA
receptor affinity and/or selectivity.

Since our goal was to obtain potent and/or selective Gly/
NMDA receptor antagonists, the herein reported
pyrazoloquinazoline-2-carboxylates are either unsubsti-
tuted on the benzofused moiety or bear chlorine
atom(s). Moreover, a molecular modeling study has
been carried out to better understand receptor affinity
and sclectivity of these new pyrazoloquinazoline
derivatives.

1(PQZ)

R, = Et, Me, H
Rg =H, Cl /=N
Rg =H, Cl, “N_N
Chart 1. Previously reported pyrazolo[l,5-c]quinazoline-2-carboxy-
lates.

R, = COOEt, Cl, Br, CHz, COOH
R, =Et, H
Rg, Rg = H, Cl

Chart 2. C-1 substituted pyrazolo[1,5-c]quinazoline-2-carboxylates.

2. Chemistry

Compounds 2-18 were synthesized as depicted in
Schemes 1-4. The diethyl 1,2-dicarboxylate derivatives
2-4 were obtained starting from the commercially avail-
able isatine 19 and its 5-chloro- and 5,6-dichloro-ana-
logues 20-21,'%-2° respectively, which when treated
with an equimolar amount of p-toluenesulfonohydraz-
ide, yielded the corresponding sulfonylhydrazones 22—
24?122 (Scheme 1). The latter, by hydrolysis in alkaline
medium, led to the 3-diazo-1,3-dihydro-indol-2-one
derivatives 25-27,2-22 which yielded the tricyclic diethyl
pyrazolo[1,5-c]quinazoline-1,2-dicarboxylates 2-4 after
reaction with an excess of diethyl
acetylenedicarboxylate.

Partial hydrolysis of esters 2-4 at room temperature in
the presence of a hydro-methanolic solution of KOH
gave the corresponding 1-ethoxycarbonyl-pyrazoloqui-
nazoline-2-carboxylic acid derivatives 9-11. On the
contrary, by refluxing esters 2-4 in the presence of a
hydro-ethanolic solution of KOH, the corresponding
pyrazoloquinazoline-1,2-dicarboxylic acid derivatives
12-14%3 were obtained. The 1-ethoxycarbonyl-2 carbox-
ylic acid structure of compounds 9-11 were assigned by
transforming them into their corresponding decarboxyl-
ate analogues. Thus, upon heating of 9-11 at a temper-
ature just over their melting points, the corresponding
ethyl  5,6-dihydro-5-oxo-pyrazolo[l,5-c]quinazoline-1-
carboxylates 28-30 were isolated. The 1-ethyl carboxyl-
ate structure of 28-29 was unambiguously assigned,
since the corresponding ethyl pyrazolo[l,5-c]quinazo-
line-2-carboxylate regio-isomers had already been
obtained by an univocal synthesis.!” The 1-ethyl carbox-
ylate structure of 30 was attributed on the basis of
the '"H NMR signal of the pyrazole proton: in fact,
the chemical shift value of this proton (8.45 ppm) is very
close to that of the H-2 proton of 28 and 29 (8.43,
8.44 ppm, respectively).

Reaction of ethyl 8-chloro-4,5-dihydro-pyrazolo[l,5-
c]quinazoline-2-carboxylates'” with sulfuryl chloride in
glacial acetic acid gave the 1-chloro derivative 5, which
was easily transformed into its corresponding acid 15
(Scheme 2).

The ethyl 8,9-dichloro-5,6-dihydro-pyrazolo[l,5-c]qui-
nazoline-2-carboxylates 6 and 7, 1-chloro and 1-bromo
substituted, respectively (Scheme 3) were prepared
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\\ //

CH3

19 Rs= R6 22 Rg= RG
20 Rg=H Rg=Cl 23 Rs=H Rg=Cl
21 RS:R6=C| 24 R5=R6=C|
b
EtOOC COOEt
Ny 2
(e} /g
R N R N~ 0
6 H 8 H
25 RS:RG:H 2-4
26 Rs=H Rg=Cl
27 R5=R6=C|
v N
EtO0OC COCH HOOC COOH
B B
R N
R N~ 0
8 H
9-11 12-14
f
| Rs | Ro |
2,9, 12,28 H H
Et00C 3,10, 13,29 Cl H
D\/Z’\ 4,11,14,30 | Cl cl
28-30

Scheme 1. Reagents and conditions: (a) p-toluenesulfonohydrazide, MeOH; (b) 0.35 M NaOH; (c) diethyl acetylenedicarboxylate, anhydrous
toluene; (d) 1.5 M KOH, MeOH, room temperature; (¢) 1.5 M KOH, EtOH, reflux; (f) heating over the melting points.

COOEt
\
/ N /@\I<
N
A
Cl 0]

N
H
o

Scheme 2. Reagents and conditions: (a) SO,Cl,, glacial acetic acid; (b)
1.5 M KOH, MeOH, reflux.

COOR

5 R=Et

15 R=H

starting from the 5,6-dichloro-3-diazoindole derivative
27 obtained as above and depicted in Scheme 1.

By reactmg 27 with an excess of ethyl proplolate a mix-
ture (1:1, "H NMR analysis) of the two regio-isomers 31

and 30 was obtained. We were unable to separate 31 from
30 with satisfactory yield; thus their combined mixture
was used for the next step. Reaction of this mixture with
either sulfuryl chloride or bromine in glacial acetic acid
gave a solid in which only the 1-chloro- or 1-bromo deriv-
atives 6 and 7 were present, respectively; in both, cases the
less reactive ethyl pyrazolo[1,5-c]quinazoline-1-carboxyl-
ate 30 was recovered unmodified in the mother liquor. The
esters 6 and 7 were then hydrolyzed in alkaline medium to
their corresponding acids 16 and 17.

The tricyclic ethyl 1-methyl-pyrazoloquinazoline-2-car-
boxylate derivative 8>%2° (Scheme 4) was obtained in
mixture (1:1, "H NMR analysis) with its regio-isomer
ethyl 2- methyl pyrazoloquinazoline-1-carboxylate 32,
by reacting the 3-diazoindol-2-one intermediate 2521
with an excess of ethyl 2-butinoate. Pure 8 and 32 were
then obtained by column chromatography.
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N2
cl a cl
(0] —_—
N
Cl H Cl

27

| R | R
6 Cl Et
7 Br Et
16 Cl H
17 Br H

COOEt EtOOC

\ \
/ N Cl N
N

A

Cl N~ ~O
N © H
31 30
b, c

H
d (A 6-7
16-17

Scheme 3. Reagents and conditions: (a) ethyl propiolate, anhydrous toluene; (b) SO,Cl,, glacial acetic acid; (c) Br,, glacial acetic acid; (d) 1.5 M

KOH, MeOH, reflux.

25 8 R=Et
b <
18 R=H

Scheme 4. Reagents and conditions: (a) ethyl 2-butinoate, toluene; (b) 1.5 M KOH, MeOH, reflux.

The structures of the two isomers 8 and 32 were assigned
on the basis of their 'H NMR spectra, using as key tool the
signal of the proton at position-10, which is easily identi-
fied in this class of tricyclic derivatives. In fact, the H-10is,
in general, the most deshielded aromatic proton. In both
"H NMR spectra of isomers 8 and 32, the H-10 signal ap-
pears as a doublet, but with a different chemical shift:
while the H-10 signal of 8 appears at 8.08 ppm, that of
32 is at 9.01 ppm, due to the paramagnetic effect of the
carbonyl function of the ester group at position-1.

Finally, by treatment of 8 in alkaline medium, the corre-
sponding acid 18%° was obtained.

3. Results and discussion

The pyrazoloquinazolines 2-18 were tested for their
ability to displace tritiated glycine, AMPA, and KA
from their specific binding sites in rat cortical mem-
branes. The binding data are shown in Table 1, together
with those of the previously reported C-1 unsubstituted
derivatives la—e,!” included as reference compounds.
Moreover, the binding data of the well-known Gly/
NMDA antagonist 5,7-dichlorokynurenic acid (DCKA)
are also reported.

In general, the binding results suggest that the nature of
the substituent at position-1 of the pyrazoloquinazoline

tricyclic system is important for shifting selectivity to-
ward the Gly/NMDA receptor. In fact, derivatives 15
and 16, bearing a chlorine atom at position-1, are the
most Gly/NMDA versus AMPA selective compounds
among the PQZ series, showing a selectivity ratio com-
parable to that of DCKA (selectivity ratio > 500). More-
over, 15 and 16 also show good Gly/NMDA receptor
affinity (K;=0.18 and 0.16 uM, respectively). In con-
trast, derivatives 13 and 14, bearing a carboxylic acid
group at position-1, are scarcely Gly/NMDA selective
(selectivity ratio = 12), but they are the most potent
Gly/NMDA receptor antagonists among the PQZ series
(K; = 0.09 and 0.059 uM, respectively).

This study confirms that the presence of an anionic car-
boxylate residue at position-2 of the pyrazoloquinazo-
line tricyclic system, being able to bind with a proton
donor site of the receptors, is an important feature for
anchoring at both AMPA and Gly/NMDA recep-
tors.!3:1416-18 Tpy fact, the 2-carboxylic acids 9-11, 15-18
are more active than their corresponding 2-carboxylate
esters 2-8 at both receptors, with the exception of the
1-chloro-2-carboxylic acid derivatives 15 and 16, which
like their corresponding esters 5 and 6, are inactive at
the AMPA receptor, and the 1-bromo-2-carboxylic acid
17, which is less AMPA active than its ethyl ester 7.

As regards the benzofused substitutions, it is important
to note that the benzo-unsubstituted derivatives 2, 8, 9,
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Table 1. Displacement of [*H]glycine, P’HJAMPA, and [*H]Kainate binding®

R>
A
Rg /’\LN
Rg H (o}
la-e 2-18
Compound R, R, Rg Ro K, (uM)® or I%° ICso (uM)! or I%%°
[*H]glycine FHIAMPA PHIKA
1a° H COOEt H H 33.3+7.0 42+6.8 12%
1b° H COOEt Cl H 265+ 4.4 72423 15%
1c® H COOH H H 1.41£0.3 12425 26%
1d° H COOH Cl H 0.48 +0.04 23%04 60+ 3.0
1e° H COOH Cl Cl 0.16 + 0.04 24+0.8 41 £3.0
2 COOEt COOEt H H 2.95+0.25 50 + 6.0 27%
3 COOEt COOEt Cl H 34104 30% 10%
4 COOEt COOEt Cl Cl 50 + 13 25% 0%
5 Cl COOEt Cl H 25% 15% 6%
6 Cl COOEt Cl Cl 22% 10% 9%
7 Br COOEt Cl Cl 7.1+0.7 39+5 8%
8 CH; COOEt H H 30% 19% 13%
9 COOEt COOH H H 1.15+0.2 152+1.3 48%
10 COOEt COOH Cl H 0.86 0.2 1.6%0.3 78+7.0
11 COOEt COOH Cl Cl 0.22 +0.04 2.5%0.1 43+3.0
12 COOH COOH H H 0.54 £ 0.12 34.8%4.0 47%
13 COOH COOH cl H 0.09 *0.01 1102 115+1.4
14 COOH COOH Cl Cl 0.059 +0.01 0.71 £ 0.08 19.5+11
15 Cl COOH Cl H 0.18 +0.04 16% 100 £ 8
16 al COOH Cl al 0.16 +0.01 47% 91+ 15
17 Br COOH Cl Cl 40+0.6 100 £ 15 92+8.0
18 CH; COOH H H 0.78 £0.13 475+42 33%
DCKA 0.09 +0.02 5% 8%

#The tested compounds were dissolved in 50% DMSO and then diluted with the appropriate buffer.
® Inhibition constant (K;) values were means + SEM of three or four separate determinations in triplicate.

¢ Percentage of inhibition (I%) of specific binding at 100 pM concentration.

4 Concentrations necessary for 50% inhibition (ICsg). The ICs, values were means = SEM of three or four separate determinations in triplicate.

“Ref. 17.

12, and 18 are endowed with micromolar or submicrom-
olar Gly/NMDA receptor binding affinity, the only
exception being the 1-methyl 2 ethyl ester 8, which is
inactive. Based on these data, the presence of a substitu-
ent on the benzofused moiety is not essential for the
anchoring of PQZ derivatives to the Gly/NMDA bind-
ing site. However, in accordance with our previous
data,'>!7 an 8-chloro-, or better still an, 8,9-dichloro
substitution is profitable for Gly/NMDA receptor affin-
ity (compare 10 and 11 with 9, and 12 and 13 with 14),
the only exception being the ethyl 8,9-dichloro 1,2-
dicarboxylate 4, which shows a markedly reduced Gly/
NMDA binding activity compared to those of its corre-
sponding unsubstituted and 8-chloro substituted deriva-
tives 2 and 3, respectively.

On the contrary, the presence of a chlorine atom at
position-8 is necessary for an effective AMPA recep-
tor-ligand interaction. Indeed, the benzo-unsubstituted
2-carboxylic acids 9 and 12 are about 10-fold and
30-fold less active than their corresponding 8-chloro-
substituted 2-carboxylic acids 10 and 13, respectively.
These data confirm that the 8-chloro substituent, due
to its electron-withdrawing effect, could increase the

NH lactam acidity, thus reinforcing the essential hydro-
gen-bond receptor-ligand interaction at this level.?¢28
Furthermore, the 8,9-dichloro derivatives 11 and 14,
are equi-active compared to the 8-chloro substituted
10 and 13, respectively, at the AMPA receptor.

The presence of a C-1 ethyl carboxylate group on the
PQZ core has contrasting effects. The ethyl 1,2-dicarb-
oxylate derivatives 2 and 3, compared to their C-1
unsubstituted parent compounds 1a and 1b, respective-
ly, are 8- and 11-fold more active at the Gly/NMDA
receptor and also much more Gly/NMDA versus
AMPA selective (selectivity ratio = 17 and 30, respec-
tively). In contrast, the presence of a C-1 ethyl carboxyl-
ate group in the 2-carboxylic acid derivatives 9-11 does
not increase the affinity for either receptor subtype; in
fact, the Gly/NMDA and AMPA receptor binding
activities of 9-11 are comparable to those of their parent
C-1 unsubstituted derivatives lc—e, respectively. The
behavior of 9-11, especially toward the Gly/NMDA
receptor, was unexpected. In fact, the micromolar Gly/
NMDA binding activities of the ethyl 1,2-dicarboxylates
2 and 3 had led us to hypothesize that a C-1 ethyl car-
boxylate group, able to act as hydrogen bond acceptor,
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could have engaged a new hydrogen bond interaction
with the Gly/NMDA receptor site, thus reinforcing the
receptor—ligand interaction. Trying to clarify these con-
trasting results, we have introduced at position-1 of our
pyrazoloquinazoline scaffold, a more powerful and less
hindered hydrogen bond acceptor group than the ethyl
carboxylate. Thus we synthesized compounds 12-14
bearing a carboxylic acid function at position-1. These
compounds are from 3- to 5-fold more active at the
Gly/NMDA receptor than the corresponding C-1
unsubstituted derivatives lc—e, respectively, and from
2- to 9-fold more active than their corresponding C-1 es-
ters 9-11. In particular, the 1,2-dicarboxylic acid deriv-
atives 13 and 14 (K;=0.09 and 0.059 uM,
respectively), are the most potent Gly/NMDA receptor
antagonists among the PQZ series, showing an inhibi-
tion constant value comparable to that of DCKA
(K; = 0.09 uM). These data indicate that a C-1 hydrogen
bond acceptor substituent, the best being a carboxylic
acid function, positively affects the anchoring of PQZ
derivatives to the binding site of the Gly/NM DA receptor,
probably through a new hydrogen bond interaction.
However, C-1 hydrogen bond acceptor groups, like ester
or carboxylic acid, are unable to distinguish the Gly/
NMDA receptor from the AMPA one. In fact, with the
exception of the benzo-unsubstituted 12, which is 70-fold
Gly/NMDA versus AMPA selective, compounds 9-11
and 13-14 show a selectivity toward the Gly/NMDA
receptor comparable to that of their corresponding C-1
unsubstituted derivatives 1c—e, respectively.

For this reason we decided to evaluate the effect on Gly/
NMDA receptor selectivity of a lipophilic substituent at
position-1 of the pyrazoloquinazoline tricyclic system.

Introduction of a C-1 chlorine atom positively affects
the Gly/NMDA selectivity. Indeed, while the 1-chloro-
2-carboxylic acids 15 and 16 are completely inactive to-
ward the AMPA receptor, they show Gly/NMDA bind-
ing activities comparable to those of their parent
compounds 1d and le. Thus, compounds 15 and 16
are endowed with the highest Gly/NMDA versus
AMPA selectivity (selectivity ratio > 500) among the
PQZ series. Therefore, we hypothesized that a lipophilic
substituent at position-1 on the pyrazoloquinazoline tri-
cyclic system could be important for shifting selectivity
toward the Gly/NMDA receptor. This encouraging re-
sult prompted us to further investigate in this direction.
Thus we synthesized the 1-bromo-2-carboxylic acid 17,
which unexpectedly, is 25-fold less active than le at
the Gly/NMDA receptor. Moreover, 17 is also 25-fold
less active than the corresponding 1-chloro derivative
16, probably due to the increased steric hindrance of
the bromine atom with respect to the chlorine one. How-
ever, 17 is 45-fold less active at the AMPA receptor
when compared to le, thus confirming the negative ef-
fect of a C-1 lipophilic substituent for the anchoring of
PQZ derivatives at the AMPA receptor. Indeed, the 1-
bromo derivative 17 still shows a good Gly/NMDA ver-
sus AMPA selectivity (selectivity ratio = 25).

Introduction of 1c¢ at position-1 of the lipophilic methyl
moiety, yields compound 18, which is highly Gly/

NMDA versus AMPA selective (selectivity ratio = 60).
In fact, 18 shows a comparable Gly/NMDA receptor
binding activity with respect to 1c¢ and, due to the pres-
ence of a C-1 lipophilic substituent, it is 4-fold less active
at the AMPA receptor than 1c. Unfortunately, no data
about the presence of both the methyl moiety at posi-
tion-1 and chlorine atom(s) at position-8 or 8,9 are
available. In fact, all attempts to synthesize the 8-chloro
and 8,9-dichloro analogues of 18 by reacting the corre-
sponding 3-diazoindole 26-27 with ethyl 2-butinoate
were unsuccessful.

The pyrazoloquinazoline 2-18 are in general, inactive or
active in the high micromolar range at the KA receptor.
As for the AMPA receptor-ligand interaction, in com-
pounds 2-18 the contemporary presence of a chlorine
atom at position-8 and a 2-carboxylic acid group on
the pyrazoloquinazoline core is required for the KA
receptor-ligand interaction. Furthermore, the presence
of a l-carboxylic acid group (i.e., compounds 13 and
14) led to an increase in KA receptor binding activity
with respect to their C-1 unsubstituted parent com-
pounds 1d and 1le, respectively. These data confirm the
high similarity of the structural requirements of the
binding pockets of AMPA and KA receptors.?’-?

Functional antagonism at the NMDA receptor-ion chan-
nel complex was evaluated by assessing the ability of
some selected pyrazoloquinazolines (2, 3, 8, 10, 12-16,
and 18) to inhibit the binding of the channel-blocking
agent [’H]-(+)-MK801 ((+)-5-methyl-10,11-dihydro-
5H-benzo[a,d]cyclohepten-5,10-iminemaleate) in rat cor-
tical membranes incubated with 10 pM glutamate and
0.1 uM glycine.'%3%3! The results, shown in Table 2, indi-
cate that, as in the case of [*H]glycine binding assays,
compound 14 is the most potent tested compound with
an ICsy value of 0.15+ 0.01 uM higher than that of
DCKA (ICsp =0.74 £ 0.09 uM).

Furthermore, compounds 13-15 were also evaluated by
testing their ability to inhibit depolarization induced by
5 uM AMPA or 5 uM NMDA in mouse cortical wedge

Table 2. Inhibition of stimulated [*H]-(+)-MK-801 binding

Compd ICso (LM)* or I%°
2 3.2%0.1

3 40+0.4

8 43%

10 1.1+0.06
12 0.85 + 0.008
13 0.7 £0.08
14 0.15+0.01
15 1.2+0.15
16 1.0+£0.1
18 56%02
DCKA 0.74 £ 0.09

2 Concentration giving 50% inhibition of stimulated [*H]-(+)-MK-801
binding. All assays were carried out in the presence of 10 uM glu-
tamate and 0.1 uM glycine. ICs, values were means = SEM of three
or four separate determinations in triplicate.

°Percentage of inhibition (/%) of specific binding at 100 pM
concentration.
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Table 3. Functional antagonism at NMDA and AMPA sites

Compd Mouse cortical wedge preparation:
1Csp (M) versus agonist-induced
depolarization®

NMDA AMPA
13 0.7+0.1 7.1%£12
14 0.5£0.1 6.0+ 1.0
15 1.6 £0.1 38+7.0
DCKA 4.7%0.9 52+11

#Concentration that inhibits 50% depolarization (ICsy) induced by
5 uM NMDA or AMPA. The ICs, values were means * SEM of four
separate determinations.

preparations (Table 3). Among the PQZ series presented
in this article, compounds 13 and 14 were chosen due to
their high Gly/NMDA receptor binding affinity; and
compound 15 for its high selectivity.

The results obtained in these electrophysiological assays
indicate that the inhibitory actions of 13-15 on depolar-
ization induced by NMDA are much higher than those
on AMPA-evoked response, confirming that these deriv-
atives are more potent antagonists at the Gly/NMDA
receptor. Moreover, compounds 13-15 are more potent
Gly/NMDA receptor antagonists than the reference
DCKA.

4. Molecular modeling studies

A molecular modeling investigation has been carried out
to support the observed SAR. Molecular docking tech-
niques have been used to explore the binding conforma-
tion of all new synthesized PQZ derivatives. The
published crystallographic structures of glycine-binding
domain S1S2 of NR1 subunit in complex with the antag-
onist DCKA, and of glutamate-binding domain S1S2 of
GIluR2 subunit in complex with the antagonist DNQX
(6,7-dinitroquinoxalin-2,3-dione) were used to perform
molecular docking studies of Gly/NMDA and AMPA
receptor, respectively (see Experimental section for
details).?>33 From a structural point of view, the ligand—
binding segments S1 and S2 of NR1 present in the glycine
binding recombinant NR1 fusion protein display a
sequence identity of 22% with the glutamate-binding
domains (S1-S2) of the AMPA receptor. As in bacterial
amino acid binding proteins, segments S1 and S2 form
the globular lobes 1 and 2, which are connected by two
hinge regions. The lobes are separated by a central cleft
that provides the ligand binding pocket , and which is
lined by loop regions. These loops harbor determinants
of glycine site pharmacology. Computational docking
of the glycine site antagonist DCKA and the glutamate-
binding domain antagonist DNQX have been carried
out to verify the quality of our computational docking
protocol. Our docking protocol accurately reproduced
the crystallographic ligand conformations solved in both
receptor binding sites (data not shown).

The new series of PQZ derivatives has been analyzed using
the same reference docking protocol on both receptor
binding sites. Docking information has been used to

explain the experimental affinity data and the selectivity
of PQZ ligands between AMPA and Gly/NMDA
receptors.

So far, several computational approaches have been
used in order to understand the binding modes of li-
gands on Gly/NMDA receptor. Before the crystal struc-
tures of glycine binding core in different states were
available, pharmacophore®*3¢ and three-dimensional
homology models’”-3® of Gly/NMDA binding site were
used for explaining and rationalizing known structure—
activity relationships of diverse classes of compounds.
In 2003, Baskin et al. proposed CoMFA models of a
set of pyrazolo[1,5-c]quinazolines derivatives for evalua-
tion of binding selectivity between Gly/NMDA and
AMPA receptors.>? Our results showed to be in agree-
ment with most of the previous models, even if the
Gly/NMDA crystallographic structure availability al-
lowed us to perform a more accurate comparison be-
tween the two different receptor binding sites.

To simplify the discussion of the computational results
and the comparisons between the two receptors, we pre-
fer to divide the receptor binding sites into key regions,
from sub-site I to sub-site IV (Fig. 1).

As represented in Figure 1, the binding pocket of Gly/
NMDA and AMPA receptors shows some conserved
features important for the binding of the ligands, and
some crucial structural dissimilarities, required for the
selectivity of the ligands between the two receptors.
Sub-site I (ss-I) seems to be the most conserved part of
the receptor binding cleft and the most important in
determining ligand binding affinity on both Gly/NMDA
and AMPA receptors. Sub-sites I[I-IV seem to affect
receptor selectivity the most. In fact, these regions of
the receptor binding pocket interact with the substitu-
ents R, R,, Rg, and Ry of the PQZ derivatives.

Sub-site I (ss-I) contains the most important and highly
conserved triad of residues crucial for binding the li-
gands on both receptors: an arginine (R131 in the Gly/
NMDA receptor and R96 in the AMPA receptor), a
threonine (T126 and T91, respectively), and a proline
residue (P124 and P89, respectively). Two H-bond
acceptor groups in the antagonist structure are essential
for the interaction with the above mentioned arginine
and threonine. Molecular docking clearly shows a good
electrostatic complementarity between the structure of
common pyrazolo[l,5-c]quinazoline moiety of PQZ
derivatives and the three amino acids R131/R96, T126/
T91, and P124/P89 in both the ss-1 sub-sites (Fig. 2).
Moreover, an aromatic residue is present in both recep-
tors (F92 in Gly/NMDA receptor and Y61 in AMPA
receptor), which can bind through n—m interaction with
the aromatic scaffold of quinazoline ring.

Sub-site II (ss-1T) seems to regulate the accommodation
of Rg substituent of the PQZ derivatives. In the Gly/
NMDA receptor, ss-1I is formed by the presence of five
highly hydrophobic residues: F16, F92, F250, A226, and
V227. Considering also the small size of this cavity,
small and hydrophobic substituents, such as chlorine
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Figure 1. Schematic representation of the ligand binding pocket of the Gly/NMDA receptor (panel A) and AMPA receptor (panel B). Crucial amino
acids are highlighted. Sub-sites I-IV are classified. General binding motif of PQZ derivatives is also reported.

atom, can be efficiently allocated in it. On the other
hand, ss-II of the AMPA receptor is a less hydrophobic
pocket formed by Y16, Y61, Y220, T195, and M196 res-
idues. However, the presence of a chlorine atom at the 8-
position guarantees that the antagonist assumes the
right conformation for an efficient interaction with the
ss-I triad RTP (compare derivatives 12 and 13).

Sub-site III (ss-IIT) is deputed to accommodate Rg sub-
stituent. In the AMPA receptor, ss-III is roomier and
more hydrophilic than the corresponding pocket in
Gly/NMDA receptor. Residues L138, T174, L192,

E193, and M196 delimit the ss-III cavity of the AMPA
receptor. In comparison, Q13, W223, D224, and V227
delimit the ss-IIT cavity of the Gly/NMDA receptor.
The presence of a chlorine atom at the 9-position of
PQZ derivatives plays an important role in ligand
binding by stabilizing the conformation that allows the
ligand to interact with the ss-1 triad RTP. Consequently,
the double 8,9-dichloro substitution of PQZ derivatives
is very well tolerated at both Gly/NMDA and
AMPA receptors. However, considering the peculiar
shape and hydrophobicity properties of the two ss-I11
cavities, the increase of ligand affinity versus Gly/
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Figure 2. Best docking conformation of PQZ derivatives 14 and 16 obtained by using Gly/NMDA (on the left) and AMPA (on the right)
ligand-receptor binding sites. The side chains of some very important residues in proximity (< 5 A) to the docked PQZ derivatives are highlighted

and labeled. Hydrogen bonding interactions are indicated (dash line).

NMDA receptor is more significant than that versus
AMPA receptor (compare derivatives 13 and 14).

Finally, sub-site IV (ss-IV) accommodates R; and R,
substituents. Residues L138, S142, G141, and T143
delimit the ss-IV cavity of the AMPA receptor; V176,
S 179, S180, and V181 delimit the ss-IV cavity of the
Gly/NMDA receptor. As shown by docking studies,
R, and R, substituents are positioned very close to a he-
lix domain (helix F) of the S2 unit of both receptors.
Moreover, R, substituent is also in the proximity of
the crucial arginine residue of the ss-I pocket. Accord-
ingly, the activity of PQZ derivatives increases when
the carboxyl group at R, position is near to the crucial
arginine residue of the ss-I pocket. This stabilization is
due to an electrostatic interaction between the negatively

charged carboxylate group and the guanidine moiety of
the crucial arginine of the ss-I pocket, and the strength
of this stabilization strongly depends on the final accom-
modation of each PQZ derivative inside the whole recep-
tor binding cleft (from ss-I to ss-1V).

Considering R; substitutions and comparing Gly/
NMDA and AMPA ligand binding pockets, a different
steric control seems to operate. Valine 176 (V176) of
Gly/NMDA receptor is substituted with the bulky leu-
cine 138 (L138) of AMPA receptor. Analyzing our
docking studies, V176 and L138 are positioned in prox-
imity to R; position. This could explain the reason why
bulky substituents at R; position of PQZ moiety are not
well tolerated by AMPA receptor binding pocket (see
compound 7 as an example). H-bond acceptor groups,
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like ester or carboxylic acid, can interact with S180 of
Gly/NMDA receptor, stabilizing the antagonist-recep-
tor complex. Moreover, the environment created by he-
lix F around R; and R, positions is more polar in
AMPA receptor with respect to Gly/NMDA receptor.
In fact, the valine residue (V181) present on Gly/NMDA
receptor is replaced by a threonine (T143) on AMPA
receptor. Accordingly, compounds 15 and 16, bearing
chlorine atom at R position, are scarcely effective ver-
sus the more polar environment of AMPA receptor.
Conversely, compounds 13 and 14, bearing a carboxylic
acid group at R; position, are also effective versus
AMPA receptor, because they form an extra electrostat-
ic interaction between the carboxylic moiety and the NH
group of serine 142 (S142) (Fig. 2).

5. Conclusions

The synthesis of the herein reported new C-1 substituted
pyrazoloquinazoline 2-carboxylates has allowed us to
further investigate the SAR of tricyclic heteroaromatic
systems as Gly/NMDA receptor antagonists.

The results of this study show that a C-1 lipophilic
substituent on the pyrazolo[1,5-c]quinazoline-2-carbox-
ylate core shifts selectivity toward the Gly/NMDA
receptor. In fact, the 2-carboxylic acids 15 and 16,
bearing a chlorine atom at position-1, are the most
Gly/NMDA versus AMPA selective compounds
among the pyrazoloquinazoline series (selectivity ra-
tio > 500). Furthermore, this study has highlighted that
a C-1 anionic carboxylate residue leads to an increase
in Gly/NMDA receptor affinity, probably through an

Table 4. Analytical data of the newly synthesized compounds

additional hydrogen bond interaction with a proton
donor site of the receptor. Indeed, the 1,2-dicarboxylic
acids 13 and 14 are the most active compounds at the
Gly/NMDA receptor among the pyrazoloquinazoline
series.

Based on our experimental and computational results,
we have proposed that the interaction of the ligand with
sub-site I is essential for receptor recognition. In addi-
tion, the increase of ligand affinity and selectivity neces-
sarily involves a delicate mechanism of balancing
between steric and electrostatic control, operated by
the interaction of the ligand with sub-sites II-1V. Fur-
ther investigations are in progress to confirm the robust-
ness of this scenario.

6. Experimental section
6.1. Chemistry

Silica gel plates (Merck F254) and silica gel 60 (Merck;
70-230 mesh) were used for analytical and column chro-
matography, respectively. All melting points were deter-
mined on a Gallenkamp melting point apparatus.
Microanalyses were performed with a Perkin—Elmer
260 elemental analyzer for C, H, N, and the results were
within +0.4% of the theoretical values, unless otherwise
stated (Table 4). The IR spectra were recorded with a
Perkin—Elmer Spectrum RX I spectrometer in Nujol
mulls and are expressed in cm~'. The '"H NMR spectra
were obtained with a Varian Gemini 200 instruments at
200 MHz. The chemical shifts are reported in 6 (ppm),
and are relative to the central peak of the solvent, which

Compd Formula C calcd—found H calcd—found N calcd—found
2 Ci6H;5N30s 58.35-58.54 4.60-4.72 12.76-12.80
3 C16H14CIN;05 52.82-52.67 3.89-3.96 11.55-11.60
4 C16H13C1LN305 48.25-48.45 3.30-3.38 10.55-10.53
5 C13HoCLN;O5 47.87-48.06 2.79-2.91 12.89-12.93
6 C3HgC13N505 43.30-43.17 2.24-2.17 11.66-11.71
7 C,3HgBrCLN;0;4 38.55-38.43 1.99-2.11 10.38-10.42
8 C14H13N;0; 61.98-62.20 4.84-4.88 15.49-15.62
9 C14H;1N;05 55.81-55.93 3.69-3.76 13.95-13.79

10 C14H;oCIN;05 50.08-50.18 3.01-3.08 12.52-12.58

11 C4HoC1LN;05 45.42-45.21 2.46-2.48 11.35-11.40

12 C1,H7N305 52.75-52.61 2.59-2.64 15.38-15.30

13 C1,H4CIN;Os5 46.84-47.02 1.97-1.90 13.66-13.60

14 C1,H;5CLN;05 42.13-42.26 1.48-1.54 12.29-12.34

15 C1HsCLN;O5 44.32-44.21 1.69-1.76 14.10-14.18

16 C1H4C13N505 39.73-39.84 1.21-1.28 12.64-12.70

17 C11H4BrCLN;0; 35.04-35.12 1.07-1.10 11.15-11.23

18 C1,HoN303 59.25-59.47 3.74-3.70 17.28-17.18

21 CgH;CLNO, 44.48-44.53 1.40-1.42 6.49-6.51

2 CysH,3N;058 57.12-56.99 4.16-4.21 13.33-13.40

23 C;5sH2CIN;O5S 51.50-51.66 3.46-3.50 12.02-11.94

24 C;5H;1CLN;05S 46.88-47.02 2.89-2.93 10.94-10.90

28 C13H11N;0, 60.69-60.60 4.32-4.27 16.34-16.38

29 C3H(CIN;05 53.52-53.46 3.46-3.51 14.41-14.36

30 C13HoCLN;05 47.87-47.93 2.79-2.83 12.89-12.94

31 C3HyCLN;05 47.87-47.98 2.79-2.84 12.89-12.94

32 C14H3N;0, 61.98-61.81 4.84-4.76 15.49-15.41
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is always DMSO-dg. All the exchangeable protons were
confirmed by addition of D,O.

6.2. Synthesis of 5,6-dichloro-1H-indole-2,3-dione (21)*°

Sulfuryl chloride (11.6 mmol) and a crystal of I, as cat-
alyst were added to a suspension of 6-chloro-1H-in-
dole-2,3-dione 20" (5.5 mmol) in glacial acetic acid
(20 mL). The mixture was heated at 50 °C for 8 h
and then cooled at room temperature. The resulting
solid was collected and washed with petroleum ether.
Yield 70%; mp 268-270°C (AcOH) (lit. mp 266—
272°C). '"H NMR 7.11 (s, 1H, ar), 7.78 (s, 1H, ar),
11.25 (br s, 1H, NH).

6.3. General procedure to prepare 4-methyl-N'-(2-oxo-
1,2-dihydro-3 H-indol-3-ylidene)benzenesulfonohydrazides
22,21 23,22 and 24

To a warmed (70 °C) solution of isatin 19-21'%-20
(16.2 mmol) in methanol (80 mL), an equimolar amount
of p-toluenesulfonylhydrazide (16.2 mmol) was added.
After all of the latter was dissolved, the solution was al-
lowed to stand at room temperature for 2 h. The yellow
platelets were filtered and washed with a little cold
methanol.

6.3.1. 4-Methyl-/V'-(2-0x0-1,2-dihydro-3H-indol-3-ylidene)-
benzenesulfonohydrazide (22). Yield 88%; mp 193-200 °C
dec (PhH) (lit. mp 190-200°C from methanol). 'H
NMR 2.36 (s, 3H, CH3) 6.84-6.91 (m, 1H, ar) 7.03-7.15
(m, 1H, ar) 7.35-7.51 (m, 3H, ar) 7.82-7.93 (m, 3H, ar)
10.73 (br s, 1H, NH).

6.3.2. 4-Methyl-/V'-(6-chloro-2-oxo-1,2-dihydro-3 H-indol-3-
ylidene)benzenesulfonohydrazide (23). Yield 77%; mp
206-208 °C (AcOH). 'H NMR 2.38 (s, 3H, CH3), 6.86
(d, 1H, ar, J=1.8Hz), 7.13 (dd, 1H, ar, J=284,
1.8 Hz), 7.43 (d, 2H, ar, J = 8.4 Hz), 7.79-7.88 (m, 3H,
ar), 10.88 (br s, IH, NH).

6.3.3. 4-Methyl-NV'-(5,6-dichloro-2-o0xo0-1,2-dihydro-3H-
indol-3-ylidene)benzenesulfonohydrazide (24). Yield 90%;
mp 212-218 °C (AcOH) '"H NMR 2.37 (s, 3H, CH;)
7.09 (s, 1H, ar) 7.41 (d, 2H, ar, J=7.7 Hz) 7.61 (s, 1H,
ar) 7.85 (d, 2H, ar, J=7.7 Hz) 11.20 (br s, 1H, NH).

6.4. General procedure to prepare 3-diazo-1,3-dihydro-indol-
2-ones 25,%! 26,22 and 27

A mixture of 22-24 (4.29 mmol) and an aqueous solu-
tion of NaOH (0.35 M, 31.5mL) was heated at 60 °C
for 1 h, and then allowed to stand at room temperature
for 2 h. Addition of ice (40 g) and acidification with
acetic acid afforded a solid that was filtered and
washed well with water. The residue was unstable upon
recrystallization. Nevertheless, the crude product was
pure enough and thus wused without further
purification.

6.4.1. 3-Diazo-1,3-dihydro-indol-2-one (25). Yield 90%;
'"H NMR 6.89-7.70 (m, 3H, ar) 7.41 (d, 1H, ar,
J=17.3Hz) 10.67 (br s, 1H, NH).

6.4.2. 3-Diazo-6-chloro-1,3-dihydro-indol-2-one (26). Yiecld
90%; "H NMR 6.91 (s, 1H, ar) 7.03 (d, 1H, ar, J = 8.0 Hz)
7.43 (d, 1H, ar, J = 8.0 Hz) 10.81 (br s, 1H, NH).

6.4.3. 3-Diazo-5,6-dichloro-1,3-dihydro-indol-2-one (27).
Yield 85%; 'H NMR 7.04 (s, 1H, ar) 7.45 (s, 1H, ar)
10.90 (br s, 1H, NH).

6.5. General procedure to prepare diethyl 5,6-dihydro-5-
oxo-pyrazolo[1,5-c]quinazoline-1,2-dicarboxylates 2—4

An excess of diethyl acetylenedicarboxylate (5.16 mmol)
was added to a suspension of diazoindole 25-27
(2.58 mmol) in anhydrous toluene (50 mL). The resulting
mixture was refluxed, under nitrogen atmosphere, until
disappearance of the starting material [2-9 h, TLC mon-
itoring, eluting system CHCI;/MeOH (9:1)] and then
cooled at room temperature. The resulting solid was col-
lected by filtration and washed with diethyl ether.

6.5.1. Diethyl 5,6-dihydro-5-oxo-pyrazolo|1,5-c]quinazo-
line-1,2-dicarboxylate (2). Yield 75%; mp 192-194 °C
(EtOH) 'H NMR 1.28-1.37 (m, 6H, 2CH3) 4.33-4.44
(m, 4H, 2CH,;) 7.34-7.42 (m, 2H, ar) 7.59-7.63 (m,
IH, ar) 8.48 (d, 1H, ar, J=8.0 Hz) 12.36 (br s, 1H,
NH); IR 3420, 1750, 1720.

6.5.2. Diethyl 8-chloro-5,6-dihydro-5-oxo-pyrazolo[1,5-
clquinazoline-1,2-dicarboxylate (3). Yield 70%; mp 242—
245°C (EtOH) 'H NMR 1.26-1.36 (m, 6H, 2CHs)
4.30-4.39 (m, 4H, 2CH,) 7.38-7.43 (m, 2H, ar) 8.56
(d, 1H, ar, J = 8.4 Hz) 12.45 (br s, IH, NH).

6.5.3. Diethyl 8,9-dichloro-5,6-dihydro-5-oxo-pyrazol-
o[1,5-c]quinazoline-1,2-dicarboxylate (4). Yield 75%; mp
265-268 °C (AcOH) 'H NMR 1.26-1.36 (m, 6H,
2CH3;) 4.33-4.39 (m, 4H, 2CH,) 7.51 (s, 1H, ar) 8.95
(s, 1H, ar) 12.58 (br s, 1H, NH); IR 3464, 1735, 1712.

6.6. General procedure to prepare 1-(ethoxycarbonyl)-5,6-
dihydro-5-oxo-pyrazolo[1,5-c]quinazoline-2-carboxylic acids
9-11

A solution of KOH (10% w/w, 20 mL) was added to a
suspension of 24 (2.75 mmol) in methanol (20 mL).
The mixture was left at room temperature under stir-
ring, until disappearance of the starting material [1-
7h, TLC monitoring, eluting system CHCl;/MeOH
(9:1)]. Addition of water (40 mL) and acidification with
concentrated HCI afforded a suspension that was left at
room temperature for 30 min. The resulting solid was
collected by filtration and washed with water.

6.6.1. 1-(Ethoxycarbonyl)-5,6-dihydro-5-oxo-pyrazolo-
[1,5-clquinazoline-2-carboxylic acid (9). Yield 80%; mp
226-229°C (EtOH) 'H NMR 1.30 (t, 3H, CHj;,
J=173Hz) 436 (q, 2H, CH,, J=7.3Hz) 7.30-7.41
(m, 2H, ar) 7.62 (t, 1H, ar, J=7.7 Hz) 8.38 (d, 1H, ar,
J=17.7Hz) 12.30 (br s, 1H, NH); IR 3430, 1759, 1713.

6.6.2. 8-Chloro-1-(ethoxycarbonyl)-5,6-dihydro-5-oxo-pyr-
azolo[1, 5-c]quinazoline-2-carboxylic acid (10). Yield 90%;
mp 240-243°C (AcOH) 'H NMR 1.29 (t, 3H, CHj,
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J=73Hz) 435 (q, 2H, CH,, J=73Hz) 7.39-743
(m, 2H, ar) 8.48 (d, 1H, ar, J=8.3 Hz) 12.39 (br s 1H,
NH).

6.6.3. 8,9-Dichloro-1-(ethoxycarbonyl)-5,6-dihydro-5-oxo-
pyrazolo[1,5-c]quinazoline-2-carboxylic acid (11). Yield 85%;
mp 230-232°C (EtOH) 'H NMR 1.28 (t, 3H, CHs, J =
7.3 Hz) 4.35 (q, 2H, CH,, J=7.3 Hz) 7.49 (s, 1H, ar) 8.85
(s, IH, ar) 12.52 (br s, 1H, NH); IR 3467, 3339, 1744, 1620.

6.7. General procedure to prepare 5,6-dihydro-5-oxo-pyraz-
olo|[1,5-c|quinazoline-1,2-dicarboxylic acids 12,2* 13, and 14

A solution of KOH (10% w/w, 7 mL) was added to a
suspension of 24 (0.825 mmol) in ethanol (7 mL). The
mixture was heated at 100 °C for 1 h. Addition of water
(15mL) and acidification with concentrated HCI affor-
ded an unfilterable suspension that, after heating at
100 °C for 30 min, yielded a solid, which was collected
by filtration and washed well with water.

6.7.1. 5,6-Dihydro-5-oxo-pyrazolo[1,5-c]quinazoline-1,2-
dicarboxylic acid (12). Yield 90%; mp >300°C
(EtOH)'H NMR 7.30-7.41 (m, 2H, ar) 7.58-7.66 (m,
1H, ar) 8.62 (d, 1H, ar, J=8.0 Hz) 12.68 (br s, 1H,
NH); IR 3450, 3300, 1750, 1720.

6.7.2. 8-Chloro-5,6-dihydro-5-oxo-pyrazolo[1,5-c]quinaz-
oline-1,2-dicarboxylic acid (13). Yield 75%; mp >300 °C
(EtOH) "H NMR 7.38-7.43 (m, 2H, ar) 8.74 (d, 1H, ar,
J =8.7Hz) 12.36 (br s, 1H, NH).

6.7.3. 8,9-Dichloro-5,6-dihydro-5-oxo-pyrazolo[1,5-c|qui-
nazoline-1,2-dicarboxylic acid (14). Yield 75%; mp
>300 °C (AcOH) 'H NMR 7.52 (s, 1H, ar) 9.14 (s,
1H, ar) 12.45 (br s, 1H, NH); IR 3444, 3257, 1737,
1712, 1672.

6.8. General procedure to prepare ethyl 5,6-dihydro-5-oxo-
pyrazolo|[1,5-c|quinazoline-1-carboxylates 28-30

Compounds 9-11 (0.54 mmol) were heated in an oil bath,
over their melting points for 1 h. The cooled, fused mass
was worked-up with ethanol, collected, and purified.

6.8.1. Ethyl 5,6-dihydro-5-oxo-pyrazolo[1,5-c]quinazo-
line-1-carboxylate (28). Yield 45%; mp >300 °C (DMF)
'"H NMR 1.36 (t, 3H, CH3, J=7.3Hz) 4.37 (q, 2H,
CH2, J=7.3 Hz) 7.35-7.40 (m, 2H, ar) 7.63 (t, 1H, ar,
j=7.8Hz) 843 (s, 1H, ar, H-2) 9.15 (d, 1H, ar,
J=7.8Hz) 12.40 (br s, 1H, NH).

6.8.2. Ethyl 8-chloro-5,6-dihydro-5-oxo-pyrazolo[1,5-c|qui-
nazoline-1-carboxylate (29). Yield 50%; mp >300°C
(DMF) '"H NMR 1.35 (t, 3H, CHs, J=7.0 Hz) 4.33 (q,
2H, CH,, J=7.0 Hz) 7.38-7.43 (m, 2H, ar) 8.44 (s, 1H,
ar, H-2) 9.28 (d, 1H, ar, J = 8.4 Hz) 12.38 (br s, 1H, NH).

6.8.3. Ethyl 8,9-dichloro-5,6-dihydro-5-oxo-pyrazolo[1,5-
c|quinazoline-1-carboxylate (30). Yield 60%; mp >300 °C
(AcOH) "H NMR 1.34 (t, 3H, CHs, J = 7.3 Hz) 4.34 (q,
2H, CH,, J=7.3 Hz) 7.51 (s, 1H, ar) 8.45 (s, 1H, ar, H-
2) 9.51 (s, 1H, ar) 12.43 (br s, I1H, NH).

6.9. Synthesis of ethyl 1,8-dichloro-5,6-dihydro-5-oxo-pyr-
azolo[1,5-c|quinazoline-2-carboxylate (5)

To a suspension of ethyl 8-chloro-5,6-dihydro-5-oxo-pyr-
azolo[1,5-c]quinazolini-2-carboxylate!” (2.40 mmol) in
glacial acetic acid (15 mL), sulfuryl chloride (5.10 mmol)
was added. The reaction mixture was heated at 60 °C for
2 h, and then cooled at room temperature. The solid was
collected by filtration and washed with water. Yield 90%;
mp 300-302 °C (DMF/H,0) 'H NMR 1.36 (t, 3H, CH3,
J=7.0Hz) 440 (q, 2H, CH,, J = 7.0 Hz) 7.36-7.46 (m,
2H, ar) 8.44 (d, 1H, ar, J=8.8 Hz) 12.34 (br s, 1H,
NH); IR 3220, 1770, 1700.

6.10. Synthesis of 1,8-dichloro-5,6-dihydro-5-oxo-pyrazol-
o[1,5-c]quinazoline-2-carboxylic acid (15)

To a suspension of ester 5 (0.40 mmol) in methanol
(3.25mL), a solution of KOH (10% w/w, 3.25mL)
was added, and then the mixture was refluxed for
10 min. After cooling at room temperature, addition of
water (15 mL) and acidification with concentrated HCI
afforded a solid that was collected by filtration and
washed with water. Yield 70%; mp >300 °C (DMF/
H,0) '"H NMR 7.38-7.42 (m, 2H, ar) 8.44 (d, 1H, ar,
J=28.1Hz) 12.33 (br s, 1H, NH).

6.11. Synthesis of ethyl 1,8,9-trichloro-5,6-dihydro-5-oxo-
pyrazolo[1,5-c|quinazoline-2-carboxylate (6)

To a suspension of 3-diazoindole 27 (6.58 mmol) in anhy-
drous toluene (150 mL), an excess of ethyl propiolate
(13.2 mmol) was added. The reaction mixture was re-
fluxed, under nitrogen atmosphere and under stirring,
for an overall time of 20 h. During this time, an equimolar
amount of ethyl propiolate (13.2 mmol) was added three
times at intervals of 4 h. The suspension was cooled at
room temperature, and the solid, made up of a mixture
of isomers 30 and 31 (overall yield 80%), was collected
by filtration and washed with diethyl ether. From
100 mg of the mixture of 30 and 31, only a few milligrams
of pure ethyl 8,9-dichloro-5,6-dihydro-5-oxo-pyrazol-
o[1,5-c]quinazoline-2-carboxylate (31) was obtained after
repeated crystallizations from acetic acid [mp >300 °C 'H
NMR 1.34 (t, 3H, CH;, J =7.0 Hz) 4.37 (q, 2H, CH,,
J=7.0Hz) 7.48 (s, 1H, ar) 7.81 (s, 1H, H-1) 8.55 (s, 1H,
ar) 12.27 (br s, 1H, NH)]. Thus, the mixture of 30 and
31 was used without purification for the next step. Sulfu-
ryl chloride (1.23 mmol) and a crystal of I, as catalyst
were added to a suspension of the mixture of 30 and 31
in glacial acetic acid (15 mL). The reaction mixture was
heated at 60 °C for 1 h and then, without cooling, the solid
(compound 6) was collected by filtration and washed with
petroleum ether. Yield 25% (from 27); mp >300 °C
(AcOH); 'H NMR 1.35 (t, 3H, CHs, J=7.1 Hz) 4.39
(q, 2H, CH,, J = 7.1 Hz) 7.52 (s, 1H, ar) 8.49 (s, 1H, ar)
12.48 (br s, 1H, NH); IR 3216, 1777, 1696.

6.12. Synthesis of ethyl 1-bromo-8,9-dichloro-5,6-dihydro-5-
oxo-pyrazolo[1,5-c]quinazoline-2-carboxylate (7)

The mixture of 30 and 31, obtained starting from 27
(6.58 mmol) as above described for the preparation of
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6, was suspended in glacial acetic acid (15 mL). The
reaction mixture was heated at 70 °C, and then was add-
ed drop-wise to a solution of Br, (0.46 mmol) in glacial
acetic acid (2 mL). Heating (70 °C) was continued for an
overall time of 20 h. During this time, an equimolar
amount of Br, (0.46 mmol) was added three times at
intervals of 4 h. The resulting solid (compound 7), with-
out cooling, was collected by filtration and washed with
petroleum ether. Yield 20% (from 27); mp >300 °C
(AcOH); '"H NMR 1.35 (t, 3H, CH;, J=7.0 Hz) 4.39
(q, 2H, CH,, J=7.0Hz) 7.54 (s, 1H, ar) 8.78 (s, 1H,
ar) 12.45 (br s, 1H, NH); IR 3223, 1776, 1702.

6.13. General procedure to prepare 1,8,9-trichloro-5,6-dihy-
dro-5-oxo-pyrazolo[1,5-c]quinazoline-2-carboxylic acid (16)
and 1-bromo-8,9-dichloro-5,6-dihydro-5-oxo-pyrazolo[1,5-
clquinazoline-2-carboxylic acid (17)

The title compounds were obtained by alkaline hydroly-
sis of 6 and 7, respectively, following the same experi-
mental procedure described above to prepare 15.

6.13.1. 1,8,9-Trichloro-5,6-dihydro-5-oxo-pyrazolo[1,5-c]-
quinazoline-2-carboxylic acid (16). Yield 85%; mp
>300 °C (EtOH); '"H NMR 7.50 (s, 1H, ar) 8.47 (s, 1H,
ar) 12.41 (br s, 1H, NH); IR 3650, 3451, 1747, 1684.

6.13.2. 1-Bromo-8,9-dichloro-5,6-dihydro-5-oxo-pyrazol-
o[1,5-c]quinazoline-2-carboxylic acid (17). Yield 90%; mp
>300 °C (AcOH); 'H NMR 7.50 (s, 1H, ar) 8.75 (s, 1H,
ar) 12.41 (br s, 1H, NH); IR 3454, 3245, 1743, 1685.

6.14. Synthesis of ethyl 1-methyl-5,6-dihydro-5-oxo-pyr-
azolo[1,5-c]quinazoline-2-carboxylate (8)

To a suspension of 3-diazoindole 25 (5.99 mmol) in
anhydrous toluene (40 mL), an excess of ethyl 2-butino-
ate (8.99 mmol) was added. The reaction mixture was re-
fluxed, under nitrogen atmosphere and under stirring,
for an overall time of 72 h. After 30 h, ethyl 2-butinoate
(2.99 mmol) was added. Another addition of ethyl 2-
butinoate (5.98 mmol) was made after 56 h. After the
reaction was cooled at room temperature, the solid
was collected by filtration. The residue, made up of a
mixture of 8 and of its regio-isomer ethyl 2-methyl-5,6-
dihydro-5-oxo-pyrazolo[1,5-c]quinazoline-1-carboxylate
(32), was purified on silica gel column, eluting with
CHCI5/AcOEt/AcOH (8.5/1/0.5). Evaporation at re-
duced pressure of the solvent, of the first and the last
elutes afforded compounds 8 and 32, respectively.

6.14.1. Ethyl 1-methyl-5,6-dihydro-5-oxo-pyrazolo[1,5-
clquinazoline-2-carboxylate (8). Yield 35%; mp 293-
295°C (EtOH) 'H NMR 1.35 (t, 3H, CHs, J = 7.1 Hz)
2.68 (s, 3H, CH;) 4.36 (q, 2H, CH,, J=7.1 Hz) 7.34-
7.38 (m, 2H, ar) 7.50-7.53 (m, 1H, ar) 8.08 (d, 1H, ar
H-10, J = 7.7 Hz) 12.04 (br s, 1H, NH); IR 3160, 1750,
1730.

6.14.2. Ethyl 2-methyl-5,6-dihydro-5-oxo-pyrazolo|[1,5-
clquinazoline-1-carboxylate (32). Yield 20%; mp 249-
251 °C (EtOH) 'H NMR 1.36 (t, 3H, CH;, J = 7.0 Hz)
2.51 (s, 3H, CHs;) 4.36 (q, 2H, CH,, J=7.0 Hz) 7.30—

7.37 (m, 2H, ar) 7.59-7.61 (m, 1H, ar) 9.01 (d, 1H, ar
H-10, J=8.4 Hz) 12.13 (br s, 1H, NH); IR 3140, 1735,
1710.

6.15. Synthesis of 1-methyl-5,6-dihydro-5-oxo-pyrazol-
o[1,5-c]quinazoline-2-carboxylic acid (18)

The title compound was obtained by alkaline hydrolysis
of 8, following the same experimental procedure de-
scribed above to prepare 15. Yield 80%; mp 281-
283 °C (EtOH) '"H NMR 2.68 (s, 3H, CH3) 7.33-7.52
(m, 3H, ar) 8.07 (d, 1H, ar H-10, J=8.0 Hz) 11.97 (br
s, 1H, NH); IR 3450, 3200, 1740.

7. Biochemistry
7.1. Binding assay

Rat cortical synaptic membrane preparation and
[*H]glycine, [’HJAMPA, [*H]-(+)-MK-801, and high-af-
finity [*H]kainate binding experiments were performed,
following the procedures described in Refs. 15, 17, 35,
and 40, respectively.

7.2. Electrophysiological assay

The cortical wedge preparation described by Mannaioni
et al.*! was used, while the electrophysiolocical assays
were performed following the procedures described in
Ref. 17.

7.3. Sample preparation and results calculation

A stock 1 mM solution of the test compound was pre-
pared in 50% DMSO. Subsequent dilutions were accom-
plished in buffer. The ICsy values were calculated from
three or four displacement curves based on four to six
scalar concentrations of the test compound using the
ALLFIT computer program*? and, in the case of tritiated
glycine and AMPA binding, converted to K; values, by
application of the Cheng—Prusoff equation.*® Under
our experimental conditions, the dissociation constants
(Kp) for [*H]glycine (10nM) and [*H]-DL-AMPA
(8 nM) were 75 £ 6 and 28 + 3 nM, respectively.

8. Computational methodologies

All molecular modeling studies were carried out on a
six-CPU (PIV 2.0-3.0 GHz) Linux cluster running un-
der openMosix architecture.**

Three-dimensional structures of iGluR extracellular
binding domains were obtained from the Brookhaven
Protein Data Bank (PDB). For docking, the structure
of glycine-binding domain S1S2 of NR 1 subunit in com-
plex with the antagonist DCKA (PDB code: 1PBQ)??,
and the structure of glutamate-binding domain S1S2
of GIluR2 subunit in complex with the antagonist
DNQX (PDB code: 1FTL)** were used. Since all X-
ray crystallographic files do not contain hydrogen
atoms, they need to be added to the protein by using
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Molecular Operating Environment (MOE, version
2003.03) modeling suite*’, before carrying out docking
studies. To minimize contacts between hydrogen atoms,
the structures were subjected to Amber94 energy mini-
mization until the rms of conjugate gradient was
<0.15 kcal mol ™' A™!, keeping the heavy atoms fixed
at their crystallographic positions.

PQZ derivatives were generated by using the Molecular
Operating Environment suite. Atomic charges were as-
signed using the PEOE, implemented by mog.** Each li-
gand was placed into the binding pockets and the
semiflexible docking was achieved with the program
SCHRODINGER/GLIDE.***7 The final docked complexes
of ligand-receptor were selected according to the criteria
of interaction energy combined with geometrical match-
ing quality.
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Abstract—For seventeen 1,4-benzothiazine potassium channel openers, we performed binding studies in rat aortic smooth muscle
cells and cardiomyocytes, compared their binding affinities with published relaxation data, and derived 3D-QSAR models using
GRIND/ALMOND descriptors. Binding affinities in smooth muscle cells range from a pKp of 4.76 for compound 3e to 9.10 for
compound 4¢. Comparison of data for smooth muscle relaxation and binding shows preferentially higher pECsgs for the former.
In cardiomyocytes, pKp values range from 4.21 for 3e to 8.16 for 4c. 3D-QSAR analysis resulted in PLS models of two latent vari-
ables for all three activities with determination coefficients of 0.97 (smooth muscle relaxation) and 0.94 (smooth muscle cells- and
cardiomyocytes-binding). Internal validation yielded ¢* values of 0.69, 0.66, and 0.64. The carbonyl on the N-4 substituent, the
hydrogen bond acceptor at C-6, the five-membered ring at N-4, and the gem-dimethyls mainly guide strong binding and strong

smooth muscle relaxation.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

ATP-sensitive potassium channels (K atp-channels) are
members of the subfamily of inward rectifiers Kir,!
which exhibit a stronger inward than outward conduc-
tance at a given membrane potential. K tp-channels dif-
fer from other inward rectifiers by including a regulatory
B-subunit, the sulfonylurea receptor protein SUR? in
addition to the channel forming a-subunit Kir. Kstp-
channels are widely distributed in various organs and
exhibit many physiological functions, such as reduction
of action potential duration® in cardiomyocytes,* regula-
tion of insulin secretion® in B-cells of the pancreas,® and
control of vessel tone’ in smooth muscle cells® and trans-
mitter release’ in neurons.!® Given their many physio-
logical functions, Karp-channels represent promising
drug targets. Both antagonists, such as the antidiabetic

Keywords: Karp-channel openers; Binding studies; Smooth muscle

relaxation; GRIND/ALMOND analysis.
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sulfonylureas as well as activators or openers of Katp-
channels (KCOs), have been described.!' Interest in
the KCOs arose in the 1980s when cromakalim, '? pinac-
idil,!* and nicorandil'* were shown to relax smooth
vascular muscle via K orp-channel opening. Thus, these
agents were first indicated for the treatment of hyper-
tension and angina pectoris; this was later extended to
include other diseases such as asthma,'> urinary inconti-
nence,'® and baldness.!” KCOs were also shown to pro-
tect cells against cardiac ischemia,'® and to influence
lipid metabolism.'® The therapeutic usefulness of KCOs
depends on their tissue selectivity. The existence and
organ-specific distribution of isoforms of the Karp-
channel forming subunits Kir (Kir 6.1%° and Kir 6.2%)
and SUR (SUR1,2?2 SUR2A,%* and SUR2B?**) might
represent a rational basis for detecting tissue-selective
KCOs. The identification of the KCO-binding site on
sulfonylurea receptors represents a further step in this
direction.?

Potassium channel openers are very heterogeneous in
chemical structure.?® First generation KCOs include
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benzopyrans, thioformamides, and cyanoguanidines.?’

Second generation KCOs include, for example, tertiary
carbinols and dihydropyridine related structures.?’
Benzopyrans represent the most intensively investigated
subgroup. In many structure-activity studies the differ-
ent positions of the benzopyran ring have been variously
substituted resulting in an optimized bioactivity.?® The
benzopyran nucleus itself has also been modified in both
the aromatic ring and in the pyran moiety. In a search
for new KCO chemotypes, Cecchetti et al.>® examined
the effect of replacing the benzopyran with a 1,4-benzo-
thiazine nucleus and detected compounds with very high
smooth muscle relaxing potency.

In this study, we performed binding studies with the
above-mentioned 1,4-benzothiazine KCOs in aortic
smooth muscle cells and cardiac membranes of rat, com-
pared their binding affinities with formerly measured
smooth muscle relaxation data, and derived QSAR
models applying GRIND descriptors.3°

2. Dataset and methodology
2.1. Dataset

The dataset comprises seventeen 1,4-benzothiazines with
main variations in 4- and 6-positions. 4-Substitution in-
cludes cyclic moieties such as pyrrolidinone, piperidi-
none, and cyclopentenone, as well as non-cyclic
ketones and amides. Small, electron-withdrawing sub-
stituents such as Br, CN, NO,, and CFj5 are used in 6-
position. As a reference compound, levcromakalim is
included in the dataset.

2.2. Biological methods

2.2.1. Tissue preparation. Male Wistar rats (body weight
200-300 g) were anesthetized with ether; after opening
the chest, heart and aorta were removed and perfused
with modified Krebs solution containing (mmol/l) 89.0
NaCl, 29.0 NaHCO;, 5.0 KCI, 1.0 Na,HPO,4 0.5
MgSOy, 0.04 EDTA, and 2.25 CaCl, equilibrated with
carbogen (95% 0O,/5% CO,). The water was deionized
and double-distilled in glass. After the removal of con-
nective tissue, fat, and endothelium under sterile condi-
tions, the aortas were cut into rings of 1 mm width and
transferred into tissue culture dishes. Hearts were
mounted on a Langendorff apparatus for the retrograde
perfusion of coronary arteries.

2.2.2. Cell culture of aortic myocytes. Aortic rings were
explanted in 6-well cell culture dishes (Corning, NY,
USA) covered with a thin layer of medium according
to Ross,?' and put into an incubator gassed with 93%
0O, and 7% CO,. The medium (Dulbecco’s modified Ea-
gle’s medium (DMEM), Gibco, Inchinnan Scotland)
was supplemented with 10% fetal calf serum (FCS),
2 mmol/l glutamate, 10 mmol/l HEPES, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. After 3—4 h, the rings
stuck to the bottom of the 6-well dishes and were cov-
ered with medium. After ~10-14 days, when the cells
had grown out of the aortic rings, the rings were

removed and the cells were passaged (i.e., passage 1)
into 75 cm? cell culture flasks (Nunc, Roskilde, Den-
mark) using 0.05% trypsin and 0.02% EDTA. After hav-
ing reached confluency after 5-7 days, the cells were
passaged (i.e., passage 2) into 24-well dishes (Corning,
NY, USA) to perform radioligand binding experiments
with [*H]P1075.

2.2.3. Isolation of cardiomyocytes. Isolated myocytes
were prepared according to Buxton and Brunton3? with
some modifications. After cannulation of the aorta,
hearts were mounted on a perfusion apparatus. Warm
(37 °C) Ca**-free salt solution containing (mmol/l) 35.0
NacCl, 25.0 NaHCOs;, 4.7 KCl, 1.2 KH,PO,, 20.0 Na,H-
POy, 10.0 HEPES, 133.2 sucrose, and 10.0 glucose, con-
tinually gassed with carbogen (95% O,/5% CO,), was
perfused through the heart for 5 min. Thus, the hearts
were washed free of all blood cells and ceased beating.
Thereafter, the perfusate was supplemented with
0.5 mg/ml collagenase and 1.5 mg/ml hyaluronidase.
Twenty to thirty minutes after the start of enzyme perfu-
sion, the flaccid ventricles were gently dissected and
teased into small pieces, placed in a petri dish with fresh
enzyme solution, and incubated again at 37 °C in a shak-
ing water bath for 5-10 min. After complete disaggrega-
tion of ventricles, the cell suspension was decanted
through a sieve and centrifuged at 100g for 2 min. The
resulting pellet was resuspended in a buffer containing
(mmol/l) 130.0 NaCl, 4.7 KCl, 1.2 KH,POy,, 20.0 Na,H-
POy, 25.0 HEPES, and 10.0 glucose complemented with
2% albumin (fraction V). Further purification of the cells
was achieved by sedimentation of the cells, for 10 min, in
13 ml polycarbonated tube and by discarding the super-
natant. Loose pellets were purified for the second time by
sedimentation and then resuspended in MEMS (Mini-
mum Essential Medium Eagle) with a cell concentration
of 0.1 mio/ml. From one heart, 5-7 million cells were iso-
lated, with a yield of more than 70% rod-shaped cells
able to exclude trypan blue. Incubations for radioligand
binding were done in siliconized flat-bottomed glass
tubes at 37 °C for 60 min.

2.2.4. Radioligand binding. Rat aortic smooth muscle
cells (RASMC) cultured in 24-well cell culture dishes
were incubated in a total volume of 200 ul Hanks’ bal-
anced salt solution (HBSS) containing (mmol/l) 137.0
NaCl, 54 KCI, 1.2 MgSO,, 0.34 Na,HPO,, 4.2
NaHCOs;, 0.44 KH,PO,4, 20.0 HEPES, 5.5 glucose, 1.3
CaCl,. Enzymatically disaggregated cardiomyocytes
were incubated in a physiological salt solution contain-
ing (mmol/l) 130.0 NaCl, 4.75 KCI 5.0 MgCl,, 1.19
KH,PO,4, 20.0 HEPES, 5.0 glucose, and 0.2 % BSA
(fraction V) in a total volume of 200 pl containing
50,000 myocytes. Karp-channels were radiolabeled with
[*HJP1075  N-cyano-N'-[1,1-dimethyl-[2,2,3,3-*H]pro-
pyl]-N"-(3-pyridinyl)guanidine,3-3* with a specific activ-
ity of 108 Ci/mmol. The reaction was initiated by
addition of the radioligand; binding observed in the
presence of 1 umol/l P 1075 was regarded as non-specif-
ic. In RASMC, binding was stopped by suction of the
incubation medium followed by five successive washings
with cold HBSS-solution. The cell-bound ligand was
transferred to scintillation vials after incubation of the
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cell monolayers with 1 mol/l NaOH for 30 min at 60 °C.
In cardiomyocytes, bound radioligand was separated
from free radioligand by rapid vacuum filtration
through Whatman GF/A glass fiber filters. The filters
were rapidly washed eight times with 2 ml ice-cold buffer
(10 mmol/l Tris, 5 mmol/l MgCl,, pH 8.0) and trans-
ferred to scintillation vials. After addition of 3 ml scin-
tillation fluid (Ultima Gold, Packard, USA) the vials
were vigorously shaken for 1 h and counted in a scintil-
lation counter (Packard 1500) with 50% efficiency. Com-
petition binding experiments were performed in the
presence of 1nmol/l [PHJP1075 ([L*]) and increasing
concentrations of competing ligands [L]. Displacement
curves were analyzed by non-linear regression as report-
ed?>3% according to the following equation:

By([L]) = Bo = Bo[LI/{[L] + Kn(1 + [L']/K7)} (1)

where B, and By([L]) represent the specific binding of L"
to Karp-channels in the absence and presence of L, K;
denotes the dissociation constant of the radioligand L,
and Kp is the equilibrium dissociation constant of the
test compound L. Experimental data were analyzed
after transformation of data to obtain homoscedasticity
which resulted in reliable estimates of parameters (B,
B.s, and pKp) and asymptotic standard deviations
(ASD). Data were fitted to the hyperbola defined by
Eq. 1 by non-linear regression using the SAS software
package STAT. Data points in the figures are
means = SEM.

2.2.5. Drugs and materials. [*HJP1075 (108 Ci/
mmol = 4.00 TBg/mmol) was purchased from the
Radiochemical Center, Amersham, UK. P 1075 and
bimakalim were generous gifts from Leo (Ballerup, Den-
mark) and E. Merck (Darmstadt, D). Stock solutions of
KCOs were dissolved in DMSO. DMSO-concentration
did not exceed 0.3% (v/v) in radioligand binding.
Other chemicals were obtained from local commercial
sources.

2.3. Molecular modeling methods

2.3.1. Geometry optimization. The geometry of the data-
set compounds was optimized via ab initio Molecular
Orbital (MO) calculations using GAUSSIANO98 soft-
ware.>” Geometry optimization was performed with
the B3LYP density functional method,* using the 6-31
G basis set. All the MO calculations were run on a linux
machine equipped with a Pentium 4 processor and a 2
GB memory.

2.3.2. Chemical descriptors. GRid-INdependent Descrip-
tors (GRIND)?® were generated, analyzed, and inter-
preted using the version 3.3 of the program
ALMOND.?** GRIND have been designed mainly to
represent pharmacodynamic properties; they start from
molecular interaction fields (MIF) computed on the ba-
sis of the GRID force field.** When MIF are computed
for a dataset molecule, the nodes showing favorable
energies of probe-molecule interaction represent posi-
tions where groups of a receptor, mimed by the probe,
would interact favorably with the molecule. Hence,
using different probes, one obtains a set of such posi-

tions which defines a virtual receptor site (VRS). Basi-
cally, GRIND are a small set of variables representing
the geometrical relationships between relevant regions
of the VRS. The procedure for obtaining GRIND in-
volves three steps: (1) computing a set of MIF, (2) filter-
ing the MIF to extract the most relevant nodes, and (3)
encoding the filtered MIF into the GRIND variables.

The filtering procedure extracts a set of grid nodes (fil-
tered MIF) on the basis of the energy of the nodes
and the distance between them. The filtered nodes are
encoded via MACC?2 transform into few GRIND vari-
ables. Each variable is linked to a grid node-pair placed
at a specific distance, and its value refers to the energy
values of the linked MIF, which represent attractive
interactions between the probe and the molecule.

GRIND variables are organized in correlograms repre-
senting either node pairs of the same field (auto-correlo
grams) or node pairs of different fields (cross-correlo-
grams). These variables represent the product of the
field energy of node pairs that are separated by certain
distances in the 3D space of each compound. The align-
ment-independent GRIND, obtained this way, can be
used directly for the chemometric analysis and can be
interpreted with the ALMOND software, using graphi-
cal representations of the pharmacophoric regions and
their mutual distances, together with the molecular
structures, in interactive 3D plots.

2.3.3. Statistical approaches. PLS analysis*' was per-
formed within the software ALMOND. No scaling
was applied. The optimal dimensionality of the PLS
model was chosen according to the results of crossvali-
dation. All computations were run on an O2 Silicon
Graphics workstation (R 12000).

3. Results and discussion

This section comprises the pharmacological character-
ization of the 1,4-benzothiazine dataset as well as the
derivation of GRIND/ALMOND-based 3D QSAR
models. First, binding studies in aortic smooth muscle
cells and cardiac membranes of the rat are confronted
with formerly measured smooth muscle relaxing data.
Then, newly derived 3D QSAR models are compared
to previously described qualitative SAR data.

3.1. Smooth muscle relaxing properties

Cecchetti et al.? synthesized and biologically evaluated
a new series of 1,4-benzothiazine derivatives 3-6, suit-
ably functionalized according to benzopyran-based
SAR (Chart 1). Kopp-opening activity was studied in
vitro, as the smooth muscle relaxing effect evoked on
endothelium-denuded rat aortic rings precontracted
with 20 mM KC1.2° The smooth muscle relaxing poten-
cies, expressed as pECsg, are given in Table 1 as com-
pared to levcromakalim (LCRK); they span an
extreme activity spectrum of almost 7 log units ranging
from a pECsq of 5.24 for 3aa to a value of 12.13 for Sc.
The biological data prove that the 1,4-benzothiazine
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Chart 1. Benzothiazine KCO dataset structures. Cecchetti et al.?’ synthesized this series of 1,4-benzothiazine derivatives 3-6. Compounds are
suitably functionalized, according to benzopyran-based SAR, with a gem-dimethyl group at C-2 and small C-6 substituents. Furthermore, lactam (a,
b), or cyclopentenone (c¢) rings, acyclic amides (d, f), and acyl chains (e, g), all bearing an oxo function at different distances from the benzothiazine
nucleus, were selected as N-4 substituents. Additionally, the structure of the reference levcromakalim (LCRK) is given.

nucleus can suitably replace the benzopyran nucleus.
The increase in K rp-opening activity is evident when
comparing LCRK with its 1,4-benzothiazine analog
6a, which was 100 times more potent. 1,4-Benzothiazine
derivatives can be considered as structural simplifica-
tions of LCRK, due to the absence of chiral centers.

To investigate the mechanism of action, the smooth mus-
cle relaxing potency of some selected compounds was
shown to decrease dramatically in high depolarization
conditions (aortic rings precontracted with 60 mM
KCl), as agrees with a pharmacodynamic profile known
for KCOs.*? Involvement of K orp-channels in the phar-
macological effect was also investigated using the K op-
blocker glibenclamide. In its presence, the smooth muscle
relaxing effects of the test compounds were antagonized
competitively, with an almost parallel rightward displace-
ment of the concentration-response curves and an almost
full recovery of the maximal effect. These results suggest
that the smooth muscle relaxing properties of 1,4-benzo-
thiazines are mediated via K otp-channels.

3.2. Binding studies to rat aortic vascular smooth muscle
cells

To allow comparability with functional data and to
quantify the contribution of Krp-channel binding to
smooth muscle relaxation, we performed binding studies
in cultured smooth muscle cells of rat aorta using the
agonist radioligand [PH]P1075 (for data see Table 1).

The reference LCRK, representing the lead benzopyran
KCO, exhibits similar constants in both the test systems.
Binding affinities of the test compounds span a spectrum
of nearly 5 log units ranging from a pKp-value of
4.76 £0.06 for compound 3e to a pKp-value of
9.10 £ 0.04 for compound 4c. Comparison of data for
smooth muscle relaxation and binding shows preferen-
tially higher pECsy-values for smooth muscle relaxation;
an inverse behavior is found for 3a, 3ab, 3b, and 3d.

Among the test compounds, 6-nitro substituted pyrroli-
dones (a-series) and cyclopentenones (c-series) exhibit
the highest, that is, nanomolar affinities; replacement
of 6-nitro by cyano reduced affinity by a factor of 6
(0.8 log units). Comparing bromo-substituted com-
pounds at C-6 (3) revealed that benzamides and aceta-
mides also are characterized by comparable high
affinities with pKp-values between 7.4 and 7.7 (Table
1). Replacement of Br at C-6 by NO, markedly in-
creased affinities by a factor of about 7.5 (acetamides,
d-series), of about 10 (benzamides f-series, pyrrolidones
a-series), and of about 50 (cyclopentenones, c-series).
Interestingly, the Br/NO,-exchange is much more effec-
tive in increasing the potency for relaxation as can be
seen by comparison of pECsg-values; potencies in-
creased in the f-series (benzamides) by a factor of about
30, in the d-series (acetamides) by a factor of 100, and in
the c-series (cyclopentenones) and a-series (pyrroli-
dones) even by a factor of about 1000. These tremen-
dous differences are exclusively caused by an increase
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Table 1. Smooth muscle relaxing and radioligand binding data of the benzothiazine KCO dataset

Aortic rings relaxation A (a—b) RASMC binding A4 (b—c¢) Cardiomyocytes binding
pECso+SEM? pKp + ASDP pKp * ASD®
Pyrrolidones
3a 6.91 £0.05 —(0.67 £ 0.08) 7.58 £0.07 (1.28 £ 0.08) 6.30 £0.03
4a¢ 9.84 +0.15¢ (1.13+£0.17) 8.71 £0.074 (1.12 £ 0.09) 7.59 £0.05
6a 9.27%£0.18 (1.59+£0.18) 7.68 £0.03 (0.91 £ 0.04) 6.77 £ 0.05
3aa 5.24 £ 0.09 (0.02 £ 0.10) 5.22£0.05 (0.66 +0.11) 4.56 +0.09
3ab 5.49 £ 0.06 —(0.26 £ 0.07) 5.75£0.03 (1.01 £ 0.08) 4.74 £ 0.07
Piperidone
3b 6.29 £0.05 —(0.94 £ 0.06) 7.23 £0.04 (1.26 £ 0.08) 5.97£0.07
Cyclopentenones
3¢ 7.72£0.16 (0.31+0.17) 7.41 £0.04 (0.90 £ 0.09) 6.51 £0.08
4c 10.89 +0.02 (1.79 £ 0.04) 9.10 £ 0.04 (0.94 £ 0.07) 8.16 £ 0.06
5¢ 12.13£0.13 (3.84+£0.14) 8.29 £0.05 (1.05 £ 0.07) 7.24 £0.05
6¢ 11.30 £ 0.13 (3.00 £ 0.14) 8.30 £ 0.05 (1.01 £ 0.09) 7.29 £0.08
Acetamides
3d 7.06 £0.11 —(0.39+£0.12) 7.45 £ 0.04 (0.92 +£0.07) 6.53 £0.05
4d 9.13£0.07 (0.79 £ 0.09) 8.32£0.05 (1.09 £ 0.08) 7.23 £0.06
Acetyl
3e 5.73 £0.04 (0.97 £ 0.07) 4.76 £ 0.06 (0.55 £ 0.08) 4.21+0.05
Benzamides
3f 7.75 £0.07 (0.23 £ 0.09) 7.52 £0.06 (1.41 £ 0.08) 6.11 £0.06
4f 9.25%0.06 (0.71 £0.07) 8.54 £ 0.03 (1.05 £ 0.06) 7.49 £0.05
Benzoyls
3g 5.36 £ 0.40 (0.27 £ 0.43) 5.09+0.17 (0.79 £ 0.19) 4.30 £0.10
4g — — 5.22+0.07 (0.60 £ 0.12) 4.62+0.09
LCRK 6.98 £0.11 —(0.43£0.13) 7.41 £ 0.06 (0.56 +0.10) 6.85%0.07

#The smooth muscle relaxing potency was evaluated on endothelium-denuded isolated aortic rings of male normotensive Wistar rats. Potency is
expressed as mean pECsy = SEM (—log M); all data stem from Cecchetti et al.?’

® Dissociation constants (pKp, —log M) measured as binding competition of [PH]P1075 in cultured aortic smooth muscle cells (RASMC, b); pKp-
values and asymptotic standard deviations (ASD) were estimated by non-linear regression. Differences (4) between pECso-values in aortic rings and

pKp-values in RASMC (4 a—b) are given in brackets.

°Dissociation constants (pKp, —log M) measured as binding competition of [PHJP1075 in disaggregated cardiomyocytes (c) of the rat; pKp-values
and asymptotic standard deviations (ASD) were estimated by non-linear regression. Differences (4) between pKp-values in RASMC and

cardiomyocytes (4 b—c) are given in brackets.
4See Ref. 29.

in affinities of the NO,-derivatives, whereas the Br-de-
rivatives are equipotent in binding and relaxation
(cyclopentenones ¢, benzamides f) of even less potent
in relaxation (pyrrolidones a, acetamides d). The latter
effect can be understood only by assuming that not only
affinity (as determined in radioligand binding) but also
efficacy as a measure of the conformational change of
KaTp-channels combined with a more effective signal
transduction contributes to the high efficiency of NO,-
derivatives in smooth muscle relaxation.

A regression analysis correlating binding data (pKp)
and pECsg-values for relaxation (Fig. 1) results in the
following equation:

pECy, = 1.39(£0.24)pKp, — 2.06(£1.77)
n=15 2 =0841, F=338 s=12551 (2

Obviously, the high-affinity compounds of the pyrroli-
done series (a) and the cyclopentenone series (¢) pre-
dominantly contribute to the steepening of the
regression, whereas the low-affinity sulfoxide- (3aa,
3ab), acetyl- (3e), and benzoyl-(3g) derivatives are close
to the bisecting line representing matching pECsy- and

pKp-values. That is why the dataset was restricted to
the high-affinity compounds excluding the compounds
3aa, 3ab, 3e, and 3g. The restricted dataset is character-
ized by the following equation:

pECy, = 2.39(£0.66)pKp — 10.08(45.27)
n=11, »=0753, F=131, s=12858 (3)

The steepening of the slope up to 2.39 is essentially
caused by the cyclopentenone (¢)-derivatives. The differ-
ences of pKp- and pECsg-values amount up to three or-
ders of magnitude (Table 1) possibly hinting at a
contribution  of  different  signal  transduction
mechanisms.

3.3. Binding studies to rat cardiomyocytes

Former binding studies with benzopyran KCOs have
consistently shown higher affinities to aortic smooth
muscle cells than to enzymatically disaggregated heart
muscle cells.** Also with the reference compound LCRK
(Table 1), the affinity for Krp-channels of RASMC
was approximately threefold higher than that for
Kartp-channels of cardiomyocytes reflecting the differ-
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Figure 1. Correlation of the smooth muscle relaxing potencies (pECs
values) of the dataset compounds, measured on endothelium-denuded
rat aortic rings precontracted with 20 mM KCI versus their binding
affinities (pKp values), measured in rat aortic smooth muscle cells
(RASMC). The dataset is given in Table 1. The thick line represents
the regression of the complete dataset. The bisecting line (dashed line)
indicates matching pECsp- and pKp-values, which indeed can be
observed with the compounds of series 3 (substituted with Br in C-6).
The thin dotted line represents a regression based on the dataset
restricted to the high affinity compounds, that is, without the sulfoxide
compounds (3aa and 3ab) and without the acetyl- (3e) and the benzoyl-
(3g) derivatives.

ences of affinities for SUR2A and SUR2B, which are
thought to constitute the cardiac and the smooth muscle
type of Karp-channels.** To investigate this relation
also for the new chemotype of 1,4-benzothiazine KCOs,
we performed binding studies in cardiomyocytes of the
rat using [’HJP1075 as a radioligand. In cardiomyocytes,
dissociation constants (pKp) spanned ~4.0 log units
ranging from 4.21 + 0.05 for the weakest compound 3e
to 8.16 £ 0.06 for the most potent compound 4c.

Similar to binding affinities in smooth muscle cells, also
in cardiomyocytes the benzamide-derivatives (f-series),
the pyrrolidone-derivatives (a-series), the cyclopente-
none-derivatives (c-series), and acetamide-derivatives
(d-series) were characterized with much higher affinities
than the acetyl-derivative 3e and the benzoyl-derivatives
(g-series). Within each series, the nitro-derivatives
exhibited ~10-40-fold higher affinity than the bromo-
derivatives. A similar finding was made comparing the
bromo- and the nitro-derivatives of the pyrrolidone-se-
ries. Oxidation of the benzothiazine to an oxide (3aa)
and to a dioxide (3ab) induced a dramatic, 40-60-fold
loss of affinity (Table 1).

Among the tested compounds, the nitro-derivative 4c
stands out as that one with the highest affinity; the
same finding was made with 4c¢ in aortic smooth mus-
cle cells (Table 1). Within the cyclopentenone-series,
the trifluoromethyl (5¢)- and the cyano (6¢)-deriva-
tives lose ~5-fold in affinity in comparison with the
nitro-derivative 4c¢. The correlation of binding data
on cardiomyocytes and on cultivated smooth muscle
cells resulted in the following relation (see also
Fig. 2)

104

pKpHEART

4 5 6 7 8 9 10
pKpRASMC

Figure 2. Correlation of the binding affinities of the dataset com-
pounds, measured in cultured smooth muscle cells of rat aorta versus
their binding affinities, measured in cardiomyocytes of the rat. The
dataset is given in Table 1. The bisecting line (dashed) represents the
identity of pKp-values in heart and smooth muscle cells. Compared to
the bisecting line, the regression line (full line) is shifted by 0.5-1.0 log
units towards lower affinities in cardiomyocytes.

pKp(cardiomyocytes) = 0.898(+0.043)pKp(RASMC)
—0.222(+0.316)

n=16, r»=0.983, F=429.5, s=0.2430 4)

This highly significant correlation between these pKp-
values hints at close structural similarities between car-
diac Karp-channels (presumably SUR2A) and aortic
smooth muscle K tp-channels (presumably SUR2B).

3.4. Qualitative SAR

Qualitative SAR of 1,4-benzothiazines?® can be summa-
rized briefly as follows: C-6 and N-4 substituents play a
key role in activity modulation in analogy to benzopy-
ran-based SAR.

Regarding N-4 position, the cyclopentenone containing
compounds 4c¢, 5¢, and 6¢ exhibit the highest activity
levels exceeding at least 10,000 times that of LCRK.
The strong impact of cyclopentenone is peculiar to the
1,4-benzothiazine series; in the 1,4-benzoxazine series,
the same moiety increases the activity but to a lesser ex-
tent.*> The expansion of a five- to a six-membered lac-
tam slightly decreased the activity (3a < 3b). The
lactam ring can be replaced by acyclic amido groups
to afford compounds with smooth muscle relaxing
potencies in the range of LCRK, as in the case of 4d,
3f, and 4f. On the contrary, replacing the acyclic amido
by a keto group (3e, 3g, and 4g) drastically reduces the
activity (compare 3d, 3f, and 4f).

In C-6 position, a few electron-withdrawing groups such
as both 6-bromo and 6-nitro were inserted. The presence
of a 6-Br, coupled with a suitable N-4 substituent, affor-
ded compounds with good smooth muscle relaxing
potency in the range of that of LCRK. However, the
6-NO, derivatives had a higher activity than their 6-Br
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counterparts (4a vs 3a, 4¢ vs 3c, 4d vs 3d, and 4f vs 3f).
Similar to the NO, group, CF3 or CN groups confer
very high activity levels as in compounds 5c, 6a, and 6c.

Regarding 1-position, the oxidation of a sulfur atom to
sulfoxide as in 3aa caused a 40-fold decrease in potency,
but a further oxidation to sulfone, as in 3ab, determined
a slight recovery of potency. This is in agreement with
that already observed by Matsumoto et al.*

3.5. Derivation of GRIND/ALMOND-based 3D QSAR
models

For 3D QSAR modeling, compounds were described
using the alignment-independent GRIND descriptors,>’
derived from GRID MIF. Usually, MIF are directly ob-
tained within the ALMOND software; and for QSAR
purposes, the most commonly used GRID probes are
DRY (hydrophobic), N1 (hydrogen bond (HB) donor
interaction), O (HB acceptor interaction), and TIP
(shape description).*® The X-space of GRIND descrip-
tors was used for multivariate statistics via partial least
squares (PLS), since the Y-space of biological activities
comprised smooth muscle relaxing potencies and bind-
ing affinities, as listed in Table 1.

3.5.1. Chemometric model building. A first run of the
GRIND procedure using all four above-mentioned
probes revealed that both the block O-O and the
cross-blocks O-N1, O-DRY, and O-TIP had only a
marginal impact on all the three models. The marginal
impact of the probe O is due to the low number of
HB donors within the series; only a few molecules exhib-
it maximally one HB donor. Hence, in the further anal-
ysis, only the probes DRY, N1, and TIP were used, in
order to gain better results (the probe O produced only
noise) and to simplify discussion.

In addition, we noticed that the HB acceptor character
of the CF3 group of compound 5c¢ was completely
neglected by the filtering procedure. Thus, in the coordi-
nate input file for GRIND (KOUT file) of 5¢, we man-
ually modified the HB minimum energy parameter
(EMIN value) of fluorines from CF; from —0.7 to
—1.8 (which represents a low HB character) to ensure
the selection of few nodes from that region. Moreover,
the number of nodes was set to 50 instead of the default
value 100, considering the rather small size of the com-
pounds. When using a lower number of nodes, it is

important to ‘catch’ all the regions around the molecule,
when selecting the filtered points. To achieve this, we
augmented the relevance of distance on cost of the ener-
gy value: the field weight was set to 20% instead of the
default value 50%.

For variable selection via fractional factorial design
(FFD), we used six random groups (each containing
three compounds) and a high value of the combina-
tion/variables ratio to find the highest number of fixed
variables with a single FFD run. The number of active
variables was initially 181 for all the three models.
After FFD variable selection, active variables were
123 for smooth muscle relaxation, 102 for RASMC-
binding, and 95 for cardiomyocytes-binding. Despite
the slightly different number of active variables, which
depend mainly on the objects used for modeling and
on the relationships found between activity data and
GRIND descriptors, the three models could be
compared.

Using the above settings, PLS analysis resulted in mod-
els of two latent variables for all three biological activi-
ties studied; see also Table 2 and Figure 3.
Determination coefficients of 0.97 (smooth muscle relax-
ation) and 0.94 in the case of RASMC-binding and
cardiomyocytes-binding affinities were found. Internal
validation of these models was performed using the
same validation method: ¢* values of the validated mod-
els were 0.69, 0.66, and 0.64, respectively. All three mod-
els were statistically good, both in fitting and in internal
validation. Owing to the low number of compounds,
external validation could not be carried out.

Binding data are clearly split into two subgroups of 5
and 13 compounds, respectively. Compounds 3e, 3g,
3aa, 4g, and 3ab are characterized by weak binding to
cardiomyocytes and to smooth muscle cells; they are
grouped on the left side of the corresponding plots in
Figures 3b and c. Conversely, a unique overall trend
was observed for relaxation data, for which the distribu-
tion of values was almost uniform (Fig. 3a) although
two subgroups of 10 and 7 compounds could be identi-
fied. In fact, low relaxation values are assumed by lev-
cromakalim and all 3-compounds, whereas 4-, 5-, and
6-compounds assume higher relaxation values. The
same subgroups were evident when we reported the
regression analysis of aortic relaxation versus smooth
muscle cells binding (Fig. 1).

Table 2. Statistics of PLS models for smooth muscle relaxation, RASMC binding and cardiomyocytes binding

LV Smooth muscle relaxation RASMC binding Cardiomyocytes binding
s Ve SDEC SDEP P 7 SDEC SDEP s Ve SDEC SDEP
1 0.90 0.51 0.66 1.48 0.82 0.51 0.56 0.94 0.85 0.44 0.47 0.91
2 0.97 0.69 0.37 1.18 0.94 0.66 0.34 0.78 0.94 0.64 0.29 0.73
3 0.99 0.74 0.26 1.08 0.99 0.74 0.16 0.69 0.98 0.72 0.16 0.65

All the statistics [* and ¢° values as well as standard deviation of error calculation (SDEC) and Prediction (SDEP)] reported here refer to PLS models
obtained after the first run of FFD variable selection using the following settings: Max.dim.: 3; 6 random groups; 20 SDEP; recalculated weights;
retain uncertain variables; 20% dummies; Comb/Var ratio = 5. The same validation method is used to calculate ¢> and SDEP. Values of ¢, increasing
with higher numbers of LV, might suggest the use of more complex model, but we considered two-LV models (bold) satisfactory due to the marginal

improvement in statistical data when using 3LV.
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Figure 3. Calculated versus experimental values for the three models:
smooth muscle relaxation (a), RASMC-binding (b), and cardiomyo-
cytes binding (c).

To gain a deeper insight into the models, the variables
with highest impact on the biological activities were
inspected in more detail. Their coefficients are compara-
tively plotted in a color-coded way for smooth muscle
relaxation (black) and RASMC-binding (grey) in Figure
4, where capital letters indicate the peaks of largest
importance. The interpretation of the relevant peaks is
summarized in Table 3 for all three activities. Node-
pairs and peak codes of the most relevant variables,
and their impact on the three PLS models are listed to

highlight similarities and differences between the models.
The analysis of the mentioned variables allowed to en-
code the filtered MIF into regions, which were recog-
nized as relevant for at least one model. From the
MIF obtained with the probes N1, DRY, and TIP the
regions listed in Table 4 were identified. The carbonyl
on the substituent at N-4, the HB acceptor at C-6, the
five-membered ring at N-4, and the gem-dimethyl group
resulted as the main structural features responsible for
strong binding as well as for strong smooth muscle
relaxation. All these features are shown as example for
compound 5S¢ in Figure 5, where it is reported together
with its MIF and some distances which were found to
be relevant for the models.

On the other hand, it was rather difficult to detect vari-
ables, and thereby structural features responsible for dif-
ferences between the models. Therefore, the attention
was focused on the probes, and a sort of consensus of
each probe was obtained by excluding all the three
probes one-by-one. This way we obtained several PLS
models with reduced numbers of probes (two) and con-
sequently reduced numbers of variables. For example,
when excluding the probe DRY from all three models,
only the probes N1 and TIP were used for modeling;
the resulting PLS models were internally validated and
consistent models were still obtained. Therefore, the
exclusion of the DRY probe is not detrimental for any
of the models. Conversely, when excluding N1 or TIP
probes from the three models, different results arose
for binding and relaxation data. The smooth muscle
relaxation model was still consistent, and both of these
probes could be eliminated without highly compromis-
ing the model. Conversely, the same probes are highly
relevant for both the binding models, since the ¢* as-
sumed negative values when deleting N1 or TIP. From
this analysis, we observed that the relaxation model
equivalently depends on the three probes and no ex-
treme detrimental effect emerges when deleting one of
them. On the other hand, binding models highly depend
on N1 and TIP probes, whereas the DRY probe only
slightly affects these models.

4. Conclusion

Binding studies in rat aortic smooth muscle cells and
cardiomyocytes, performed in this paper for seventeen
1,4-benzothiazine-type KCOs, revealed broad affinity
ranges in both the test systems. Binding affinities in aor-
tic smooth muscle cells span a spectrum of nearly 5 log
units ranging from a pKp-value of 4.76 £ 0.06 for com-
pound 3e to a pKp-value of 9.10 £ 0.04 for compound
4c. In cardiomyocytes, pKp values spanned ~4 log units
ranging from 4.21 £ 0.05 for the weakest compound 3e
to 8.16 + 0.06 for the most potent compound 4¢. Com-
paring the binding affinities in rat aortic preparations
with previously published smooth muscle relaxation
data shows preferentially higher pECsy-values for
smooth muscle relaxation. In the most pronounced case
of the 6-CF; substituted compound 5¢, the pECs, for
relaxation surmounts the pKp value for binding affinity
by ~4 log units. This is only understandable when not
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Figure 4. PLS coefficients profiles (2LV) for models of smooth muscle relaxation (black), and RASMC-binding (gray). The impact on the models is
schematised by the code + +/+/0 /—/——, where + + and —— stand for variables which have highly positive or negative impact, whereas + and — stand
for lower impact and 0 stands for null or almost null impact on the activity.

Table 3. Model similarities and differences between smooth muscle relaxation (Vas), RASMC and to cardiomyocytes

Probe Block Similarities Differences
Peak code Relevant Impact Peak code Relevant Impact
variables® variables®
Vas RASMC Cardiomyocytes Vas RASMC Cardiomyocytes
DRY-DRY Q 13-15 -— = - A 21-22 + / /
NI-NI B® 10-15 ++ o+ + C 23-25 / /
R 29 - - /
TIP-TIP S 38 -— - —— D¢ 11-16 ++ o+ +
E¢ 28-35 ++ o+ +
DRY-NI1 F 16-17 + + + [O) 26-29 -_— - -
G' 30-34 ++ 4 +
DRY-TIP H* 32,34 ++ + +
NI-TIP J 37 4+ o+ ++ " 7-11 4+ o+ +
U 31-34 - —— ——

2 For an estimate of distance in A, the variable number has to be multiplied by 0.4, which is the product of the grid spacing (0.5 A) and the smoothing

window value (0.8).

® For binding peaks have large impact only on variables 14 and 15, whereas for relaxation on the entire interval 10-15.
¢ For binding peaks are referred only to variables 11-12, whereas for relaxation until variable 16.

9 For binding peaks are referred only to variables 28-30, whereas for relaxation until variables 33-35.

¢ For binding peaks are referred to variables 26-29, whereas for relaxation only to variables 26-27.

fFor binding peaks have large impact only on variables 32-34, whereas for relaxation on the entire interval 30-34.

¢ For relaxation peak are referred to variable 32, whereas for binding to variable 34.
" For relaxation peaks are referred to variables 7-11, whereas for binding only to variables 9-10.

only affinity (as determined in radioligand binding) but
also efficacy (as measure for the conformational change
of K atp-channels) combined with a more effective signal
transduction contributes to the high efficiency of NO»-
derivatives in smooth muscle relaxation.

In the second part of the study, we derived 3D QSAR
models using GRIND/ALMOND descriptors. 3D
QSAR analysis resulted in PLS models of two latent
variables for all three biological activities. Determina-
tion coefficients of 0.97 (smooth muscle relaxation)
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Table 4. Regions encoded from MIF and their involvement in peaks relevant on the models

Probe Region Peaks
N1 Carbonyl on the substituent at N-4 C,B,F,and I
N1 HB acceptor at C-6 (CN, NO,, CF3) C,B,G,andJ
N1 Oxygens of SO (3aa) and SO, (3ab) groups R and U
N1 Oxygens of acetamides and benzamides T
DRY Hydrophobic region over the main ring, reinforced by the axial methyl A and F
DRY Hydrophobic region due to the five-membered ring or other substituent at N-4 A, G,and H
TIP Tip edges due to the five-membered ring at N-4. They suggest a hypothetical loop of the virtual receptor where E, D, and I

the five-membered ring fits perfectly. These tip edges are able to differentiate compounds with and without a

substituent at position 4 which is not a five-membered ring when involved in peaks D and E
TIP Any substituent at C-6 E and H
TIP Equatorial methyl E and J

a  DRY-DRY, 21 b N1-N1, 15 c TIP-TIP, 35

« 7%

d DRY-N1,16 ¢

f

Figure 5. Compound Sc is used as a reference and is reported with its MIF colored as follows: yellow MIF are for DRY probe; blue MIF are for N1
probe, whereas green MIF are for the TIP probe. Some variables are reported to highlight the MIF related to most of the peaks with positive impact
on the models: (a) peak A; (b) peak B; (c) peak E; (d) peak F; (e) peak H; (f) peak I.

and 0.94 (RASMC- and cardiomyocytes-binding) were
found. Internal validation of these models yielded ¢ val-
ues of 0.69, 0.66, and 0.64, respectively. Main pharma-
cophoric features for all three activities are the
carbonyl on the substituent at N-4, the HB acceptor at
C-6, the five-membered ring at N-4, and the geminal
dimethyl groups.

Thus, the present data favor the assumption that the
above postulated additional mechanism, responsible
for the outstanding smooth muscle relaxation potencies,
necessitates pharmacophoric features which closely
resemble that of Ksrp-channel binding.
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Abstract—Density-functional theory (DFT) calculations were performed for calculation of the theoretical spectra and chemical
activities of free radicals generated by benzoquinone and hydroquinone as well as the transition states, and the calculated spectra
were used for the assignment of the frequencies observed in the experimental IR spectra. The calculated geometrical parameters, the
predicted IR spectra, and the chemical activities of free radicals and transition states were also compared with those of benzoqui-
none and hydroquinone. The reactive mechanisms of free radicals generated by benzoquinone and hydroquinone are also discussed

using ab initio Hartree-Fork (HF) methods.
© 2005 Published by Elsevier Ltd.

1. Introduction

Metabolites of  benzene—catechol, hydroquinone
(BQH,), and particularly its oxidized form, benzoqui-
none (BQ), exert toxic effects on biomacromolecules,
for example, by covalent binding to proteins, formation
of DNA adducts,! and destruction of cytochrome P450
(CYP).>* Benzene is an established human and animal
carcinogen® acting through an epigenetic mechanism.
BQ reacts efficiently with thiol groups and its reaction
with highly nucleophilic thiols of tubulin is supposed
to damage the mitotic spindle and mediate benzene
myelotoxicity. It reacts spontaneously with DNA form-
ing a DNA adduct! and indirectly damages DNA by the
formation of reactive oxygen species, specifically hydro-
gen peroxide, which produces 8-hydroxydeoxyguano-
sine®. In air-saturated buffered aqueous solutions,
BQH, undergoes slow auto-oxidation to produce the
semiquinone radical (BQH’) and subsequently BQ.”®
During auto-oxidation of BQH", superoxide anion

Keywords: DFT; HF; IR spectrum; Benzoquinone; Hydroquinone;

Free radicals; Chemical activity.

* Corresponding author. Tel.: +86 511 5883326; fax: +86 511
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0968-0896/$ - see front matter © 2005 Published by Elsevier Ltd.
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radical is produced and may dismutate to H,0,.”!°

H,0, and the superoxide anion radicals form OH
radicals in the Haber—Weiss reaction catalyzed by iron
and BQ. OH radicals are especially very toxic for the cell
as they damage DNA.!' The microsomal membrane
system is a complex of oxidative and reductive enzymes,
among which CYP in conjunction with NADPH-depen-
dent P450 reductase catalyzes oxidation of BQH" to BQ,
reduction of BQ to BQH", and activity of oxygen.'?
Radicals or reactive oxygen species also originate during
the futile CYP cycle.!*!* The omnipresent iron activates
oxygen even when bound to proteins and ascorbate also
activates oxygen, especially in complex with iron,'
which can damage CYP enzymes®* and presumably
other proteins. Interactions between BQ, iron,
ascorbate, and the microsomal modify BQ toxicity.
The outcome of their interactions may result in toxicity
to the cell and promote diseases, for example, cancer.

The electrochemistry of BQH, has been studied widely
in both aqueous and non-aqueous solutions.!®!7 The
oxidation of BQH, to BQ follows the simple stoichi-
ometry: BQH, = BQ + 2H" + 2e™. Cyclic voltammetry,
in situ UV-vis, and infrared spectroelectrochemistry
have shown that hydroquinone anion (BQH™) is
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formed at negative potentials and this appears to arise
via surface decomposition of BQH, to BQH" followed
by reaction of BQH" with the p-benzoquinone radical
anion (BQ™). The oxidation of BQH™ appears to oc-
cur via disproportionation of BQH" and leads to
BQH, and BQ as the products, the free radicals are
formed as shown below:!®

BQH, = BQH" + H" (1)
BQH" + BQ" = BQ + BQH™ (2)
BQ+e =BQ" (3)

Electron paramagnetic resonance (EPR) experiments
showed that BQH" and BQ"™ are observed in the pres-
ence of molecular oxygen as the mono-anion at pH 7
(buffered solution).'® Under this condition, the free rad-
ical should also be present in the human body. Thus, it is
very important to study the relationship between chem-
ical properties and geometrical parameters of the free
radicals.

Many study results have indicated that density-func-
tional theory (DFT) is a powerful method for
predicting the geometry and hormonic vibration of
organic substances.’®??> Therefore, DFT studies were
carried out to study the molecular structure, the
vibrational frequency, and properties of the free
radicals generated by BQH, and BQ. The energy
transfers of reaction were calculated using ab initio
method.

The reactive mechanism from BQH, to BQ in solution is
very complex; we select a reaction pathway without
other compounds present in the reactants. The schemes
of reaction pathways were shown in Figure 1 according
to optimized structures of reactants, products, interme-
diates, and transition states (TS).

2. Calculation methods

Both DFT (UB3LYP)?*?* and Hartree-Fork (UHF)
methods,?>2% using the 6-31G(d) basis set, were per-
formed with Gaussian98W program?’ according to the
multiplicities of electrons in the molecules. The total
energies (E,) and zero point energies (Ezpg) of reactants,
products, intermediates, and transition states were cal-
culated at the UHF/6-31G(d) level. For transition states,
intrinsic reaction coordinate (IRC) calculations were
performed to determine the reactants of dissociation
channels to which the transition state evolved. For com-
parison with ground states of BQH, and BQ, DFT
(RB3LYP) methods at 6-31G(d) level were also
performed.

The geometrical optimizations of the free radicals,
BQH,, BQ, intermediates, and transition states were
performed under relaxation of all internal degrees of
freedom. Note that the Opt = Tight and Int = FineGrid
options of the free radicals, BQH,, BQ, and intermedi-
ates whereas the infrared spectra were predicted at level
with the Int = FineGrid option. The harmonic vibra-
tional frequencies and infrared intensities were subse-
quently  calculated by using the numerical
differentiation of analytical gradients. The visualization
of atom movement was made possible by using
GaussView2.1.28

3. Results
3.1. Geometry

Humphrey and Pratt?® have applied high resolution
s1—5¢ fluorescence excitation spectroscopy and nuclear
spin statistical analysis to distinguish the cis and trans
isomers of BQH,. The ground state structures of the
two isomers for BQH, were determined by microwave
spectroscopy®® and ab initio calculations.?!3? Vibra-
tional assignments have been done on the basis of

H
o~ QsH o O—=aH o)
5 ;
-0 “H O~y o} 0

Trans-BQH, TS1

BQH*+H

1s2 +H BQ+H,

P

BQ

Figure 1. The schemes of reaction pathways.

BQ*
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Figure 2. Numeration of BQH,, BQ, TS, BQH", and BQ"".

liquid- and solid-phase infrared and Raman spectra.*?
The excited state structure and vibrations of BQH,
and the vapor-phase infrared spectra of trans-BQH,
have also been reported in the literature.?*3>

In this paper, the calculated vibrational frequencies of
trans-BQH,, BQ, BQH", and BQ" using DFT methods
at the UB3LYP/6-31G(d) level have no imaginary vibra-
tional frequencies; however, an imaginary vibrational
frequency at —2498cm™' of TSI and another at
—262 cm~ ' of TS2 were found in the calculated spec-
trum. This indicates that the optimized geometries were
reasonable and reliable. The numeration of atoms in
trans-BQH,, BQ, TS, and the free radicals are shown
in Figure 2.

The bond lengths and bond angles for the excited states
(trans-BQH, and BQ), TS1, TS2, BQH", and BQ"™ opti-
mized at the UB3LYP/6-31G(d) level as well as the
ground states of trans-BQH, and BQ at the RB3LYP/
6-31G(d) level are presented in Table 1. It can be seen
from Table 1 that the bond lengths and angles calculated
for trans-BQH, and BQ at RB3LYP/6-31G(d) level are

Table 1. The geometry parameter of rrans-BQH,, BQ, BQH", and BQ™

in the good agreement with the values obtained in
experiments.

The calculated bond lengths of C,C;, C3Cy4, CsCq, and
C,C¢ of BQH" are longer than those of ground state of
trans-BQH, at the RB3LYP/6-31G(d) level; however,
the bond lengths of C;C,, C4Cs, C¢O7, and C30g of
BQH-" are shorter than those of the ground state of
trans-BQH, at the RB3LYP/6-31G(d) level. This can
be explained by the fact that the oxygen atom that has
lost a hydrogen strongly draws the electrons from other
atoms in benzene ring. Furthermore, increase in the
bond angles of C¢C{C,, C,C3C4, and C4Cs04 due to
changes in the bond lengths are also observed. This
reveals that the C30 of BQH-" are tilted towards each
other due to the intrinsic through-space attractive
interaction between the oxygen atom and hydrogen
atom attached to the corresponding ring carbon atoms.

With BQ getting an electron, the oxygen atom strongly
draws the electron of other atoms in benzene ring, and
thus the electron cloud shifts toward oxygen. The four
calculated bond lengths, C,C;, C5C4, CsCg, and C;Cs,
of BQ"™ are shorter than those of BQ at the RB3LYP/
6-31G(d) level, whereas the four calculated bong
lengths, C,C,, C4Cs, C¢O;, and C505 of BQ™ are
longer. As a result, the bond angles of C¢C,C,,
C1C2C3, C3C4C5, C4C5C(,, and C5C6O7 in BQ_ increase,
whereas the bond angles of C,C3C,4 and CsC¢C; in BQ™™
decrease, indicating that the interaction of C=0 bond
increases.

For a probe into structures of transition states (TSI and
TS2) optimized at the UB3LYP/6-31G(d) level, the
bond angles and bond lengths of TS1 and TS2 are also
summarized in Table 1. A comparison of these parame-
ters shows that the bond angles and bond lengths of TSI

Method Trans-BQH, TSI BQH" TS2 BQ BQ~
Caled Exp.*® Calcd Caled Caled Caled Exp.’”  Calcd
RB3LYP  UB3LYP UB3LYP UB3LYP UB3LYP RB3LYP UB3LYP UB3LYP
Bond length
C,C, 1.390 1.420 1.390 1.351 1.372 1.385 1.343 1.371 1.344 1.372
C,Cs 1.400 1.372 1.398 1.343 1.415 1.408 1.486 1.429 1.481 1.453
CiC4 1.395 1.488 1.392 1.450 1.413 1.408 1.486 1.429 1.481 1.453
C4Cs 1.398 1.420 1.396 1.444 1.375 1.385 1.343 1.371 1.344 1.372
CsCe 1.395 1.372 1.392 1.428 1.453 1.440 1.486 1.453 1.481 1.453
C,Ce 1.400 1.488 1.398 1.433 1.454 1.440 1.486 1.453 1.481 1.453
Cs0, 1.373 1.354 1.377 1.264 1.256 1.253 1.225 1.254 1.225 1.266
C505 1.373 1.354 1.377 1.444 1.355 1.366 1.225 1.308 1.225 1.266
Bond angle
C6CiC, 1203 117.4 120.0 117.5 121.6 120.4 121.4 122.4 121.0 122.7
C,C,C5 1203 119.8 120.0 119.1 119.8 120.1 121.4 119.1 121.0 1227
C,C3Cy 119.5 122.7 120.0 120.7 120.8 120.8 117.3 120.8 118.1 114.6
C3C4Cs 120.2 117.4 120.0 123.4 120.0 120.1 121.4 119.1 121.0 122.7
C4CsCe 120.0 119.8 120.0 1158 121.4 120.4 121.4 122.4 121.0 122.7
CsCeCy 119.5 122.7 120.0 121.8 116.4 118.2 1173 116.0 118.1 114.6
CsC60, 123.1 124.2 123.0 128.4 121.7 120.9 121.4 122.0 121.0 122.7
C,C505 123.1 119.8 123.0 109.0 1223 119.6 121.4 119.6 121.0 1227

Caled and Exp. represent calculated values and experimental values, respectively.
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have changed. It is specially noticed that the bond length
of C505 in TS1 is longer than that of BQ, BQH", trans-
BQH,, and BQ . The results indicate that the OH bond
of TSI is active group, which leads to the generation of
BQ. However, compared with ground states of BQ and
BQH,, both the bond lengths and bond angles in TS2
and BQH, of excited states have very few changes. In
addition, the bond length of C305 in BQ of excited
states has changed markedly.

3.2. Vibration

The theoretical spectrum calculated using DFT method
and experimental spectrum of zrans-BQH, and BQ are
shown in Figure 3. The ordinate is the IR relative inten-
sity and the abscissa represents frequency (cm ). Figure
3 shows that general appearance of the calculated spec-
tra of the ground states of BQ and BQH, at the
RB3LYP/6-31G(d) level are in agreement with the
experimental ones. The calculated frequencies and infra-
red intensities are listed in Table 2. The calculated
frequencies are scaled by 0.96.38

The good overall agreement with experimental data for
the ground states of trans-BQH, and BQ confirms the
reliability of the band assignment presented. From the
above results, it is concluded that the predicted infrared
spectra for the BQH" and BQ'™ investigated here should
also be reliable. Due to the fact that there are deviations
of the infrared intensities between the experimental data

LTy

and the calculated spectra, some peaks could not be
found in the experiment but can be observed in the cal-
culated spectra. The peaks that can be found in both the
calculated and the experimental spectra are important.
Therefore, we simply discuss the peaks found in the
experimental spectra and the stronger infrared intensi-
ties in the calculated spectra.

The strongest peak in the calculated spectrum of trans-
BQH, at the RB3LYP/6-31D(d) level appears at
1164 cm ™!, which represents the in-plane bending of
CH in benzene ring. The strongest experimental band
is located at 1157 cm ™', whereas the calculated strongest
peak of BQH" appears at 1573 cm ™!, which represents
torsion of the benzene ring. Two modes, which are asso-
ciated mainly with the OH stretching of frans-BQH, at
the RB3LYP/6-31G(d) level, are assigned to the band lo-
cated at 3607 cm ™' in the calculated spectrum, whereas
its experimental frequency appeared at 3652 cm .
However, the band of the OH stretching in BQH" was
found at 3588 cm~'. The bands of the CH stretching,
CO stretching, and CC stretching of trans-BQH, at the
RB3LYP/6-31G(d) level in calculated spectrum are
located at 3037, 1236, and 736 cm ™!, whereas the exper-
imental frequencies appear at 3026, 1257, and 742 cm ™',
respectively. Furthermore, the frequencies of predicted
CH stretching, CO stretching, and CC stretching of
BQH- are located at 3037, 1468, and 1274 cm” L, respec-
tively. The frequencies of CC stretching of BQH" are
higher than that of trans-BQH, at the RB3LYP/6-

2o
490
e
60
2 e
E 2
H 2
» ee
H \]V ER C
3 B
-
et B 100
189 - 120
140 L 1 i 140
3000. 2000. 1000.
IR spectrum scaled by 8.96 1Rl spect led by ©.96
160 - - L - ‘ 160
4000 Isee 3000 250 2eee 13509 1000 see 000 3500 3000 2see 2000 1588 1000 see e
Frequenoy Com=1> Frequenc y <om—1>
° v T TTW WN’\FV \W
se D ) l
100
2 1se | -
3
3
% |
ase =
300 -
50 3000. N 2000. R spectrudl @BQa by 0.96 ) ) ) X , IR spectrum scaled by .96
4000 3see 3000 2500 2000 1520 1008 see 4000 3see 3000 2see 2000 1500 1000 £ =]

Frequenoy <om-1>

Frequency (em-1>

Figure 3. The theoretical frequencies and IR spectrum of BQ, BQH,, BQ"", and BQH". No. A, No. C, No. D, and No. F represent the theoretical
spectrum of trans-BQH, at RB3LYP/6-31G(d) level, BQH" at UB3LYP/6-31G(d) level, BQ at RB3LYP/6-31G(d) level and BQ"~ at UB3LYP/6-
31G(d), respectively. No. B and No. E represent experimental spectrum of frans-BQH, and BQ. The theoretical spectrum are scaled by 0.96%%.





Table 2. Experimental (vgyp.) and calculated (vcqieq) vibrational wavenumber (em™1), IR absorption intensities (Z, km/mol), Exp. represents experimental values

Trans-BQH, Trans-BQH, RB3LYP  Trans-BQH, UB3LYP TS1 UB3LYP BQH" UB3LYP TS2 UB3LYP BQ BQ RB3LYP BQ UB3LYP BQ UB3LYP
Exp.1 (em™)”  veyea (em™) (D) veatea (em™") (1) veatea (em ™) () vearea (€m™) (D) veaea €m™) () Exp. 2 vearea €m ™) (D) Veaea (em ™) () Exp. 3 veaea (em ™) (D)
(cm )0 (cm ™)'
3607(29.0) 3566(29.0) —2398(742.5) 3588(73.9) 3912(106.9) 3094(0.00) 3101(2.9) 3036(0.00)
3652 3607(45.6) 3566(66.5) 3606(37.9) 3124(2.5) 3263(0.0) 3072 3092(9.0) 3100(0.2) 3031(130.1)
3094(5.9) 3132(0.0) 3097(3.3) 3093(4.4) 3262(10.0) 3077(2.9) 3082(0.0) 3010(0.00)
3081(5.6) 3133(0.0) 3075(3.6) 3080(3.9) 3245(8.0) 3076(0.1) 3081(0.1) 3010(32.4)
3054(17.3) 3129(4.6) 3047(18.8) 3037(17.1) 3246(3.2) 1685 1688(332.8) 1490(51.0) 1606(0.00)
3026 3037(23.0) 3042(0.0) 2971(2.7) 1573(156) 1604(131.1) 1687(0.0) 1446(9.1) 1505 1510(299.1)
1619(0.1) 1555(354.2) 1704(8.0) 1503(11.3) 1541(7.2) 1626(0.00) 1430(1.7) 1465(0.00)
1616 1599(13.0) 1528(0.0) 1596(7.8) 1468(64.2) 1511(0.3) 1592 1593(16.2) 1391(3.0) 1459(40.8)
1510 1514(212.7) 1407(49.66) 1509(30.4) 1419(2.5) 1455(0.1) 1350(0.00) 1342(0.0) 1403(0.00)
1452(0.00) 1392(0.0) 1478(421.0) 1401(22.8) 1360(29.5) 1344 1340(5.4) 1237(40.8) 1344 1332(16.2)
1329(9.3) 1355(17.2) 1404(29.0) 1318(73.3) 1336(13.7) 1260 1275(80.8) 1231(0.4) 1215(0.00)
1350 1318(112.9) 1295(0.0) 1346(41.5) 1274(91.4) 1324(3.2) 1191(0.00) 1178(6.1) 1183(13.2)
1262(0.1) 1249(100.5) 1344(29.0) 1225(1.3) 1308(6.7) 1128(0.00) 1118(8.1) 1115(0.00)
1257 1236(130.0) 1220(0.0) 1237(23.3) 1147(123.2) 1266(239.3) 980 1046(48.7) 1062(8.2) 1035(9.4)
1157 1164(318.4) 1159(359.6) 1215(1.2) 1126(0.09) 1160(26.8) 987(0.00) 928(3.8) 927(24.8)
1153(8.6) 1146.5(0.0) 1154(113.7) 1066(13.6) 1117(5.8) 976(0.00) 900(1.2) 912(0.00)
1149(1.7) 1023(66.7) 1140(76.5) 950(21.4) 1014(1.0) 913(18.6) 894(0.0) 908(0.00)
1079(10.4) 978(0.0) 1101(67.5) 932(0.00) 957(0.00) 887  871(75.1) 805(63.1) 824(53.7)
988(0.00) 891(105.3) 1050(58.8) 906(0.00) 945(1.4) 766(0.00) 792(1.3) 790(0.00)
909(0.00) 766(0.0) 954(10.3) 820(60.1) 837(78.0) 746(0.00) 741(0.0) 759(28.7)
850(0.0) 752(0.0) 940(1.0) 795(3.8) 826(1.2) 732(0.00) 740(18.4) 749(0.00)
834(0.00) 751(78.0) 842(6.3) 754(4.2) 793(0.2) 726(0.00) 641(9.1) 726(0.00)
813 807(39.0) 720(18.7) 817(20.1) 749(26.5) 788(13.5) 578(0.00) 588(0.3) 609(0.00)
759(21.5) 584(0.0) 787(50.6) 696(1.6) 685(6.6) 495(1.68) 480(3.3) 503(1.3)
742 736(48.0) 560(0.0) 778(34.3) 607(1.2) 642(0.1) 437(0.00) 439(1.5) 450(0.00)
674(0.00) 502(76.4) 724(18.4) 496(4.5) 502(11.0) 436(0.00) 432(0.1) 450(0.00)
633(2.21) 492(0.0) 625(2.0) 447(0.8) 4773.3) 396(25.6) 374(0.0) 381(0.00)
500 503(9.6) 476(125.8) 595(28.7) 442(5.2) 466(0.2) 325(0.00) 326(3.6) 375(0.00)
452(0.3) 413(0.0) 501(6.5) 418(114.6) 386(0.5) 232(0.00) 304(0.4) 317(0.00)
471 430(22.6) 403(0.0) 468(16.0) 371(8.9) 378(10.1) 95(13.0) 127(6.4) 132(10.9)
409(0.00) 333(17.8) 438(4.7) 354(10.3) 326(7.3)
355(0.00) 261(0.0) 387(3.4) 311(4.4) 142(4.9)
329(0.00) 257(0.48) 356(13.3) 1312.4) —262(138.1)
306(243.7) 171(0.15) 318(56.8)
300(0.00) 165(75.3) 310(69.5)
152(0.2) 59(3.6) 146(3.4)
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31G(d) level. This can be explained based on the fact
that the C-O and C-C bonds become stronger due to
the increased interaction between the ring and the oxy-
gen atom when the oxygen has lost a hydrogen. This
causes an increase in the corresponding force constant
leading to an increase in frequency. Three predicted
bands of in-plane bending of CH located at 1599,
1514, and 1236 cm™! in ring of frans-BQH, at the
RB3LYP/6-31G(d) level is observed in the experimental
IR spectrum at 1510, 1350, and 1257 cm ™!, respectively.
The predicted bands at 1274, 1147, 1126, and 1066 cm !
are assigned to the CH in-plane bending of BQH". In
addition, the bands of the stronger benzene torsion of
BQH" were found at 1401, 1318, and 749 cm™ .

The band observed at 3072 cm ' in the IR spectrum of BQ
isin good agreement with that of CH stretching located at
3092 cm ™! in the calculated spectrum at the RB3LYP/6-
31G(d) level. The strongest peak due to C=0 stretching
of BQ located at 1685 cm ™! in the experiment appeared
at 1688cm™' in the calculated spectrum at the
RB3LYP/6-31G(d) level. The band located at
1510 cm ™' in the calculated spectrum of BQ™~ was found
at 1505 cm™ ! in the in situ IR spectrum.'® This can be
explained by the fact that the CO bond is weaker due to
the decreased interaction between the ring and the oxygen
atom as BQ accepts an electron. The peak located at
1344 cm™! in the in situ IR spectrum'® may be assigned
to the CH in-plane bending in BQ™~, which is located at
1332 cm ™' in the calculated spectrum but is not found in
BQ atthe RB3LYP/6-31G(d) level. Two bands of benzene
ring torsion found at 1593 and 1275 cm ™' in the calcu-
lated spectrum of BQ at the RB3LYP/6-31G(d) level are
assigned to the frequencies located at 1592 and
1260 cm ™" in the the experimental spectrum, respectively.
One band of in-plane bending located at 1340 cm ™' and
another band of out-plane bending located at 871 cm ™!
of BQ at the RB3LYP/6-31G(d) level in the calculated
spectrum are observed at 1344 and 887 cm™!, respec-
tively, in the experimental spectrum. Two bands of the
stronger benzene torsion in the calculated spectrum of
BQ' located at 1459 and 759 cm ™' were assigned respec-
tively, to the in-plane bending located at 1459 cm ™' and to
the out-plane bending located at 759 cm ™' Therefore, it is
easy to assign the new peaks found in the in situ IR spec-
trum from the calculated spectrum.

An imaginary vibrational frequency at —2498 cm ™' in
the calculated spectrum of TSI represents H vibration,

and the imaginary vibrational frequency at —262 cm ™!

in the calculated spectrum of TS2 level represents the
vibration of benzene torsion. This indicates that the
structures of TS1 and TS2 are reliable.

A comparison with the frequencies of ground states,
shows that the frequencies of excited states of BQ and
trans-BQH, at the UB3LYP/6-31G(d) level in the region
lower than 1600 cm ™' shift to the lower values; however,
their relative intensities are stronger than those of
ground states.

3.3. Distribution of Miilliken charges

Distribution of Miilliken charges of molecules are
shown in Table 3. It is clear from Table 3 that the
Miilliken charges of C;, Cs, and C4 in BQH" are slightly
positive than those of C;, Cs, and C4 in trans-BQH, at
the RB3LYP/6-31G(d) level. However, the Miilliken
charges of electron-withdrawing O, in BQH" are mark-
edly more negative than those of O; in trans-BQH,,
whereas Miilliken charges of Og and Cg in BQH" are
more positive than those of Og and Cg in trans-BQH,
at the RB3LYP/6-31G(d) level. Thus, the hydrogen
bonds form easily between the oxygen of BQH™ and
that such as the adjacent amide groups of DNA bases,
or the positive charges of Cs in BQH" strongly attract
the phosphate groups of DNA bases. The Miilliken
charges of electron-withdrawing O; and Og in BQ™
are markedly more negative than those of O; and Og
in BQ at the RB3LYP/6-31G(d) level. Therefore, the
free radicals generated by BQ and trans-BQH, are
more active than trans-BQH, and BQ of ground stases.
Because O loses hydrogen, the Miilliken charges of Cg
in TS1 and Og in TSI as well as in TS2 have changed
markedly. However, compared with the Miilliken
charges of ground states of BQ and BQH, at the
B3LYP/6-31G(d) level, except Og and C; of BQ at
the UB3LYP/6-31G(d) level, the Miilliken charges of
BQH, and BQ at UB3LYP/6-31G(d) level have few
changes.

3.4. The eigenvalues of LUMO and HOMO

The eigenvalues of LUMO and HOMO and its energies
gap reflect the molecular activity. LUMO as an electron
acceptor represents the ability to obtain electrons, and
HOMO as an electron donor represents the ability to
donate electrons. The lesser the energy gap between

Table 3. Distribution of Miilliken charges for trans-BQH,, BQ, TS, BQH", and BQ"

Method Trans-BQH, TSI BQH- TS2 BQ BQ™
B3LYP UB3LYP UB3LYP UB3LYP UB3LYP B3LYP UB3LYP UB3LYP

C; —0.021503 —0.096085 —0.041263 —0.018282 —0.000340 0.010212 —0.006758 —0.130377
C, —0.021503 —0.078712 0.078295 0.009012 0.002718 0.010213 0.002208 —0.130377
C; 0.346627 0.351764 0.359546 0.352470 0.353697 0.434316 0.376797 0.394852
Cy —0.080010 —0.096085 —0.023801 —0.047309 0.002713 0.010213 0.002208 —0.130377
Cs —0.080010 —0.064443 —0.374961 —0.016570 —0.000334 0.010212 —0.006758 —0.130377
Cs 0.346627 0.351764 0.592728 0.411285 0.420994 0.434316 0.417944 0.394852
0, —0.245114 —0.191235 —0.282786 —0.497799 —0.470794 —0.454741 —0.497159 —0.634098
Og —0.245114 —0.191235 —0.307757 —0.192898 —0.308654 —0.454741 —0.288480 —0.634098
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the LUMO and the HOMO, the easier it is for electrons
of HOMO to be excited. The highest occupancy eigen-
value (HOMO) and the lowest virtual eigenvalue
(LUMO) calculated using the DFT method are shown
in Table 4 and Figure 4. The results in Table 3 and
Figure 4 show that the energy gap of the front orbit en-
ergy of BQH" is less than that of zrans-BQH, at the
RB3LYP/6-31G(d) level, and the energy gap of beta
electrons in BQ" is less than that of BQ at the
RB3LYP/6-31G(d) level, indicating that the electrons
of BQ™ and BQH-" are easily excited. The energies of
HOMO in BQ™ increase, whereas the energies of
LUMO in BQ'™ decrease. As a result, the free radicals
generated by BQH, and BQ are more active than
trans-BQH, and BQ at the RB3LYP/6-31G(d) level. In
addition, compared with the energies of HOMO and
LUMO, the energies of HOMO of trans-BQH, at the
RB3LYP/6-31G(d) level is higher than that of BQ and
the energies of LUMO of BQ at the RB3LYP/6-
31G(d) level is lower than that of trans-BQH,. In other
words, BQ is an acceptor of electrons, and trans-BQH,
is a donor of electrons. With the energies of the LUMO
decreasing, TS1 could accept electrons, however, with
the energies of the HOMO increasing, TS2 could donate
electrons. Both the energies of LUMO of beta electrons
and energy gap between LUMO and HOMO in BQH,
at the UB3LYP/6-31G(d) level are less than those of
BQH, at the RB3LYP/6-31G(d) level, and energies of
HOMO of alpha electrons in BQH, at the UB3LYP/6-
31G(d) level are higher than that of BQH, at the
RB3LYP/6-31G(d) level. The energies of HOMO of
beta electrons in BQ at the UB3LYP/6-31G(d) level
are higher than that of BQ at the RB3LYP/6-31G(d),
and the energy gap between HOMO and LUMO of beta
electrons are less than that of BQ at the RB3LYP/6-
31G(d) level. These results show that BQ and BQH, at
the UB3LYP/6-31G(d) are active.

Table 4. The eigenvalues of LUMO and HOMO

3.5. The mechanism of free radicals generated

As is known, the excited states of BQ and BQH, at the
UB3LYP/6-31G(d) level, which has two electrons spin-
ing in the same direction, are active molecules in the
reactions. The free radicals (intermediates), transition
states (TSI and TS2), BQ, and trans-BQH, of excited
states were optimized at the UHF/6-31G(d) level. The
total energies (E, = ¢y + Ezpg) of reactants, products,
intermediates, and transition states calculated at the
same level are summarized in Table 5. ¢, and Ezpg rep-
resent electrons energies and zero point energies of the
molecule, respectively.

Figure 5 shows the energy transfer from excited states to
products and the activation energies of the reaction. It
can be observed that trans-BQH, absorbs 127.14 kJ/
mol from excited state to TS1. The reaction occurs easily
in such a system in the presence of oxygen and BQH,
because oxidation reaction of BQH, accompanied by
the reduction of O, to H,O will provide energies as
below

AG = _”F(E%Z/Hzo - E(])BQ/BQHZ)

=2x96.5x (1.229 — 0.699) = 102.29 kJ /mol
or

AG = _”F(Eooz/Hzoz - EOBQ/BQHZ)
=2x96.5x (1.770 — 0.699) = 206.70 kJ /mol,

where AG is the standard transformed Gibbs energy of
reaction, Eq, ., Epopous and Eq, ju,0,* represent the
standard electrode potentials, respectively, n is the num-
ber of electrons transferred, and F'is Faraday’s constant.
If sunlight with wavelength from 200 to 750 nm, which
provide energies from 598 to 164 kJ/mol, or other com-
pounds such as NADH and NADPH are present in the

Molecule Erumo (€V) Enowmo (eV) Erumo—Enowmo (eV)
Trans-BQH,(B3LYP) —0.05878 —5.41892 5.36014
Trans-BQH,(U3LYP)

Alpha electrons 0.61444 —2.2327 2.84714

Beta clectrons —3.17913 —6.22220 3.04307
BQH'(UB3LYP)

Alpha electrons —0.62641 —5.59008 4.96367

Beta clectrons —3.22485 —6.44752 3.22227
BQ(B3LYP) —3.53726 —7.36319 3.82595
BQ(UB3LYP)

Alpha electrons —0.94751 —5.78954 4.84203

Beta electrons -3.17913 —6.65432 3.47519
BQ (UB3LYP)

Alpha electrons 4.48175 0.36110 4.12065

Beta electrons 2.42619 —1.35242 3.77861
TS1(UB3LYP)

Alpha electrons —1.74807 —5.44232 3.69425

Beta electrons —1.74807 —5.44232 3.69425
TS2(UB3LYP)

Alpha electrons 0.61444 —2.23271 2.84715

Beta electrons 3.84799 —9.51099 5.66300
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Figure 4. Occupied molecular orbital and unoccupied molecular orbital of trans-BQH,, BQ, BQH", and BQ™".

Table 5. The energies of reactants, products, intermediates, and
transition states
&y (Hartree) Ezpg (Hartree) E, (Hartree)

Trans-BQH, —380.314891 0.109386 —380.205505
BQH" —379.829319  0.100935 —379.728384
TS1 —380.2671131  0.110032 —380.1570811
TS2 —379.8254123  0.099849 —379.7255633
BQ~ —379.2624595  0.089772 —379.1726875
BQ —379.2082518  0.087470 —379.1207818
H —0.4982329  0.0000000 —0.4982329
BQ + H, —380.3351901  0.098570 —380.2366201

solution (its standard electrode potential is lower
than that of BQH,), the free radicals generated more
easily.

From the results of LUMO of BQ in Table 4, BQ ob-
tains an electron easily. BQH™ and BQ™™ located at high-
er energies level are unstable, which have a tendency of
bonding with other compounds such as DNA and pro-
tein as the energy of the process decreases.

The activation energy in going from BQH" to TS2 is
7.41 kJ/mol, which could be provided easily by the oxi-
dation reaction of BQH,.

For validation of TS1 and TS2 IRC,**** calculations
were performed to determine the reactant or product
channels to which the transition states evolved. Figure
6 shows that the path could be followed in both
directions from the point of TS1. The changes of
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Figure 5. The energies transfer from reactant to product and the
activation energies of reaction.

molecular energies and geometry are in agreement with
that of TS1 and TS2 calculation. Figure 7 shows
changes of the energies with molecular geometry in a
process that goes from reactants to products. These re-
sults indicate that the TS1 calculation is reliable.

-380.157

| . .
-380.17- \
| / '\

-380.197

Total Energiy /Hartree
l\
/.

-380.2H
T ]
-390.234 \
1 []
-380.25 T T T T T T T T T T T T T
-0.6 -0.4 -0.2 00 ., 02 0.4 0.6
Sla (amu)

Figure 6. RIC reaction coordinate of TS, s represents the molecular
geometry.
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Figure 7. The changes of molecular geometry in a process from
reactant to product.

4. Conclusion

The molecular property of a compound is controlled
by its molecular geometry. The IR vibrational frequen-
cies of trans-BQH,, BQ, TS, BQ"~, and BQH" were pre-
dicted using the DFT method. The calculated spectra
of trans-BQH, and BQ at the B3LYP/6-31G(d) level
are in agreement with the experimental ones. Hence
the geometries of trans-BQH,, BQ, BQ, TS, and
BQH" can be considered as reliable. The calculation
of TS indicated that free radicals are generated easily
in aqueous solution and in human body in which oxy-
gen and BQH, are present if the deoxidized states such
as NADH, NADPH, and ascorbic acid exist in it. Miil-
liken charges, TS calculation, and the front orbit ener-
gies of trans-BQH,, BQ, BQH", and BQ'™ indicate that
BQH" and BQ'™, which are generated easily by BQH,
and BQ, are more active, and are harmful to the hu-
man body.
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Abstract—Melanoma is one of the most aggressive forms of skin cancer and is currently attracting our attention particularly in the
area of quantitative structure—activity relationships (QSAR). In the present review, an attempt has been made to collect the data for
different sets of compounds and to discuss their toxicities toward melanoma cells by the formulation of a total number of 36 QSAR.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Melanoma is one of the most aggressive forms of skin can-
cer that continues to increase in most Western countries.
If it is immediately removed, serious results can be avoid-
ed. However, once it has spread beyond the skin and into
lymph nodes, it is very difficult to cure by the available
chemotherapeutic agents. Epidemiological and experi-
mental studies have suggested that intense exposures dur-
ing early childhood to UV radiation may lead to
melanoma in adults, but molecular and genetic studies
have revealed few autosomal abnormalities, infrequent
spectra, and very little epistatic and epigenetic mecha-
nisms.! The occurrence of melanoma has been rapidly ris-
ing, especially in older men. Older men are also more
likely to have thick melanomas, which confer high mortal-
ity and morbidity. The reasons for the rate of increase are
not known; increasing sun and UV exposure, however, is
the major hypothesized explanation. A new measure of
sun exposure, based on individual residential history,
confers substantially increased risk of melanoma. It is
associated with two genes: CDKN2A and CDK4.
Recently, a pigmentation-associated predisposition to
cancer has also been indicated by the melanoma associa-
tion of melanocortin-1 receptor (MCIR).23

Melanoma is notoriously resistant to all the current
modalities of cancer therapy. A large set of genetic, func-
tional, and biochemical studies suggest that melanoma
cells become bullet proof against a variety of chemother-
apeutic drugs by exploiting their intrinsic resistance to
apoptosis and by reprogramming their proliferation and
survival pathways during melanoma progression.*
Recently, the US FDA approved high-dose interferon-
o-2b for the postsurgical adjuvant therapy of high-risk
melanoma. Unfortunately, the results of subsequent trials
involving high-dose interferon-a-2b have not been clear,
and its role in the adjuvant treatment of melanoma re-
mains controversial.’

In recent years, the identification of molecules involved in
the regulation and execution of apoptosis, and their alter-
ation in melanoma, have provided new insights into the
molecular basis for melanoma chemo resistance. Better
understanding of apoptosis has enabled identification of
diverse routes by which melanoma can manage to es-
cape.*%7 Despite aggressive investigations into vaccine
therapy, no vaccine has yet received FDA approval. Re-
cent evidence suggests that a cell vaccine may generate a
class I-restricted immune response to melanoma antigen
peptides and may have utility in the adjuvant therapy of
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intermediate- and high-risk melanoma. It also describes
some of the most promising of the multitude of new pep-
tide vaccine approaches available to patients with resect-
ed and metastatic melanoma today.® Studies on
melanoma have been extensively reviewed.” !>

Over the years, in the building of our database of 12,750
quantitative structure-activity relationships (QSAR) on
all sorts of systems from DNA to humans, we have man-
aged to collect some interesting examples of chemical
toxicity to melanoma cells, which have been reported
in the present review. For comparison we have 1004
QSAR for all sorts of cells of which 513 have a logP
term and 371 of these have positive log P terms.

2. Materials and methods

All data have been collected from the literature (see indi-
vidual QSAR for respective references). Physicochemi-
cal descriptors are autoloaded, and multiregression
analyses (MRA) used to derive the QSAR were executed
with the C-QSAR program.'® The parameters used in
this review have already been discussed in detail along
with their application.!” Briefly, Clog P is the calculated
partition coefficient in octanol/water and is a measure of
hydrophobicity, and Cr is the calculated hydrophobic
parameter for substituents. ¢ and ¢~ are Hammett elec-
tronic parameters that apply to substituent effects on
aromatic systems. The normal ¢ for substituents on aro-
matic systems in which strong resonance between substi-
tuent and reaction center does not occur is defined as
o = log Kx — log Ky, where Ky is the ionization constant
for benzoic acid (normally in water or in 50% ethanol) and
Kx is that for substituted benzoic acid. ¢~ is employed
when there is a strong resonance interaction between
the substituent and reaction center. It is defined using
the ionization constants from phenols or anilines similar
too; 0 =logKx — log Ky, where K refers to the ioniza-
tion of anilines or phenols. Whereas ¢ and ¢~ are defined
via equilibrium constant, ¢* is defined by the rate of
solvolysis of cumene chlorides in 90% acetone/10% water.
aris a measure of the inductive effect of aliphatic substit-
uents. Bl, BS, and L are Verloop’s sterimol parameters
for substituents. Bl is a measure of the width of the first
atom of a substituent, B5 is an attempt to define the width
of the whole substituent, and L is the substituent length.

CMR is the calculated molar refractivity for the
whole molecule. MR is calculated as we describe:
(n* — 1/n* + 2)(MW/9), where n is the refractive index,
MW is the molecular weight, and ¢ is the density of a
molecule. MR is dependent on volume and polarizability.
MR can be used for a substituent or for the whole
molecule. The indicator variable 7 is assigned the value
of 1 or O for special features with special effects that cannot
be parametrized and has been explained wherever used.
Each regression equation includes 95% confidence limits
for each term in parentheses.

In QSAR equations, nis the number of data points, ris the
correlation coefficient, r* is the goodness of fit, ¢” is the
goodness of prediction, and s is the standard deviation.

All the QSAR reported here are derived by us and were
not given with the original data sets taken from the liter-
ature as referenced. In Tables 1-28 we have collected sev-
eral experimental data from various types of
molecules that we could find for sets large enough for a
meaningful analysis for the chemical toxicity to melano-
ma cells.

3. Results and discussion
3.1. Acids
3.1.1. Inhibition of 1011 melanoma cells by acetic acid
derivatives 1. Data were obtained from Hudgins et al.'8

(Table 1)

I
X—CH—COOH

I

log 1/C = 0.58(£0.12)Clog P + 1.51(£0.28) (1)
n=15,r>=0.887, s = 0.150, ¢> = 0.850.
Linear Clog P is the most significant model and suggests

that the highly hydrophobic molecules will be more
active.

3.1.2. Inhibition of A375 melanoma cells by II. Data were
obtained from Faissat et al.' (Table 2)

H— Oj/\ N _CH,CH,CI
|
HOOC CH,CH,CI

I

log 1/C = 0.08(£0.04)CMR + 2.64(£0.37)  (2)
n=35,r"=0938, s=0.072, ¢ = 0.789.

3.2. Bipyrroles

3.2.1. Inhibition of murine B16 melanoma cells by III.
Data were obtained from D’Alessio et al.?° (Table 3)

XJ\\TJ\Y/\ENJ_“\NJ

log 1/C = 1.69(£0.54)Clog P — 0.13(£0.04)
x Clog P* + 1.60(41.44) (3)

n=12, r»=0.867, s=0.183, ¢*=0.745; outliers:
X = C7H15, Y = OCH3, X = C15H31, Y = OCH3, X =
CHzCH2C6H5, Y = OCH3, X= C11H23, Y = H, Opti-
mum Clog P = 6.39 (6.14-6.59).

Some of these derivatives have been shown to possess
interesting immunosuppressive properties. They cause
phosphorylation and activation of acytoplasmic tyrosine
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Table 1. QSAR 1
Compound X Y logl/C (Eq. 1) ClogP
Observed Predicted A
1 H Ph 2.31 2.33 —0.02 1.41
2 OCHj; Ph 2.19 2.30 —0.11 1.36
3 CH; Ph 2.43 2.51 —0.08 1.72
4 C,Hs Ph 2.66 2.82 —0.16 2.25
5 H CH,CH,Ph 3.05 2.83 0.22 2.28
6 H CH,CH,Ph(4-Cl) 3.09 3.25 —0.16 3.00
7 H CH,CH,Ph(4-1) 3.66 3.48 0.18 3.41
8 H Ph(4-OH) 1.95 1.94 0.01 0.75
9 H Ph(4-F) 2.57 2.41 0.16 1.56
10 H Ph(4-Cl) 2.96 2.74 0.22 2.13
11 H Ph(3-Cl) 2.84 2.74 0.10 2.13
12 H Ph(2-Cl) 2.59 2.74 —0.15 2.13
13 H Ph(2,6-Cl,) 2.97 3.16 —0.19 2.84
14 H Ph(4-1) 2.92 2.98 —0.06 2.54
15 H 1-Naphthyl 3.06 3.01 0.05 2.59
Table 2. QSAR 2
Compound X log1/C (Eq. 2) CMR
Observed Predicted A4
1 H 3.06 3.11 —0.05 5.58
2 COCH,CHj3; 3.24 3.23 0.01 7.01
3 COC,H;s 3.39 3.42 —0.03 9.33
4 COCH,C¢H5s 3.51 3.40 0.11 9.06
5 CO(CH,);C¢Hy4-4-N(CH,CH,Cl), 3.71 3.75 —0.04 13.19
Table 3. QSAR 3
Compound X Y log1/C (Eq. 3) ClogP
Observed Predicted A
1 Pentyl OCHj3; 6.59 6.49 0.10 4.77
2% Heptyl OCHj3; 6.32 6.80 —0.48 5.83
3 Decyl OCHj3; 6.39 6.70 —0.31 7.42
4 Undecyl OCHj3; 6.57 6.51 0.06 7.95
5 Tridecyl OCHj3; 6.17 5.93 0.24 9.00
6" Pentadecyl OCH; 5.56 5.05 0.51 10.06
7 Phenethyl OCHj3; 6.06 6.43 —0.42 4.75
8 6-Fluorohexyl OCHj3; 6.30 6.40 —0.10 4.57
9 7-Cyanoheptyl OCHj3; 6.19 6.21 —0.02 4.21
10 6-Hydroxyhexyl OCHj; 5.63 5.58 0.05 3.31
11°* Undecyl H 5.48 6.54 —1.06 7.88
12 Undecyl OC,H; 6.32 6.26 0.06 8.47
13 Undecyl OC;H, 6.12 5.93 0.19 9.00
14 Undecyl OCH(CHj;), 6.17 6.08 0.09 8.78
15 Undecyl OC4Ho 5.46 5.53 —0.07 9.53
16 Undecyl OCH,CgH5s 5.10 5.38 —0.28 9.71

4 Data points not included in the derivation of Eq. 3.

kinase. QSAR 3 is a parabolic correlation in hydropho-
bic term. This suggests that the activity of compound I11
increases with an increase in hydrophobicity to an opti-
mum Clog P of 6.39 and then decreases.

3.3. Bis-benzimidazoles

3.3.1. Inhibition of LOX IMVI melanoma cell line by bis-
benzimidazoles. Data were obtained from Singh and
Lown?! (Table 4)

log 1/C = — 1.06(£0.45)Clog P + 0.18(%0.10)
x Clog P* + 6.10(£0.45) (4)

n=38, > =0.936, s =0.097, q2 = 0.806; inversion point:
2.88 (2.54-3.89); outliers: compounds 3, 7, and 8
(Table 4).

QSAR 4 is of particular interest because we find an
inverted parabolic relationship. That is, as ClogP
increases in value, activity decreases. However, quadrat-
ic term takes over and activity begins to increase. This
may be due to a change in receptor structure termed
allosteric reaction. Over the years we have found many
such examples’>?* (and many not yet published).
Understanding allosteric reactions via QSAR can be
helpful in drug design.
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Table 4. QSAR 4

Compound logl/C (Eq. 4) ClogP
Observed Predicted A
OCHj
1 CH3OCH,—{ | :<>__< Ij. 451 4.59 ~0.08 2.65
z N N CHs
OCHgz
ocH; M
NS N N CHg
2 CH3COCH2—<\ 459 459 0.00 2.67
OCHgz
OCHg
NS N N CHs
3 HOCH2—<\ 4.07 4.79 —0.72 1.81
OCHjz
OCHg
4 CH30CH; — :<>_< 473 4.61 0.12 327
N CHs
OCHjs
OCHg
5 CZH5OCH2—<\ j@% D N CHs 4.68 4.69 ~0.02 3.66
OCHz
OCHjz
N CHs
6 CH3COCH2—<\ 451 461 ~0.10 3.29
OCHz
OCHg
N CHj
7 HOCH2—<\ 4.05 4.62 ~0.56 2.43
OCH3
CHs OCHj3
N CHs
8 C|CH2_<\ 4.97 4.61 0.36 331
OCHs
CH3 OCHjz H
N CHs
9 CH300H2_<\ 4.72 4.60 0.12 2.55
OCHjz
¢Hs oH
10 477 482 ~0.05 1.74

N CHa
HOCH2—<\
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Table 4 (continued)
Compound log1/C (Eq. 4) ClogP
Observed Predicted A
CH3 (0]
| H N / N\
N | N—N N-=CHs;
1 CICH,— \N J 5.51 5.50 0.01 0.64
N OH
o
#Data points not included in the derivation of Eq. 4.
Table 5. QSAR 5
Compound X Y log1/C (Eq. 5) CMR
Observed Predicted A4
1 OC,Hs N-(4-CHjs)-piperazine 5.80 5.92 -0.13 13.48
28 OCH; (CH,);N(CH3), 5.00 5.51 —0.51 12.83
3 OCHj3; (CH,),N(CH3), 5.07 5.22 —0.15 12.36
4 OCH; CH,;N(CH;), 5.00 4.92 0.08 11.90
5 OCHj3; N(CHs), 4.59 4.63 —0.05 11.44
6" OCH; NH, 5.21 4.04 1.16 10.51
7 OCHj3; N-(4-CH3;)piperazine 5.96 5.63 0.33 13.02
8 OCH; O-(4-N-CH3;)piperidine 5.70 5.79 —0.09 13.27
#Data points not included in the derivation of Eq. 5.
Table 6. QSAR 6
Compound X Y log1/C (Eq. 6) ClogP
Observed Predicted A
1 COOCH;3; CH; 4.75 4.79 —0.04 4.96
2 COOH CH; 4.23 4.26 —0.04 4.58
3 CH,0OH CH; 4.35 4.33 0.02 4.63
4 CH; CH; 4.70 7.14 —2.44 6.62
5 CH; COOH 4.67 4.60 0.06 4.82
#Data point not included in the derivation of Eq. 6.
Table 7. QSAR 7
Compound X log1/C (Eq. 7) ClogP
Observed Predicted A
1 4-CH; 8.36 8.34 0.03 2.84
2 4-Cl 8.18 8.15 0.03 3.06
3 4-OCHj; 8.94 8.85 0.10 2.26
4 3,4(0OCH;), 8.89 9.07 —-0.18 2.00
5 3,4,5(0OCH3); 9.51 9.39 0.12 1.64
6" 2,3,4(0CHs)3 8.55 9.39 —0.84 1.64
7 H 8.69 8.77 —0.09 2.34

#Data point not included in the derivation of Eq. 7.

3.3.2. Inhibition of SK-MEL melanoma cells by IV. Data
were obtained from Sun et al.> (Table 5)

log 1/C = 0.63(+£0.31)CMR — 2.60(+3.87)  (5)

n=6, r=0891, s=0.201, ¢*=0.798; outliers:
X = OCH3, Y = (CH»);N(CH3),; X = OCHs, Y = NH..

3.4. Catechol derivatives
3.4.1. Inhibition of human UACC-62 melanoma cells by
V. Data were obtained from Gigante et al.2® (Table 6)

HO
H3C

OH
Y

HaC CHs
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Table 8. QSAR 8

Compound log1/C (Eq. 8) ClogP
Observed Predicted A
1 7.60 7.64 —0.04 2.33
2 8.00 7.80 0.20 2.07
3 5.96 7.74 —1.78 1.81
4 7.26 7.07 0.19 1.34
5 5.80 6.01 —0.21 3.06
6 7.62 7.80 —0.18 2.07
7 6.68 6.42 0.26 2.93
© O
o S S COCH
8 I W | 3 7.66 7.74 —0.08 1.81
H3C_C Y
(0]
o]
S S CH/OH
9 HaC ﬁ . ~cH 6.92 7.07 ~0.15 1.34
/CH \n/ 3
HO o
O CHs
10°? 6.92 6.01 0.91 3.06

#Data points not included in the derivation of Eq. 8.

log 1/C = 1.41(+£0.87)ClogP — 2.22(+4.15)  (6)

”=0.960, s=0.061, ¢*>=0.779; outlier:

Catechols are important antioxidants that can react with
free radicals. These compounds were found to be toxic
to melanoma cells as well as other cancer cells. Although
the statistics of QSAR 6 are good, the data set is too
small yet to be very helpful.
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Table 9. QSAR 9-13
Compd X log1/C (Eq. 9) log1/C (Eq. 10) log1/C (Eq. 11) log1/C (Eq. 12) log1/C (Eq. 13) B5-X; L-X,
Observed Predicted A Observed Predicted A Observed Predicted A Observed Predicted A Observed Predicted A
1 2-Me 6.82 6.94 —0.12 6.74 6.78 —0.04 6.80 6.67 0.13 6.72 6.39 0.33 6.44 6.39 0.05 2.04 287
280 2-COOH 5.77 7.31 —1.54 5.70 7.35 —1.65 5.76 7.05 —1.29 5.68 7.16 —1.48 2.66 391
3 2-CHO  7.00 7.13 —0.13 6.78 7.07 ~0.29 6.79 6.98 ~0.19 6.75 6.81 ~0.06 6.74 6.88 ~0.14 236 3.53
4 2-CH,OH — — — 7.64 7.38 0.26 7.48 7.31 0.17 7.26 7.09 0.17 7.50 7.21 0.29 270 3.97
5b 2-CH,Cl  7.92 7.80 0.12 6.74 8.07 ~1.33 7.98 8.05 —~0.07 6.76 7.04 —~0.28 6.93 7.15 —022 346 3.89
6° 3-Me 6.24 6.31 —0.07 5.83 5.83 0.00 6.55 5.65 0.90 5.79 5.87 —0.08 5.76 5.79 —0.03 1.00 2.06
7 3-CH,OH 6.50 6.31 0.19 591 5.83 0.08 5.61 5.65 —0.04 5.79 5.87 —0.08 5.83 5.79 0.04 1.00 2.06
“ Data point not included in the derivation of Egs. 9, 12, and 13.
® Data point not included in the derivation of Eq. 10.
Table 10. QSAR 14
Compd X ” log 1/C (Eq. 14) MR log 1/C = —0.87(£0.31)Clog P + 10.82(£0.74) (7)
Observed _Predicted 4 n=6, r’=0940, s=0.130, ¢°=0.843; outlier:
1 H H 6.90 6.85 0.05 871 X =2,3,4-tri-OCH3.
2 CH; H 6.20 6.25 —0.05  9.17
3 H 5-OMe  6.00 6.05 —0.05 932 This report discussed the authors’ efforts to find antitu-
4 H 3-OMe,  5.50 545 0.05 9.7 mor agents for a variety of cancer cells. The authors
, 6-Me concluded from their studies that by making more
5 CHs H 5.50 3.60 190 11.22 ) e y 1 g mc
hydrophobic derivatives, they would get higher activity.
QSAR shows the opposite to be true.
Table 11. QSAR 15 . ey e .
Q 3.6. Dihydrobenzodithiophenediones
Compd X Y log1/C (Eq. 15) L-X
Observed Predicted 4 3.6.1. Inhibition of LOX IMVI melanoma cells by
1 Me  OMe 587 581 006 287 miscellaneous dihydrobenzodithiophenediones. Data were
2 OMe Me 6.05 6.06 —0.01 3.98 obtained from Chao et al.?® (Table 8)
3 OMe OMe 6.06 6.06 —-0.01 3.98
4 H H 55 562 003 206 log 1/C = 6.62(£2.77)Clog P — 1.65(+0.63)
5 Me Me 579 5.81 —0.02 2.87 x Clog P* + 1.15(£2.88) (8)
n=8, r’=0929, s=0.224, ¢*=0.762; optimum
Table 12. QSARI16 Clog P =2.01 (1.84-2.12); outliers: compounds 3 and
Compd X Y log1/C (Eq. 16) ClogP L-Xg 10 (Table 8).
Observed Predicted 4 3.6.2. Inhibiti fh SK-MEL-5 | IIs b
1 6Me H 5.43 5.38 005 435 287 VII 'D“ ibition Ob '!m‘gl 8 i} Ch - melziggon}ra ET S9 y
2 6Me  2-Me 547 5.47 0.00 455 287 . Data were obtained from Chao et al.= (Table 9)
3 6Me 4-Me 5.62 5.60 0.02 485 287
4 6-Me 4-Cl  5.62 5.70 —0.08 5.08 287
5 5-NMe, H 5.15 5.09 0.06 443  2.06
6 5-NMe, 2-Me  5.03 5.18 —0.15 4.63 2.6
7 5NMe, 3-Me 5.71 531 040 493  2.06
8 5-NMe, 4-Cl 537 541 ~0.04 516  2.06
9 5-NMe, 4-Br  5.67 5.47 020 531  2.06
10° 5-NMe, 4-OMe 5.40 5.02 038 428  2.06
11 H H 4.93 4.84 0.09 385  2.06
12 H 4-OMe 4.79 4.78 001 3.70  2.06 VII
13 H 4Cl 503 5.16 —0.13 458 206
14 H 3-Me  5.00 5.06 —0.06 435  2.06

@ Data points not included in the derivation of Eq. 16.

3.5. Cyclopenteneones

3.5.1. Inhibition of murine B16F10 melanoma cells by VI.
Data were obtained from Nam et al.>’ (Table 7)

HO

P
7\

VI

log 1/C = 0.61(£0.26)B5-X, + 5.70(+0.57)  (9)

n=5, =097, s=0.171, ¢*=0.779; outlier: 2-
COOH.

The sterimol parameter (B5)!” is a calculated parameter
designed to estimate the maximum width of the
substituent.

3.6.3. Action of the same compounds VII on human
UACC-257 melanoma cells. Data were obtained from
Chao et al.? (Table 9)

log 1/C = 0.91(£0.47)B5-X, + 4.92(+0.91)  (10)

n=>5,r"=0.928 s=0231, ¢> = 0.777; outliers: 2-COOH,
2-CH,CL.
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Table 13. QSAR 17

Compound Substituent log1/C (Eq. 17) ClogP 1 BS54
Observed Predicted A
1 4-Me 6.75 6.84 —0.09 4.47 0 2.04
2 4-Cl 6.48 6.62 —0.15 4.76 0 1.80
3 4-OH 5.12 5.49 —0.37 3.85 1 1.93
4 4-OMe 6.74 6.84 —0.10 4.19 0 3.07
5 4-NH(CH,),NMe, 6.41 6.23 0.18 4.23 0 5.21
6 8-Cl 7.11 6.89 0.22 4.70 0 1.00
7 8-OH 6.57 6.13 0.44 3.44 1 1.00
8 8-OMe 7.28 7.61 —0.32 3.97 0 1.00
9 9-Cl 7.05 6.89 0.15 4.70 0 1.00
10°? 9-OH 8.40 6.13 2.27 3.44 1 1.00
11° 9-OMe 6.79 7.61 —0.82 3.97 0 1.00
12 10-Me 7.09 7.12 —0.03 4.47 0 1.00
13 10-CeH5s 5.73 5.77 —0.04 5.86 0 1.00
14 10-CN 8.00 8.11 —0.11 3.45 0 1.00
15 10-F 7.80 7.45 0.35 4.13 0 1.00
16 10-Cl1 7.19 6.89 0.30 4.70 0 1.00
17 10-1 6.20 6.50 —0.29 5.11 0 1.00
18 10-OH 5.92 6.13 —0.21 3.44 1 1.00
19 10-OMe 7.28 7.46 —0.18 4.12 0 1.00
20 10-OC,Hs 7.11 6.95 0.16 4.65 0 1.00
21 10-NO, 7.74 7.81 —0.07 3.76 0 1.00
22¢ 11-Cl 5.69 6.89 —1.21 4.70 0 1.00
23 11-OH 6.27 6.13 0.14 3.44 1 1.00
# Data points not included in the derivation of Eq. 17.
Table 14. QSAR 18
Compound X Y log1/C (Eq. 18) CMR L-4Y B1-4Y
Observed Predicted A
1 Cl H 5.74 5.48 0.25 7.42 2.06 1.00
28 Cl 4-OCF; 5.49 6.56 —1.07 8.08 4.57 1.35
3 Cl 4-OMe 7.20 6.29 0.91 8.04 3.98 1.35
4 Cl 4-OC,H; 6.91 6.89 0.03 8.50 4.80 1.35
5% Cl 4-Me 6.24 5.56 0.68 7.88 2.87 1.52
6 Cl 4-C,H; 6.65 6.34 0.31 8.35 4.11 1.52
7 Cl 4-CH,CH,OH 6.61 6.72 —0.10 8.50 4.79 1.52
8 Cl 4-F 6.53 5.39 1.13 7.44 2.65 1.35
9 Cl 4-Cl 5.42 5.58 —0.16 7.91 3.52 1.80
10 Cl 4-Br 5.74 5.71 0.03 8.20 3.82 1.95
11 Cl 4-1 6.25 5.98 0.27 8.73 4.23 2.15
12 Cl 4-CHMe, 6.31 6.22 0.09 8.81 4.11 1.90
13 Cl 4-COMe 6.05 6.26 —0.21 8.38 4.06 1.60
14 Cl 3-COMe 5.85 6.01 —0.16 8.38 2.06 1.00
15 Cl 3,4-Di-OH 5.72 5.59 0.13 7.73 2.74 1.35
16 Cl 2,3,4-Tri-F 5.50 5.41 0.09 7.47 2.65 1.35
17 Cl 2,4-Di-F 5.35 5.40 —0.05 7.45 2.65 1.35
18° Cl 3,4-Di-Me 5.31 5.82 —0.51 8.35 2.87 1.52
19 Cl 3-Br, 4-CF; 5.89 5.73 0.15 8.71 3.30 1.99
20 Cl 3-NO,, 4-Br 5.80 6.05 —0.25 8.81 3.82 1.95
21 Cl 3,4-Di-Cl 5.58 5.85 -0.27 8.40 3.52 1.80
22 H H 5.26 5.21 0.04 6.93 2.06 1.00
23 H 4-F 5.07 5.12 —0.06 6.94 2.65 1.35
24 H 4-Cl 5.35 5.31 0.05 7.42 3.52 1.80
25 H 3,4-Di-F 4.94 5.13 -0.19 6.96 2.65 1.35

#Data points not included in the derivation of Eq. 18.

3.6.4. Action of compounds VII on human MAL-3M n=75,r"=0972, 5=0.172, ¢° = 0.939; outlier: 3-Me.
melanoma cells. Data were obtained from Chao et al.?®
(Table 9) 3.6.5. Action of compounds VII on human UACC-62

melanoma cells. Data were obtained from Chao et al.?’
log 1/C = 0.97(£0.30)B5-X, + 4.68(+0.74) (11) (Table 9)
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Table 15. QSAR 19
Compound X Y Z R logl/C (Eq. 19) ClogP 1-Z MR-R
Observed  Predicted 4
1 2,5-Di-OH CH=CH H NHCH,CH,C¢Hj 5.70 5.65 0.04 494 1 3.37
2,5-Di-OH CH=CH H NHCH,CH,(4-F-C4Hy) 5.68 5.59 0.08 5.08 1 3.39
3 2,5-Di-OH CH,CH, H NHCH,CH,C¢Hj 4.96 5.79 —0.83 4.64 1 3.37
4 2,5-Di-OH CH,CH, H NHCH,CH,(4-F-CsHy) 5.55 5.73 —0.18  4.79 1 3.39
5 2,5-Di-OH CH,CH, H NH(CH,)sCH3 5.48 5.48 0.00 5.19 1 3.15
6 2,5-Di-OMe CH=CH Me NHCH,CH,C¢H; (CIS) 4.79 4.82 —-0.04 5.79 0 3.37
74 2,5-Di-OMe CH=CH Me NHCH,CH,(4-F-C¢H,) (CIS) 5.46 4.76 0.70  5.93 0 3.39
8 2,5-Di-OMe CH=CH Me NH(CH,)sCH; (CIS) 4.60 4.51 0.09 6.34 0 3.15
9 2,5-Di-OH CH=CH H NHCH,CH,C¢Hjs (CIS) 5.68 5.65 0.02 494 1 3.37
10 2,5-Di-OH CH=CH H NHCH,CH,(4-F-C¢H,) (CIS)  5.64 5.59 0.04 5.08 1 3.39
11 2,5-Di-OH CH=CH H NH(CH,)sCHj; (CIS) 5.24 5.34 —0.10 5.49 1 3.15
12 2,5-Di-OMe C=C Me NHCH,CH,C4Hs 4.61 4.84 -0.23 574 0 3.37
13 2,5-Di-OMe C=C Me NHCH,CH,(4-F-C¢Hy) 5.22 4.78 044 5.88 0 3.39
14 2,5-Di-OMe  C=C Me NH(CH,)sCH; 4.25 4.53 —-0.29 6.28 0 3.15
15 2,5-Di-OH C=C H NHCH,CH,CgH5 5.72 5.68 0.04 4.88 1 3.37
16 2,5-Di-OMe C=C Me OMe 4.53 4.54 —-0.01 4.69 0 0.62
17 2,5-Di-OMe CH,C(O) H NHCH,CH,(4-F-C4Hy) 5.40 5.45 —0.05 5.39 1 3.39
18 2,5-Di-OMe CH,CH, H NHCH,CH,(4-F-CsHy) 5.18 5.09 0.09 6.18 1 3.39
19 2,5-Di-OMe C=C Me OH 4.65 4.62 0.03 4.24 0 0.15
4 Data points not included in the derivation of Eq. 19.
Table 16. QSAR 20
Compound Substituent log1/C (Eq. 20) ClogP MR-4' Cr-1
Observed Predicted A
1 1-Me 4.70 491 —0.21 2.74 0.00 0.00
2 3-Me 4.40 4.80 —0.41 2.62 0.00 0.00
3 4-Me 5.40 5.34 0.06 3.24 0.00 0.00
4 6-Me 5.10 5.34 —0.24 3.24 0.00 0.00
5¢ 7-Me 7.22 5.34 1.89 3.24 0.00 0.00
6 3'-Me 5.70 5.34 0.36 3.24 0.00 0.00
7 4-Me 7.00 6.46 0.54 3.24 0.46 0.00
8 5'-Me 5.00 5.34 —0.34 3.24 0.00 0.00
9 1-CH,CH,NHCBZ 4.70 4.75 —0.05 4.22 0.00 2.29
10 1-CH,CH,NH, 4.52 4.21 0.32 1.93 0.00 0.00
11 1-(CH,)4NH, 4.52 4.29 0.23 2.39 0.00 0.49
12 4'-CH,CO,Me 7.40 7.11 0.29 2.42 1.58 0.00
13 4'-CH,CO,C,H; 7.70 7.57 0.13 2.95 2.04 0.00
14 4’-CH,CO,CMe; 7.16 7.21 —0.06 3.66 2.97 0.00
15 4'-CH,CO,H 5.70 6.43 —0.73 2.02 1.12 0.00
16* 4’-CH,CN 7.70 6.34 1.36 2.17 0.94 0.00
17 4’-CH,NHCOCMe; 6.30 6.29 0.01 3.45 3.34 0.00
18 4’-CH,NH, 5.70 5.78 —0.08 1.70 0.83 0.00
19 4’-CH,OH 5.74 5.43 0.31 1.71 0.62 0.00
20 4’-COCF; 6.85 7.00 —0.14 2.82 1.01 0.00
@ Data points not included in the derivation of Eq. 20.
Table 17. QSAR 21
Compound X Y log1/C (Eq. 21) L-Y I
Observed Predicted A
1 -H, B-OH CH; 5.00 5.16 —0.15 2.87 0
2 =0 CH; 6.46 6.44 0.02 2.87 1
3 a-H, B-OCOCH; CH; 5.12 5.16 —0.03 2.87 0
4 o-H, -OH CH,OH 5.32 5.35 —0.03 3.97 0
5 =0 CH,OH 6.72 6.64 0.09 3.97 1
6 a-H, B-OCOCH; CH,OCOCH; 5.47 5.62 —0.15 5.46 0
7 -H, B-OH CHO 5.48 5.27 0.21 3.53 0
8 =0 CHO 6.46 6.56 —0.10 3.53 1
9 o-H, B-OH COOH 5.39 5.34 0.05 391 0
10 o-H, B-OH COOCH; 5.60 5.49 0.11 4.73 0
11° a-H, B-OCOCH; COOCH; 6.89 5.49 1.40 4.73 0

#Data point not included in the derivation of Eq. 21.
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Table 18. QSAR 22
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Compound log1/C (Eq. 22) ClogP
Observed Predicted A
1 3-Ethoxy-A 4.32 4.52 —0.20 3.94
2 2,3-Methylenedioxy-A 4.79 5.13 —0.34 3.73
3 2,3-Di-methyl-A 4.11 4.26 —-0.14 4.02
4 3-Methoxyphenylamino-B 5.66 4.94 0.72 3.80
54 6-(4-Ethoxyphenylamino)-B 5.67 3.07 2.59 4.33
6 2-Methoxy-C 6.17 6.15 0.01 2.01
7 3-Methoxy-C 6.21 6.15 0.06 2.01
8 3-Ethoxy-C 6.19 6.61 —0.42 2.54
9 3-Isopropoxy-C 6.68 6.56 0.12 2.85
10 2,3-Methoylenedioxy-C 6.59 6.48 0.10 2.30
11 3,4-Di-methyl-C 6.70 6.61 0.09 2.72
A = 6,11-Dihydro-benzo[2,3b]phenazine-6,11-dione; B = 7-CI-5,8-quinolinedinone; C = 6,11-dihydro-pyrido[2,3b]phenazine-6,11-dione.
#Data point not included in the derivation of Eq. 22.
Table 19. QSAR 23
Compound X log1/C (Eq. 23) ClogP o
Observed Predicted A4
1 H 8.03 8.02 0.01 3.45 0.00
2 2-F 8.16 8.03 0.13 3.60 —0.07
3 2-Cl 8.31 8.23 0.08 4.17 0.11
4 3-Cl 8.30 8.32 —0.02 4.17 0.37
5 4-Cl 8.10 8.23 —0.13 4.17 0.11
6 4-Br 8.24 8.28 —0.04 4.32 0.15
7 4-NO, 8.16 8.22 —0.06 3.20 0.79
8 2,3,4,5,6-(F)s 8.19 8.30 —0.11 3.96 0.47
9 2,5-(F), 8.14 8.18 —0.04 3.74 0.27
10 2-Br, 5-OMe 8.50 8.34 0.16 4.37 0.27
11° 2-OMe, 5-Br 8.54 8.12 0.42 4.37 —0.39
12 2-Br, 5-OH 8.25 8.23 0.02 3.95 0.27
13 4-OMe 7.88 7.75 0.13 3.37 —0.78
14 4-N(CH;), 7.40 7.51 —0.11 3.62 —1.70
15° 2,3-(OH), 8.44 7.45 0.99 2.19 —0.80
16* 3,4-(OH), 7.97 7.45 0.52 2.19 —0.80
17 2,5-(OH), 7.43 7.43 0.00 2.12 —0.80
18* 2,3,4-(OMe); 7.94 7.38 0.56 2.75 —1.44
19* 3,4,5-(OMe); 7.93 7.67 0.26 2.75 —0.54
20 4-Ph 8.42 8.43 —0.01 5.34 —0.18
#Data points not included in the derivation of Eq. 23.
Table 20. QSAR 24-26
Compd X Y log1/C (Eq. 24) log1/C (Eq. 25) log1/C (Eq. 26) ClogP
Observed Predicted 4 Observed Predicted 4 Observed Predicted 4
1 CgHy(4-Me) Me 4.77 4.77 0.00 4.73 4.72 0.01 4.71 4.81 —0.10 4.00
20 CgHs(4-OMe) Me 4.30 4.67 —0.38 4.28 4.64 —0.36 4.44 4.62 -0.18 3.18
3ab CsHy4(4-C)) CeHy(4-Me)  5.38 5.03 035 4.73 4.92 —0.19 5.38 5.33 0.05 6.15
4 CgsH4(4-Cl) CgH4(4-Cl) 5.08 5.06 0.02 4.95 4.94 0.01 5.37 5.38 -0.01 6.39
5 2-Pyridyl(4-Me) C¢Hy(4-OMe) 4.84 4.82 0.02 4.80 4.75 0.05 4.77 4.90 —0.13 437
6° 2-Pyridyl(4-Me) CgH4(4-Cl) 4.86 4.90 —0.04 4.81 4.82 —0.01 4.73 5.08 -0.35 5.12
7 CH,C¢Hs Me 4.71 4.65 0.06 4.62 4.62 0.00 4.62 4.57 0.05 2.97
8" CH,C¢Hs C¢H3(3.4-Cly)  5.50 4.98 0.53 4.86 4.88 —0.02 5.33 5.22 0.11 5.71
9 CH,CH,CH; Me 4.55 4.60 —0.05 4.52 4.58 —0.06 4.61 4.47 0.13 2.58
10 CH(Me), Me 4.59 4.57 0.02 4.62 4.56 0.06 4.49 4.42 0.07 2.36
11 CH(Me), C¢Hs 4.71 4.73 —0.02 4.64 4.69 —0.04 4.76 4.74 0.02 3.70
12° CgH4(4-Cl) CgHy(4-OMe) — — — — — — 4.64 5.19 -0.55 5.59
13>€ CH,C¢Hs CeHy(4-Me) — — — 5.24 4.80 044 544 5.02 042 4387
14°¢ CH,C¢Hs CgH4(4-Cl) — — — 5.77 4.82 095 5.75 5.08 0.67 5.11

#Data points not included in the derivation of Eq. 24.
®Data points not included in the derivation of Eq. 25.
¢ Data points not included in the derivation of Eq. 26.





R. P. Verma et al. | Bioorg. Med. Chem. 13 (2005) 5508-5526 5519

Table 21. QSAR 27

Compound R R, R, R3 log1/C (Eq. 27) ClogP 1
Observed Predicted A
1 CN CH3; C¢Hs C¢Hs 5.38 5.44 —0.06 5.28 1
2 CN CHj; C¢Hs C¢H;-4-OCHj3 5.51 5.43 0.08 5.20 1
3¢ CN CHj; C¢Hs CgHy-4-Cl 7.05 5.52 1.53 5.99 1
4 CN CHj; C¢Hss C¢Hy-3-Cl 5.90 5.52 0.38 5.99 1
5 CN CH3; C¢Hs C¢Hy-4-NO, 5.02 5.42 —0.40 5.02 1
6 CN CeH;s CHj; C¢Hy-4-OCHj; 4.55 4.52 0.03 4.85 0
7 CN C¢Hss CH3; CgHy-4-Cl 4.57 4.60 —0.03 5.64 0
8 CN C¢Hss CHj; C¢Hy-3-Cl 4.56 4.60 —0.04 5.64 0
9¢ CN C¢Hss CH3; C¢Hy-4-NO, 5.05 4.50 0.55 4.67 0
10 CN C¢Hss CHj; C-Hexyl 4.50 4.51 —0.01 4.74 0
11?7 COOC,H; CH3 C¢Hs C¢Hs 4.84 5.54 -0.70 6.20 1
12 Mitozolomide 4.00 4.00 0.00 -0.22 0
13 Temozolomide 4.00 3.94 0.06 —0.81 0

4 Data points not included in the derivation of Eq. 27.

Table 22. QSAR 28

Compound R R, R, R; log1/C (Eq. 28) Crn-R; 1
Observed Predicted A
1 CN CHj; C¢Hs C¢Hs 5.39 5.57 —0.18 3.65 1
2 CN CH; C¢Hs C¢Hy4-4-OCHj3 5.48 5.41 0.07 3.57 1
3 CN CH3; C¢Hs CgH;-4-Cl 7.26 7.00 0.26 4.36 1
4° CN CH; C¢Hs CgHy-3-Cl 5.12 7.00 —1.88 4.36 1
5 CN CH3; C¢Hs CgHy-4-NO, 4.99 5.06 -0.07 3.39 1
6 CN C¢Hs CHj; C¢Hy-4-OCHj3 4.47 4.71 —0.24 3.57 0
7 CN C¢Hs CHj3 CgH;-4-Cl 6.15 6.31 —0.16 4.36 0
8 CN C¢Hs CHj; CgHy-3-Cl 4.06 6.31 -2.25 4.36 0
9 CN C¢Hs CH3 CgHy-4-NO, 4.76 4.36 0.40 3.39 0
10 COOC,Hj; CH; C¢Hs C¢Hs 5.49 5.57 —0.08 3.65 1

#Data points not included in the derivation of Eq. 28.

Table 23. QSAR 29

Compound X log1/C (Eq. 29) B5-X
Observed Predicted A
1? OCMe; —0.64 0.25 —0.89 4.35
2 OC4Ho -0.22 —0.10 —0.12 4.79
3 OCH,C¢Hj 0.60 0.92 —0.32 3.50
4 CsHy, -0.29 —0.22 —0.08 4.94
5 CMe; 1.34 1.19 0.16 3.17
6 CH,CHMe, 0.43 0.17 0.26 445
7 CH,CMe; 0.49 0.39 0.11 4.18

#Data point not included in the derivation of Eq. 29.

Table 24. QSAR 30

Compound X log1/C (Eq. 30) B5-X
Observed Predicted A
1 CeHss 7.53 7.30 0.23 3.11
2 4-Me-CgHy 7.54 7.30 0.24 3.11
3 Me 5.85 5.84 0.01 2.04
4 CMe, 7.37 7.38 —0.01 3.17
5 CH,CMejs 8.17 8.75 —0.58 4.18
6" NH-CMe; 8.26 9.04 —0.78 4.39
7 0-CMes 9.32 8.99 0.34 4.35
8 O-Tert-amyl 9.45 9.08 0.37 4.42
9 0-CHMe, 8.57 8.65 —0.07 4.10
10° O-Neopentyl 8.06 9.08 —1.02 4.42
11* 0-CH,CHMe, 8.08 9.08 —1.00 4.42
12 OGC,H; 7.65 7.64 0.01 3.36
13 0-CH,C¢Hs 7.30 7.83 —0.53 3.50

#Data points not included in the derivation of Eq. 30.
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Table 25. QSAR 31

Compound X Y V4 log1/C (Eq. 31) arX
Observed Predicted A
1 H CH,CH,Cl H 5.30 5.30 0.00 0.00
2¢ H CH,CH,Br H 5.74 5.30 0.45 0.00
3 H CH,CH,Cl CH,CH,Cl 5.29 5.30 —0.01 0.00
4 Br CH,CH,Br H 6.36 6.23 0.12 0.44
54 NMe, CH,CH,Br H 4.28 5.43 —1.14 0.06
6 CN CH,CH,Br H 6.35 6.43 —0.08 0.53
7 CONH, CH,CH,Br H 5.85 5.89 —0.04 0.28
?Data points not included in the derivation of Eq. 31.
Table 26. QSAR 32
Compound Substituent log1/C (Eq. 32) ClogP 1 I
Observed Predicted A
1° 1-OH 3.84 5.06 —1.21 3.61 0 0
2 3-OH 3.93 3.93 —0.01 2.71 0 0
3 4-OH 4.18 3.93 0.25 2.71 0 0
4 1-OCH; 4.11 4.12 —0.01 3.08 0 0
5 2-OCH; 4.23 4.12 0.11 3.08 0 0
6 3-OCH; 4.13 4.12 0.01 3.08 0 0
7 1,2-Di-OH 4.85 4.36 0.49 3.06 1 0
8 1,7-Di-OH 4.29 4.36 —-0.07 3.06 1 0
9 2,3-Di-OH 4.50 4.55 —0.05 2.23 1 0
10 3,4-Di-OH 4.67 4.55 0.12 2.23 1 0
11° 3,5-Di-OH 4.11 4.65 —0.54 2.16 1 0
12 1,2-Di-OCH; 3.86 3.94 —-0.07 2.77 0 0
13 2,3-Di-OCH3; 3.90 3.94 —0.04 2.77 0 0
14 3,4-Di-OCH; 3.79 3.94 —-0.15 2.77 0 0
15 1-OCHj;, 2-OH 441 4.47 —0.06 2.49 0 1
16 3-OH, 5-OCHj; 4.43 4.40 0.04 2.70 0 1
17* 3-OCH3;, 4-OH 4.11 4.47 —0.36 2.49 0 1
18 3-OCHjs;, 5-OH 4.42 4.40 0.03 2.70 0 1
19 2-CHj;-1,3-di-OH 4.70 4.71 —0.01 3.46 0 0
20 2,3-Di-OH-4-OCH; 4.70 4.69 0.02 2.00 0 0
21 1-CHO, 4-OH, 3-OCH3; 4.18 427 —0.09 2.24 0 0
?Data points not included in the derivation of Eq. 32.
Table 27. QSAR 33 and 34
Compound log1/C (Eq. 33) log1/C (Eq. 34) ClogP
Observed  Predicted 4 Observed  Predicted 4
1 Meridianin-D 4.60 4.64 —0.04 4.61 4.60 0.01 2.86
2% Bis(N-tosylindolyl) pyrimidine 6.32 7.21 —-0.89 644 7.56 —1.11 8.15
3 2,4-Bis(3’-indolyl) pyrimidine 5.55 5.31 024 570 5.38 0.32 425
4 5-CH3;-2,4-bis(3’-indolyl) pyrimidine 5.44 5.41 0.03 536 5.49 —0.13 445
5 5-OCHj;-2,4-bis(3'-indolyl) pyrimidine 5.32 5.31 0.01  5.39 5.37 0.01 424
6 2-NH,-3-(N-tosyl-3’-indolyl)-5-bromopyrazine 5.58 5.59 —0.01 5.75 5.70 0.06 4.82
7 2-NH,-3-OCHj;-5-(3'-indolyl) pyrazine 4.60 4.66 —-0.06 4.52 4.63 -0.11 2091
8 2-(N,N-Dimethyl) amino-3,5-bis(3’-indolyl) pyrazine  5.60 5.75 —0.15 5.72 5.89 —-0.16  5.16
#Data point not included in the derivation of Eqs. 33 and 34.
Table 28. QSAR 35 and 36
Compound X Y log1/C (Eq. 35) log1/C (Eq. 36) a'-X
Observed Predicted A4 Observed Predicted A4
1? NH, Me 7.55 6.36 1.19 6.92 6.25 0.67 0.62
2 NHCOC¢Hs5 H 9.72 9.84 —0.11 8.51 8.79 -0.28 1.68
3 NHCOMe H 9.46 8.92 0.54 8.29 8.12 0.18 1.40
4> H H 8.60 5.93 2.67 7.74 5.93 1.81 0.49
5 OH H 8.42 8.82 —0.40 8.26 8.05 0.21 1.37
6 NH, H 6.40 6.36 0.04 5.89 6.25 —0.36 0.62
7 NH, Me 6.29 6.36 —0.07 5.82 6.25 —0.42 0.62

#Data points not included in the derivation of Eq. 35.
® Data point not included in the derivation of Eq. 36.
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log 1/C = 0.64(+£0.35)L-X, + 4.56(£1.09)  (12)

n=6 r=0868, s=0242, ¢*=0.734; outlier: 2-
COOH.

3.6.6. Action of compounds VII on human SK-MEL-2
melanoma cells. Data were obtained from Chao et al.?’
(Table 9)

log 1/C = 0.74(£0.28)L-X; + 4.26(+0.90)  (13)
n==6,r*=0929, s=0.199, ¢* = 0.829; outlier: 2-COOH.

Although the same compounds VII have been used in
the formulation of five QSAR (Egs. 9-13), we get two
different types of equations. Egs. 9-11 have linear corre-
lations with B5-X; and are nearly identical. L-X; is the
weaker parameter for these equations. On the other
hand, Eqgs. 12 and 13 have linear correlations with L-
X, and are nearly identical. B5-X; is the bad parameter
for these equations. The results of QSAR 9-13 suggest
that the compounds VII may target a receptor of one
kind in human SK-MEL-5, UACC-257, and MAL-3M
melanoma cells and another kind in human UACC-62
and SK-MEL-2 melanoma cells. The COOH containing
compound is badly fit as one might expect because it
would be partially ionized.

3.7. Indole derivatives
3.7.1. Inhibition of melanoma cells by indole derivatives

VIII. Data were obtained from Andreani et al.’® (Table
10)

VIII

log 1/C = —1.30(£0.39)CMR + 18.13(£3.65)  (14)

n=4, r»=0.990, s=0.071, ¢*=0.918; outlier: X=
C6H5, Y =H.

3.8. Indoloquinoline derivatives
3.8.1. Inhibition of melanoma cells by indoloquinoline

derivatives IX. Data were obtained from Kaczmarek
et al.>! (Table 11)

CHj
Y. % X
N N
CHs

IX
log 1/C = 0.23(£0.08)L-X 4 5.15(40.26) (15)
n=>5,r>=0965 5s=0.042, ¢ = 0.907.

Activity is strongly correlated with the length of X, and
is independent of Y. The authors were interested in
making some novel DNA topoisomerase II inhibitors
and studied six different cell lines including melanoma.

All cell lines yielded good QSAR.

3.9. Isoquinolines

3.9.1. Inhibition of human melanoma cells by isoquinolines
X. Data were obtained from Cho et al.3? (Table 12)

log 1/C = 0.43(£0.15)Clog P + 0.40(£0.19)L-X,
+2.35(£0.74) (16)

n=12, »=0.901, s=0.107, 4> =0.805; outliers: X =
5-NMe,, Y = 3-Me; X = 5-NMe,, Y = 4-OMe.

3.10. Isoquinolinediones

3.10.1. Inhibition of UACC 375 melanoma cells by XI.
Data were obtained from Sami et al.33 (Table 13)

8
0,
4 10
11
0 l}l @)
CH2CHoN(CH3)2
X1

log 1/C = —0.97(£0.24)Clog P — 1.99(£0.37)/
—0.27(£0.12)B5-4 + 11.72(£1.12)  (17)
n=20, *=0.898, s = 0.252, 4> = 0.803; outliers: 9-OH,
9-OMe, 11-Cl.

3.10.2. Inhibition of human SK-MEL-2 melanoma cells by
XII. Data were obtained from Ryu et al.3* (Table 14)

H
N N X
L |/—Y
X
0
XII





5522 R. P. Verma et al. | Bioorg. Med. Chem. 13 (2005) 5508-5526

log 1/C = 0.55(+0.21)CMR + 0.42(+0.16)L-4, Y
—0.99(+0.36)B1-4, Y + 1.53(+1.30) (18)

20, r* = 0.893, s = 0.190, 4> = 0.828; outliers: X = CI,
CFs; X=Cl, Y=4-OMe; X=Cl, Y =4-Me;
ClL, Y =4-F; X =Cl, Y = 3,4-di-Me.

These compounds are quite effective in cleaving the
DNA of tumor cells.

3.11. Lavendustin-A derivatives

3.11.1. Inhibition of UACC melanoma cells by XIII. Data
were obtained from Mu et al.3* (Table 15)

XIII

log 1/C = — 0.46(+0.26)Clog P + 0.44(+0.30)/-Z
+0.28(£0.17)MR-R + 6.52(+1.17)  (19)

n=17, r»=0.897, s=0.177, ¢*=0.821; outliers:
X =2,5-di-OH, Y = CH,CH,, Z = H, R = NHCH,CH,
C¢Hs; X =2,5-di-OMe, Y =CH=CH, Z=Me,

R = NH(CH2)2CH2(4-F-C6H4) (CIS)

This is an extremely complex set of substitutents that
gives a good correlation. /-Z is an indicator variable that
takes the value of 1 when Z = H. MR-R is a measure
of the volume and polarizability of R according to the
Lorentz-Lorenz equation.!’

3.12. Oncodazoles

3.12.1. Inhibition of monolayer B16 melanoma cells by
XIV. Data were obtained from Kruse et al.>® (Table 16)

X1V

log 1/C = 0.86(£0.38)Clog P
+2.77(+0.65)MR-4'
—0.76(£0.23)MR-4"
—0.63(£0.42)Cn-1 + 2.54(£1.09)  (20)
n=18, ¥ =0.913, s=0.364, 4> = 0.767; outliers: 7-Me;
4'-CH,CN; optimum MR-4" = 1.82 (1.67-2.06).

Cr-1 is the calculated = value of the substituents at
position-1. MR-4’ is the calculated molar refractivity
of the substituents at position-4'.

3.13. Pentacyclic triterpenes

3.13.1. Inhibition of mouse B16 2F2 melanoma cells by
XV. Data were obtained from Hata et al.’” (Table
17)

XV

log 1/C =0.18(£0.13)L-Y +1.28(£0.22)] +4.65(+0.52)
(21)

n=10, r*=0.963, s=0.133, ¢*=0.913; outlier: X =
a-H, B-OCOCH;, Y = COCH3.

A very good correlation depending on the length of Y.
Indicator variable /=1 for X = (=0).

3.14. Phenazinedione derivatives
3.14.1. Inhibition of human SK-MEL-2 melanoma cells by
phenazine-6 11-dione derivatives. Data were obtained

from Kim et al.3® (Table 18)

log 1/C = 6.45(£4.59)Clog P — 1.23(%0.75)
x Clog P* — 6.59(£1.86) (22)

n=10, r*=0.895, s=0.361, ¢° = 0.825; outlier: com-
pound 5 (Table 18); optimum Clog P = 2.63 (1.94-2.82).

3.15. Phenols

3.15.1. Inhibition of murine B16 melanoma cells by XVI.
Data were obtained from Nam et al.*® (Table 19)

OH O

& N

| ——x
=

OH

XVI

log 1/C = 0.25(+0.09)Clog P + 0.33(£0.10)c"*
+7.17(£0.33) (23)

n=15, ¥ =0917, s=0.098, ¢> = 0.853; outliers: X =
2-OMe, 5-Br; 2,3-di-OH; 3,4-di-OH; 2,3,4-tri-OMe;
3,4,5-tri-OMe.

The authors were interested in the antiangiogenesis
properties of anticancer compounds.
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3.16. Pyrrolecarbothioamides

3.16.1. Toxicity to MALME-3M melanoma cells by
various pyrrolecarbothioamides XVII. Data were
obtained from Cocco et al.*’ (Table 20)

S
H2N| | H@
(6]
N I}IH
Y H X
XVII

log 1/C = 0.12(£0.03)Clog P+ 4.29(+0.11)  (24)

n=238, *=0953, s=0.039, q2 =0.910; outliers: com-
pounds 2, 3, and 8 in Table 20.

3.16.2. Inhibition of melanoma UACC-257 cells by
various pyrrolecarbothioamides XVII. Data were ob-
tained from Cocco et al.*® (Table 20)

log 1/C = 0.094(+0.025)Clog P + 4.34(+0.11)  (25)

n=9, »=0920, s=0.042, ¢4°=0.862; outliers: com-
pounds 2, 3, 13, and 14 in Table 20.

3.16.3. Inhibition of SK-MEL-28 melanoma cells by
pyrrolecarbothioamides XVII. Data were obtained from
Cocco et al.** (Table 20)

log 1/C = 0.24(£0.06)Clog P + 3.86(+0.25)  (26)

n=10, ¥ =0919, s=0.112, q2 = (0.881; outliers: com-
pounds 6, 12, 13, and 14 in Table 20.

3.17. Pyrrolotetrazine derivatives

3.17.1. Inhibition of SK-MEL-2 melanoma cells by X VIII.
Data were obtained from Diana et al.*! (Table 21)

o)
Ro | N}\'}'/RS
=N
Ry 7 N
R
XVIII
log 1/C = 0.10(40.08)Clog P + 0.88(40.36)I
+4.03(40.32) (27)
n=10, r»=0.912, s=0.214, ¢*=0.838; outliers:
R = CN, R1 = Me, R2 = CGHS: R3 = C6H4-4-C1;
R = CN, Rl = C6H5, Rz = Me, R3 = C6H4-4-N02;

R = COOCsz, R1 = Me, R2 = C6H5, R3 = C6H5.

The indicator variable takes the value of 1 for
R, = C4Hs. Mitozolomide (figure XIX) was an effective
antitumor agent, but it is too toxic to be used in humans.
The study by Diana et al.#! was an attempt to find sim-
ilar less toxic compounds.

3.17.2. Inhibition of LOX IMVI melanoma cells by X VIII.
Data were obtained from Diana et al.*! (Table 22)

log 1/C = 2.01(£0.66)Cn-R; + 0.70(40.50)1

—2.45(42.52) (28)
n=28,r*=0934,s=0.268, ¢> = 0.748; outliers: R = CN,
R] = CH3, Rz = C6H5, R3 = C6H4-3-C1; R = CN,

R1 = C6H5, Rz = CH3, R3 = C6H4-3-Cl.

The indicator variable takes the value of 1 for R, = C¢Hs.
Cn-Rj5 is the calculated 7 value for R substituents.

3.18. Taxol derivatives
3.18.1. Cytotoxicity of taxol derivatives XX to B16

melanoma cells. Data were obtained from Georg et al.*?
(Table 23)

@)
X)J\NH 0]
Ph/_\:)ko""

XX
log RBA = —0.93(+0.42)B5-X + 3.70(£1.77)  (29)

n=6, r’=0874, s=0239, ¢*>=0.700;
OC(CHs3)3; RBA = relative biological activity.

outlier:

3.18.2. Inhibition of mouse B16F10 melanoma by XXI.
Data were obtained from Maring et al.*3 (Table 24)

0
X)J\IEJH 0
Ph/’\_)LO””

OH

XXI
log 1/C = 1.36(£0.36)B5-X + 3.07(x1.31)  (30)

n=10, r»=0.903, s=0.351, ¢*=0.857;
NH(CH3)3, o-neopentyl, OCH,CH(CH3),.

outliers:
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Compounds XX (Eq. 29) and XXI (Eq. 30) have
similar structures, were tested in two different types
of melanoma cell lines, yet their QSAR appear with
same parameters B5-X (B5 of X-substituents) with
opposite sign. This may be due to the variation in
X-groups and the difference at C-9 position, because
both compounds XX and XXI differ from each other
due to the variation of X-groups and the substitution
at C-9 position.

3.19. Thiophene derivatives

3.19.1. Inhibition of murine B16 melanoma cells by XXII.
Data were obtained from Borch et al.** (Table 25)

X
1] ot .z
ON" 7S P—NS,
)
Y

XXTI

log 1/C = 2.13(£0.57);-X + 5.30(+0.19) (31

n=>5,r*=0.980, s = 0.087, ¢ = 0.941; outliers: X = H,
Y = CH,CH,Br, Z = H; X = N(CHj),, Y = CH,CH,Br,
Z =H.

QSAR 31 suggests that the electron withdrawing X-
groups will increase cytotoxicities of compounds XXII
under aerobic conditions.

3.20. Xanthone derivatives

3.20.1. Inhibition of UACC-62 melanoma cells by XXIII.
Data were obtained from Pedro et al.*> (Table 26)

XXTIT

log1/C = —7.79(£1.95)Clog P 4 1.43(£0.36)
x Clog P* + 0.27(%+0.16)1
+0.46(£0.16)1, + 14.54(£2.60) (32)
n=17,r*=0.899, s = 0.107, q2 = 0.827; inversion point:

2.72 (2.70-2.78); outliers: 1-OH; 1,2-di-OH; 3,5-di-OH;
3-OCH;, 4-OH.

I=1 for the presence of dihydroxy and I; =1 for the
presence of one hydroxy and one methoxy groups.

Eq. 32, like Eq. 4 may correspond to an allosteric reac-
tion. Despite the different types of compounds, the
inversion points are similar. This suggests that the two
receptors are much the same.

3.21. Miscellaneous

3.21.1. Inhibition of LOX IMVI melanoma cells by
pyrimidine and pyrazines. Data were obtained from
Jiang et al.*® (Table 27)

log 1/C = 0.49(£0.16)Clog P + 3.24(+£0.65)  (33)

n=7, r»=0929, s=0.132, ¢*=0.869; outlier: bis(N-
tosylindolyl) pyrimidine.

3.21.2. Inhibition of M14 melanoma cells by pyrimidines
and pyrazines. Data were obtained from Jiang et al.*¢
(Table 27)

log 1/C = 0.56(+0.21)Clog P + 3.00(£0.89)  (34)

n=17 r=0902, s=0.180, ¢>=0.830; outlier: bis(N-
tosylindolyl) pyrimidine.

Eqgs. 33 and 34 describe the ability of the same com-
pounds to inhibit LOX IMVI and M14 melanoma cells,
respectively. The equations represent parallel linear rela-
tionships between activity and hydrophobicity, which
suggests that these compounds target the same kind of
receptor in each cell line.

3.21.3. Inhibition of MC-1R receptor in HBL melanoma
cells by XXIV. Data were obtained from Herpin et al.’
(Table 28)

0O 4 OX
J NAN_I} Y
N / N
2
COC3Hg N
OCH,
XXIV
log 1/C = 3.28(£1.29)0’-X + 4.32(+1.57) (35)
n=35 =095, s=0.395 ¢*=0915; outliers:

X=NH,, Y=Me; X=Y=H.

It is surprising that only the inductive effect of X has a
detectable effect on activity. The authors were interested
in the anti-inflammatory actives of these rather compli-
cated molecules. In a study with the same compounds as
used for QSAR 35 the same authors measured the bind-
ing affinity to HBL melanoma cells.

3.21.4. Binding affinity of compounds XXIV to HBL
melanoma cells measured using [1251]-NDPA-MSH
stimulating hormone. Data were obtained from Herpin
et al.#” (Table 28)

log 1/C = 2.40(£1.23)0-X + 4.76(£1.40)  (36)

6, =0.881, s=0479, ¢°=0.723;

2 outlier:
Y =H.

n =
X =
4. Overview

An analysis of our QSAR reveals a number of interesting
points. The most important of these is hydrophobicity,
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which is one of the most important determinants of activ-
ity. Out of 36 QSAR, 20 contain a correlation between
activity and hydrophobicity. A positive linear correlation
is found in 12 Egs.: 1, 6, 16, 20, 23-28, 33, and 34. The
coefficient with the hydrophobic parameter varies consid-
erably, from a low value of 0.09 (Eq. 25) to a high value of
2.01 (Eq. 28). These data suggest that although activity
might be improved by increasing compound hydropho-
bicity, this will produce considerably different results for
different compounds. A negative linear correlation is
found in four Egs., 7, 17, 19, 20, and the coefficients range
from —0.46 (Eq. 19) to —0.97 (Eq. 17). Less hydrophobic
congeners in these compound families might display en-
hanced activity (note: Eq. 20 contains a positive correla-
tion with log P and a negative correlation with #-1, so
one should preserve a hydrophilic group at N1 while
boosting the molecule’s overall hydrophobicity). Parabol-
ic correlations with hydrophobicity are found in five Egs.:
3,4,8,22,and 32. Two of these (4 and 32) reflect situations
where activity declines with increasing hydrophobicity
and then changes direction and increases. These may cor-
respond to allosteric reactions. The other three (3, 8 and
32)situations show that activity is optimal for a particular
value, or range of values, of log P. The optimal log P are
6.39 (Eq. 3, bipyrroles), 2.01 (Eq. 8, dihydrobenzodithio-
phenediones), and 2.63 (Eq. 22, phenazinediones). The
wide variation in optimal log P suggests that these com-
pounds act by very different mechanisms and/or at very
different receptors. Other parameters, steric and electron-
ic, also appear in several QSAR. In some cases, these
parameters correlate all of the observed variation in activ-
ity, but they do not seem to play as important a role as
hydrophobicity for the data sets that we have examined.
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Abstract—Histamine Hj receptor is a G protein-coupled receptor whose activation inhibits the synthesis and release of histamine
and other neurotransmitters from nerve endings and is involved in the modulation of different central nervous system functions.
H; antagonists have been proposed for their potential usefulness in diseases characterized by impaired neurotransmission and they
have demonstrated beneficial effects on learning and food intake in animal models. In the present work, a 3D model of the rat his-
tamine Hj receptor, built by comparative modeling from the crystallographic coordinates of bovine rhodopsin, is presented with the
discussion of its ability to predict the potency of known and new Hj antagonists. A putative binding site for classical, imidazole-
derived H; antagonists was identified by molecular docking. Comparison with a known pharmacophore model and the binding
affinity of a new rigid H; antagonist (compound 1, pK; = 8.02) allowed the characterization of a binding scheme which could also
account for the different affinities observed in a recently reported series of potent H; antagonists, characterized by a 2-aminobenz-
imidazole moiety. Molecular dynamics simulations were employed to assess the stability and reliability of the proposed binding
mode. Two new conformationally constrained benzimidazole derivatives were prepared and their binding affinity was tested
on rat brain membranes; compound 9, designed to reproduce the conformation of a known potent H; antagonist, showed higher

potency than compound 8, as expected from the binding scheme hypothesized.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The superfamily of G protein-coupled receptors
(GPCRs) includes a large number of membrane-associ-
ated proteins, involved in the regulation of a variety of
physiological processes. The abundance of these recep-
tors, their ubiquitous distribution, their involvement in
different diseases, and the large number of endogenous
substances and drugs interacting with them have led to
the study of these proteins as traditional targets for
medicinal chemistry research. Recently, the use of
three-dimensional (3D) models of GPCRs, built by com-
parative modeling from the rhodopsin crystallographic
structure, proved to be useful for drug design and struc-

Keywords: Histamine Hj receptor; Histamine antagonists; GPCR;
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ture—activity relationship (SAR) investigations. Among
the endogenous substances exerting their effects through
GPCRs, histamine interacts with four types of receptors,
which differ in distribution, pharmacology, and func-
tion. The H; receptor! is a post-synaptic one, principally
involved in allergic reactions; the H, receptor has post-
synaptic localization and is primarily involved in the
regulation of gastric secretion; the Hy one is mainly
located in cells of immunological relevance, such as T
cells, neutrophils, and monocytes.>> The third receptor
subtype (H3) was identified by Arrang et al. in 1983,*
and it is expressed with the highest abundance in the
central nervous system. The Hj receptor has generally
pre-synaptic localization and inhibits the synthesis and
release of histamine® and other neurotransmitters, like
acetylcholine,® serotonin,” noradrenaline,® and dopa-
mine.? Its involvement in different brain functions, like
learning processes and regulation of food intake, has
led to the proposal of H; antagonists for different ther-
apeutic applications,'®!! especially in the treatment of
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Alzheimer’s disease,'? attention deficit hyperactivity
disorder (ADHD),!? epilepsy,'# and obesity. '

The first Hy antagonists maintained the imidazole ring
of the natural agonist, histamine, and were characterized
by the presence of a polar fragment, connected to the
imidazole through an alkyl spacer, and by the presence
of an ending lipophilic group.!'® The central polar frag-
ment can be very different, including guanidine, amide,
amine, ether, carbamate, thiourea, or isothiourea
groups,!” or heterocyclic rings, like pyridine,'® oxadia-
zole,'” imidazole,?°?! thiazole,?? and their benzocon-
densed analogs,”>?* but it can also be replaced by
non-polar groups, like in the alkyne derivative ciprali-
sant (GT-2331).?° The polar fragment can be neutral
at physiological pH, as in the reference antagonist thio-
peramide,?® or mainly protonated, as the isothioureic
fragment of the potent antagonist clobenpropit®’
(Fig. 1). Compounds having the above-mentioned struc-
tural features will be referred to as ‘classical’ H; antago-
nists, to differentiate them from Hj; antagonists lacking
the imidazole ring, which have been recently de-
scribed. 2833

Several structure—activity relationship studies based on
molecular models of classical H; antagonists have been
reported, leading to pharmacophore®* or 3D-QSAR?
models. In particular, recent investigations by De Esch
et al. pointed out that thioperamide and clobenpropit
could be mutually superposed following a common
pharmacophore model,*® and that the cyclohexyl substi-
tuent of thioperamide could be replaced by the benzyl
one found in clobenpropit with only a moderate reduc-
tion of receptor affinity.>” The proposed pharmacophore
model suggested the existence of two lipophilic pockets
in the H; receptor antagonist binding site, and the pos-
sibility that both a neutral and a strongly basic polar
fragment could be accommodated with similar arrange-
ments at the same binding site.3

A series of potent classical H; antagonists, 2-(imidazo-
lyl-alkyl-amino)-benzimidazole  derivatives recently

NH,*
§” 'NH

N /Y\/\
\=N
clobenpropit K@
Cl
HN
O
N
\QN «S

thioperamide
HN
O
N
\QN A NH*

T

Figure 1. Classical H; receptor antagonists and the newly synthesized
compound 1 employed for binding site identification, represented in
the protonation state applied for molecular modeling calculations.

described by our group,’® includes compounds with
subnanomolar binding affinity at rat brain H; receptors.
This series is characterized by a polar fragment inscribed
into a 2-aminobenzimidazole nucleus, also containing a
lipophilic portion, which has moderate basicity (pK,
around 6.5) and can therefore be regarded as a bridge
structure between neutral and strongly basic polar
groups. SAR investigations on this series led us to
modify the spacer length (two or three methylenes)
and to explore the effect of N-methylation at the 2-
aminobenzimidazole group.?® We observed that com-
pounds with the shorter spacer were less potent and that
the SAR profiles for N-methyl derivatives were opposite
in the two cases (Table 1). These results were hardly
explained by pharmacophore analysis, and they needed
a topographical model of rat Hj; receptor to be
rationalized.

The superfamily of GPCRs can be divided into five ma-
jor classes; within each class the sequence homology
among different proteins is generally low, but consider-
able similarity in their tertiary structure is presumed
from topological properties (i.e., hydrophobic and
hydrophilic domains) and from conserved structural
and functional domains, like disulfide bonds or the
E/DRY motif.***! Bovine rhodopsin (BR) is the major
representative of class A GPCRs, which also includes
receptors for the biogenic amines like dopamine, seroto-
nin, noradrenaline, and histamine, and it is the only one
whose crystallographic coordinates are available.*” The
building of a reliable receptor model by homology mod-
eling requires high sequence similarity.*® However,
although in the case of GPCRs the similarity is generally
low, the alignment can be based on key features, like
hydrophobicity patterns, structural (disulfide bonds)
and functional (aromatic clusters, E/DRY motif,
NPXXY motif) microdomains. In fact, BR had been
generally employed as a template for homology model-
ing of receptors belonging to this class,*>** even if atten-
tion should be paid to model validation, assessing its
ability to explain known SAR.*

Many studies have contributed to characterize the
binding site of histamine within the Hj receptor, where
two acidic amino acids proved to be necessary for
agonist binding. One of these is D114 (Aspll4, or
D3.32, according to the numbering rules proposed by

Table 1. Binding affinity at rat H; receptors of 2-aminobenzimidazole

derivatives
R N
(CHa)N— j@
/X N

HN\7N !

R
Compound R, R, n pK®
2 H H 2 7.25
3 CHj; H 2 6.26
4 H CH, 2 771
5 H H 3 8.90
6 CHj; H 3 8.60
7 H CHj; 3 6.83

#From Refs. 38 and 39.
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Ballesteros et al.),* highly conserved through class A of
GPCRs*-47 and among all aminergic receptors,*® which
is presumed to bind the charged amino group of the nat-
ural ligand.*®-3° Mutation of the corresponding D3.32 in
the H; receptor revealed that this amino acid is essential
for both agonist and antagonist binding.’>! Mutagenesis
studies of the amino acids in TM5 of the Hj receptor
have highlighted that a mutation of E206 (Glu206 or
E5.46) to Ala decreased the affinity of histamine and
of the subtype selective agonist R-o-methylhistamine
by more than 2000 times.** This amino acid is thought
to interact with the imidazole ring of histamine, on the
basis of mutagenesis data of the corresponding amino
acids in the H;°>3 and H, receptors.’® Moreover, this
amino acid corresponds to Ser207 of the B2 receptor,
which was found to interact with the catechol ring of
adrenaline.>* Mutagenesis data on the Hy receptor,
which has the highest sequence similarity with the Hj
subtype, are in accordance with the essential role of
D3.32 and E5.46 for histamine binding.’> Given the
presence of the imidazole ring in Hj agonists, like hista-
mine, and in the classical H; antagonists, it is reasonable
to suppose that the binding site of the two kinds of
ligands is common, at least in part.

Sequence alignment and docking of ligands within a 3D
receptor model strongly influence the definition of the
putative binding site and of the binding scheme for li-
gands. A validation of the model, based on SAR consid-
erations and on the design and synthesis of new ligands,
is therefore necessary to afford its usefulness in drug de-
sign. Three models of the Hj receptor have been recently
reported, leading to corresponding hypotheses of inter-
action with two classes of antagonists. The first model,
proposed by Stark et al.,’® analyzed the binding mode
of proxyfan (3-benzyloxypropyl-imidazole) and its
derivatives, having a phenol ether as the so-called polar
fragment; their imidazole ring is hydrogen-bonded to
E206 in TMS5, whereas no interaction is reported for
the oxygen atom. The second model, described by Yao
et al.,’” proposed a different binding mode for Hj li-
gands, both agonists and antagonists, with no interac-
tion between histamine imidazole and E206. The third
model reported the binding mode of histamine only,
which interacted with both E206 and D114.4° Although
describing interesting aspects of the binding site shape,
these models did not deeply investigate the role of the
central polar fragment of classical H; antagonists in
receptor binding.

In this work, we built a 3D model of rat H; receptor and
we developed a binding scheme for classical H; antago-
nists, starting from the hypothesis that their imidazole
ring interacts with E206, pointing our attention to the role
of the central polar fragment found in basic (i.e., cloben-
propit) and neutral (i.e., thioperamide) ligands, looking
for a common interaction model. The model thus ob-
tained was employed to rationalize the SARs previously
observed for the aforementioned series of 2-aminobenz-
imidazole derivatives. Moreover, new compounds, en-
dowed with limited conformational flexibility, were
synthesized and tested on rat brain membranes to validate
some structural requirements of the putative binding site.

2. Chemistry

Newly synthesized compounds, 1, 8, and 9 were pre-
pared following different synthetic routes. According
to Scheme 1, N-benzyl-N’'-cyclohexyl-4-(1 H-imidazol-4-
yl)-piperidine-1-carboxamidine (1) was synthesized by
reaction of 4-(1H-imidazol-4-yl)-piperidine (10) with
benzyl-cyclohexyl-carbodiimide (11). 4-(1 H-Imidazol-4-
yl)-piperidine was synthesized as described by Wind-
horst et al.>® and benzyl-cyclohexyl-carbodiimide was
prepared following the procedures by Jaszay et al.>
and Liu et al.® The two 2-aminobenzimidazole deriva-
tives with reduced conformational freedom, 2-[4-(1H-
imidazol-4-yl)-piperidin-1-yl]-1 H-benzimidazole (8) and
2-[3-(1 H-imidazol-4-ylmethyl)-piperidin-1-yl]-1 H-benz-
imidazole (9), were synthesized by the condensation of
2-chlorobenzimidazole with 10 and 3-(1H-imidazol-4-
ylmethyl)-piperidine (12), respectively, as represented
in Scheme 2. The last intermediate, 3-(1 H-imidazol-4-
ylmethyl)-piperidine, was prepared following the syn-
thetic route proposed by Vollinga et al.®!

3. Pharmacology
Hj; receptor affinity of the newly synthesmed compounds
was measured by displacement of [*H]-(R)-a-methylhis-
tamine (FHJRAMHA) bound to rat cerebral cortex syn-

aptosomes. The antagonist activity of the tested
compounds was evaluated on electrically stimulated

~Cm - e O
HN /N 11

H
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Scheme 1. Reagents and conditions: 2-methyl-2-propanol, reflux, 20 h,
N, atmosphere.

/N
Non® J@ m”@

Scheme 2. Reagents and conditions: (a) DMF, 140°C, 3h, N,
atmosphere; (b) 3-methyl-1-butanol, 130 °C, 18 h, N, atmosphere.
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guinea-pig ileum, by inhibition of RAMHA-induced
responses.®?

4. Results and discussion

The present work was carried out in different phases.
After the first one, consisting of the building of the rat
Hj receptor 3D model, two different strategies were ap-
plied to assess its ability to reproduce the SARs for Hj
antagonists. We first looked for a binding mode that
could be applied to classical H; antagonists having
strongly basic, neutral, or slightly basic polar groups
and then we validated this binding hypothesis on the ba-
sis of known SARs and with the synthesis of new
compounds.

The rat H; receptor model was built following standard
comparative modeling procedures, described in Section
5, starting from the three-dimensional structure of bo-
vine rhodopsin and the sequence alignment reported in
Figure 2. During the homology modeling phase, the
most relevant choice was to avoid the modeling of the
long third intracellular loop, keeping the backbone
structure of rhodopsin. The refined model was analyzed
with the program PROCHECK 3.5.4% and resulted
acceptable from a biophysical point of view, with an
overall G-factor of —0.53. The Ramachandran plot
reported in Figure 3 highlights the presence of only four

1 2 3 4

amino acids in the disallowed region: T15 in the amino
terminal portion, R347 in the second intracellular loop,
L432 and H437 in the carboxy terminal portion; these
amino acids are positioned very far away from the puta-
tive binding site of the H; ligands.

The resulting model reveals a cavity allowing the accom-
modation of the agonist histamine between the charged
carboxyls of E206 and D114, as suggested by sequence
analysis and mutagenesis data (see Section 1). Antago-
nist docking started from the assumption that classical
H; antagonists would share with the natural agonist
the interaction between their imidazole ring and E206.
This hypothesis is based on the partial structural simi-
larity between histamine and imidazole-containing Hj
antagonists (i.e., the imidazole ring, the spacer, and
the basic or polar portion) and on established SAR anal-
ysis.3%%* Clobenpropit and thioperamide (Fig. 1) were
the first two compounds docked within the binding site
cavity. These two compounds were chosen as represen-
tatives of imidazole antagonists having a strongly basic
and a neutral polar group in their side chain, respective-
ly. Explorative runs of molecular dynamics simulations
on the complexes between the receptor and the two
antagonists revealed that, besides E206 and D114, two
tyrosine residues, Y189 belonging to the extracellular
loop 2 and Y374 in TM6, are positioned in proximity
of the ligands and could participate in the interaction
(Figs. 4A and B). Moreover, the two lipophilic groups,
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Figure 2. Sequence alignment between bovine rhodopsin and rat histamine Hj receptor. Numbering of rhodopsin residues is reported in the top lines,
and numbering of Hj receptor amino acids in the bottom lines. The putative transmembrane domains of the H; receptor model are shaded.
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Figure 3. Ramachandran plot for the H; receptor model. Amino acids
in the disallowed region: T15, R347, 1432, and H437.

the p-Cl-benzyl of clobenpropit and the cyclohexyl one
of thioperamide, could be allocated in two different
pockets, which were named P1 and P2 (Fig. 4). These
pockets are mainly of lipophilic nature; the bigger one,
P1, is deeply inserted between helices 3, 6, and 7 and

the p-Cl-benzyl substituent of clobenpropit is surround-
ed by L117, C370, W371, F367, W402, and N404. The
other pocket, P2, is delimited by Y91, W110, H187,
F398, W399, and W402, the last residue being at the
boundary between the two pockets. The existence of a
pocket corresponding to Pl had been proposed by
Yao et al.’” in their model of Hj receptor; although
some amino acids (i.e., C370 and N404) are common
to both models, they inserted the antagonists more deep-
ly within the pocket. A similar binding cavity had also
been described in a recently reported homology model
of the dopamine D, receptor.®> The D, antagonist spip-
erone had been docked with the basic group close to
D3.32 (corresponding to our Asp114) and its phenyl-tri-
azaspiro[4.5]decanone substructure inserted in a region
mainly composed of amino acids belonging to TM 3,
6, and 7, corresponding to many of those defining our
P1 pocket. The role of this region in ligand recognition
is supported by the observed changes in binding affinity
deriving from mutations in adjacent amino acids (N7.43
and D2.50).

The role of the interaction between the imidazole ring
and E206 is challenged by mutagenesis experiments,
indicating that E206A mutation did not signiﬁcantly
modify the K, value for the radioligand ['**I]-iodopr-
oxyfan.** Todoproxyfan, 4-[3-(4-iodo-benzyloxy)-pro-

pyll-1 H-imidazole, has only an ether oxygen as the

Figure 4. Energy-minimized molecular dynamics average structures of thioperamide (A, orange carbons), clobenpropit (B, magenta carbons), 1 (C,
yellow carbons), and VUF5228 (D, violet carbons) within the proposed Hj; receptor binding site. Amino acids involved in polar interactions are
represented with white carbons. Hydrogen bonds are indicated with red dotted lines. Pockets P1 and P2 are indicated by the blue lines in (A) and (B).
In (C), a section of the binding site surface colored according to lipophilicity (brown: most lipophilic; blue: most hydrophilic) is also represented.
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polar portion, and it is reasonable to suppose that it
would hardly interact with D114 by means of this atom,
possibly leading to a different binding scheme. In fact,
automated docking of iodoproxyfan in our Hj receptor
model gave, besides solutions characterized by the inter-
action of the imidazole with E206, also different solu-
tions, where the imidazole ring interacted with D114
and the lipophilic moiety was deeply inserted within
the P1 pocket.

A superposition of clobenpropit and thioperamide simi-
lar to that resulting from these studies had been previ-
ously suggested on the basis of a pharmacophore
model.?* This had led to the synthesis of a derivative of
clobenpropit with two lipophilic groups at the isothiou-
rea moiety, resulting a potent H; antagonist
(VUF5228, N-(4-chlorobenzyl)-N-cyclohexyl-S-[3-(4(5)-
imidazolyl)- propyl]isothiourea, pK; = 9.3).>* This com-
pound, having a flexible chain spacer, was docked within
our Hj receptor model and the complex was submitted to
MD simulations, giving a pattern of interactions similar
to those of clobenpropit and thioperamide. The imidaz-
ole ring interacted with E206, while the charged isothiou-
rea was hydrogen-bonded to D114 and Y374; the
p-Cl-benzyl and the cyclohexyl substituents were posi-
tioned within the P1 and P2 pockets, respectively
(Fig. 4D). As no conformationally constrained com-
pounds directly deriving from the superposition of clo-
benpropit and thioperamide have been described, we
prepared compound 1, in which the rigid imidazolyl-pi-
peridine scaffold of thioperamide carries a basic guani-
dine group, substituted by a cyclohexyl and a benzyl
group attached to different nitrogens (Fig. 1). This com-
pound revealed a good affinity for rat Hjz receptors
(pK; = 8.02, Table 2), and the limited pK; reduction, with
respect to clobenpropit and thioperamide (pK; = 9.326°
and 8.59.%7 respectively) led us to the conclusion that
the binding site could actually accommodate two bulky
lipophilic substituents linked to the central basic polar
group in the conformation supposed by the pharmaco-
phore model described by De Esch et al. and confirmed
by our conformationally constrained derivative.

Compound 1 was docked within the Hj receptor model;
the position of the ligand and the whole pattern of inter-
actions were maintained during 1 ns MD simulation
performed on the complex (Fig. 5). The interaction of
1 with the H; receptor consisted of a hydrogen bond be-
tween the imidazole ring and the carboxyl group of E206

Table 2. H; receptor affinity and antagonist potency of newly
synthesized compounds

Compound pK*® pK,>¢

1 8.02+0.12 8.83+0.12
8 7.13+0.09 8.22£0.09
9 7.81 £0.02 8.53£0.12

2 Inhibition of [PHJRAMHA-specific binding to rat cerebral cortex
membranes.

®Means + SEM of four independent determinations.

¢ Antagonism of RAMHA-induced inhibition of twitch response of
guinea-pig isolated ileum. pK, values were obtained according to
Furchgott’s method.”
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Figure 5. Root mean square distances (RMSD) calculated for com-
pound 1 and the Hj receptor residues within a sphere of 6 A around
the ligand, during 1 ns MD simulation, after an equilibration time of
100 ps.

and of two additional hydrogen bonds taken by the gua-
nidine group with D114 and Y374 (Fig. 4C). In its cat-
ionic state, the guanidinium fragment acted as a
hydrogen bond donor toward the oxygen of Y374. Even
if electron delocalization reduces the ability of phenolic
oxygens to receive hydrogen bonds, the occurrence of
this kind of interaction is supported by some cases ob-
served in the PDB®® (PDB IDs: 1KZJ, IMCH, IN1M,
1HSB). It is also worth noting that Y374 is conserved
among the histamine receptors and it is spatially close
to W371, the tryptophan residue supposed to be in-
volved in receptor activation;***! this interaction could
therefore be critical for the antagonist behavior of these
ligands. In analogy with the results obtained for cloben-
propit and thioperamide, the tyrosine residue Y189 re-
mains close to the ligand without interacting with it,
but forming a hydrogen bond with the other tyrosine
Y374. As expected from the superposition of clobenpro-
pit and thioperamide, the two lipophilic groups (i.e., the
benzyl and the cyclohexyl ones) occupied the two pock-
ets P1 and P2, respectively. Compound 1 was also
docked within the H; receptor by means of an automatic
docking procedure, looking for possible alternative dis-
positions. Among the solutions with high estimated
binding energy, three main clusters were obtained, in
which the imidazole ring, besides the accommodation
in proximity of E206, was positioned in the two pockets
P1 and P2. These alternative solutions resulted not sta-
ble when submitted to geometry optimization and MD
simulations, loosing some of their polar interactions.

After the identification of the aforementioned binding
site, several classic H; antagonists were successfully
docked and submitted to MD simulations (e.g., ciprali-
sant and derivatives, ciproxifan, and imoproxifan) giv-
ing solutions consistent with the proposed binding
scheme (data not shown). The ability of this model to
reproduce SARs was deeply investigated considering a
series of potent H; antagonists having a flexible chain
and a 2-aminobenzimidazole moiety.3®3° An interesting
SAR profile had been previously reported for these com-
pounds (see Section 1 and Table 1): while for derivatives
with shorter chain (2-4) the methylation of the exocyclic
nitrogen led to a decrease in affinity and the methylation
of the endocyclic one to an increase in potency, the
opposite was observed for compounds with longer chain





S. Lorenzi et al. | Bioorg. Med. Chem. 13 (2005) 5647-5657 5653

(5-7), which showed the highest potency for the parent
(5) and the 2-N-methylamino derivative (6). Docking
and MD simulations provided an interpretation of these
SARs. The two parent compounds 2 and 5 were docked
into the binding site, arranging the imidazole ring be-
tween E206 and Y189, and the 2-aminobenzimidazole
group close to D114 and Y374. The two complexes were
submitted to MD simulations and the energy-minimized
average structures obtained from 30 representative
snapshots of MD trajectory are represented in Figure
6A. The imidazole rings interact not only with the car-
boxyl group of E206 but also with the hydroxyl function
of Y189. This interaction pattern is comparable to that
found for the imidazole ring in the crystal structure of
histamine bound to female-specific histamine binding
protein (PDB ID: 1QFT).% On the basis of the analysis
of the structure of bovine rhodopsin bound to retinal
and of mutagenesis data from aminergic receptors, a
role of EL2 in the definition of the binding site of amin-
ergic receptors has been recognized. In particular, the
amino acids immediately following the conserved cys-
teine residue in EL2 (i.e., Y189 in the H; receptor) were
defined as potentially able to face the binding site.””
However, the supposed role of these amino acids in Hj
antagonist binding is far from being demonstrated. In
fact, no experimental data have been reported about its
importance in antagonist binding, and thioperamide
binds with comparable potencies to Hs and Hy receptor,
where Y189 is replaced by a glutamic acid.”! These obser-
vations, and the fact that a direct interaction was only
observed in the MD runs for 2-aminobenzimidazole
derivatives, do not support a crucial role for this residue.

While the imidazole rings of the two compounds main-
tained the original polar interactions, the benzimidazole
moieties showed different arrangements, influenced by
the different length of the polymethylene chain. In fact,
the more potent compound 5 was able to interact with
both D114, through its endocyclic NH, and Y374,
accepting a hydrogen bond through the other benzimid-
azole nitrogen; on the contrary, the shorter compound 2
gave a different arrangement, placing its benzimidazole
nucleus into the lipophilic pocket P1. This resulted in
worse polar interactions, as illustrated by the sum of
the distances between the four couples of atoms in-
volved in polar interactions: 10.93 £0.27 A for com-
pound 5 and 13.16£0.86 A for compound 2,
evidencing both a longer mean value and wider
oscillations for compound 2; this could be related to

/E206

the different affinity of the two compounds. Docking
and MD simulations on the methylated derivatives gave
results consistent with the data reported in Table 1. In
fact, while for the longer compounds only methylation
of the exocyclic nitrogen was allowed to preserve polar
interactions, N-methylation of the benzimidazole in
the shorter series led to a better steric arrangement
which, in the absence of strong polar interactions, could
be responsible for the small increase of affinity observed
for compound 4 over 2 (Fig. 6B).

To further evaluate the stability of the ligand-receptor
interactions, MD simulations were performed for the
complexes between the Hj receptor and compounds 1,
2, and 5 with mobile protein backbone, applying only
constraints necessary to maintain the starting tertiary
structure of the protein. No relevant differences from
the previously described ligand-receptor interactions
were observed, except for the slightly greater mobility
of the ligands. In particular, the sum of the distances
between interacting groups increased more for the less
potent compound, 2 (16.54 £ 0.88 A), than for the
more potent one, 5 (11.21 + 0.37 A).

To finally validate our model, we prepared two new
benzimidazole derivatives with limited conformational
freedom. We observed that the conformation of the
three-methylene chain in the putative active form of 5
(Fig. 6A) resembled the shape of a piperidine ring.
The imidazole ring and the attached methylene group
occupied the space of a 3-equatorial substituent on this
hypothetical ring. Compounds 8 and 9 (Fig. 7) were
therefore synthesized and tested, having predicted a bet-
ter fit of the Hj receptor binding site for 9. As expected,
the second compound showed higher affinity than the
first (8: pK; = 7.13, (£)9: pK; = 7.81), even if it was less
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Figure 7. Newly synthesized H; antagonists, 8 and 9, with limited
conformational freedom.

Figure 6. Energy-minimized molecular dynamics average structures of compounds 2 and 5 (A, violet and green carbons, respectively), compounds 4
and 6 (B, magenta and yellow carbons, respectively), and compounds 8 and 9 (C, green and orange carbons, respectively) in the H; receptor binding
site. Amino acids involved in polar interactions are represented with white carbons. Hydrogen bonds are indicated with red dotted lines.
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potent than the corresponding open compound 6
(pK; = 8.6.0). The pharmacological characterization of
the newly synthesized compounds 1, 8, and 9 is reported
in detail in Table 2. The limited, but significant drop of
pK; could be due to the fact that the racemate of 9 was
tested, or to an unfavorable steric effect of the piperidine
ring, but it is our opinion that only qualitative, yet use-
ful, indications can be expected from approximate mod-
els like the one presented here. Docking and MD
simulations revealed that 9 was able to undertake the
same pattern of interactions as the other 2-aminobenz-
imidazole derivatives and also 8 could be accommodat-
ed in the binding site in a good arrangement (Fig. 6C);
however, the mean value of the distances describing po-
lar interactions with the amino acids of the binding site
was lower for compound 9, in accordance with its higher
experimental affinity. No quantitative structure—activity
relationship was sought for the distances between inter-
acting groups and the potency of the compounds,
because of the approximations in model building and
the low number of degrees of freedom.

Two models of the rat H; receptor have previously been
published, in which Hj receptor antagonists had been
docked. The position of our putative binding site is similar
to that presented in the work by Stark et al.,>® but the
interaction between the imidazole ring and the receptor
is quite different. In that model the imidazole ring inter-
acts with two acidic residues (E206 and E191), while in
the present model it interacts with an acidic amino acid
and a tyrosine residue. In our model, D114 interacts with
the polar portion of all the H; antagonists under investi-
gation; in the model proposed by Stark et al. the bulky
cyclohexyl ring of thioperamide prevents the interaction
between D114 and its thiourea group. In the second Hj
receptor model, reported by Yao et al.,>” both agonists
and antagonists have been placed within the P1 pocket,
in an arrangement completely different from that pro-
posed here.

In conclusion, a model of the H; receptor is presented,
with its validation through the analysis of SARs for clas-
sical H; antagonists and the synthesis of new com-
pounds. The ability of this model to explain and
predict structure—activity profiles for a series of classical
H; antagonists resulted satisfactory on a qualitative
scale; the high flexibility of the model implies that differ-
ent solutions can be found, and the consideration of
average conformations from stabilized MD simulation
helps in the evaluation of new ligand structures.

5. Experimental
5.1. Chemistry

5.1.1. General methods. Melting points of intermediates
and final compounds were not corrected, and were
determined with a Biichi instrument (Tottoli) and with
Gallenkamp melting point apparatus. The final com-
pounds were analyzed for C, H, and N: the percentag?’es
we found were within £0.4 of the theoretical values. 'H
NMR spectra were recorded on a Bruker 300

spectro-meter (at 300.13 MHz); chemical shifts (6 scale)
are reported in parts per million (ppm) relative to the
central peak of the solvent. '"H NMR spectra are report-
ed in order: multiplicity and number of protons. Abbre-
viations are the following: Im, imidazolyl; Bz,
benzimidazolyl; Pip, piperidyl. Mass spectra were
recorded using a Finnigan MAT SSQ 710 instrument.
Reactions were monitored by TLC, on Kieselgel 60 F
254 (DC-Alufolien, Merck). Final compounds and inter-
mediates were purified by chromatography on prepara-
tive Gilson MPLC, using a SiO, column (MN-Kiesegel
25-40 ym Macherey-Nagel). Abbreviations for solvents
are the following: Et,O, diethyl ether; DCM, dichloro-
methane; EtOH, ethanol; DMF, dimethyl formamide.

5.1.2. N-Benzyl-N'-cyclohexyl-4-(1 H-imidazol-4-yl)-pi-
peridine-1-carboxamidine dioxalate (1-2C,H,04). A
solution of 1.05 mmol (0.24 g) of benzyl-cyclohexyl-car-
bodiimide (11) and 1.25 mmol (0.19 g) of 4-(1H-imi-
dazol-4-yl)-piperidine (10) in 1ml of 2-methyl-2-
propanol was heated at reflux temperature for 20 h under
nitrogen atmosphere. The solvent was evaporated under
reduced pressure and the crude product was purified by
column chromatography [SiO, methanol (NH; 5%
w/w)]. The free base was treated with a saturated ethanolic
solution of oxalic acid to yield 0.40 mmol (0.22 g, 38%) of
dioxalate of 1, after crystallization from EtOH abs/Et,O.
Mp 197-198 °C dec.

'"H NMR (DMSO-dy): & 1.00-1.27 ppm (m, 5H), 1.52—
1.75 (m, 7H), 2.00 (d, 2H), 2.91 (s, 1H), 3.16-3.24 (t,
3H), 3.68 (d, 2H), 4.41 (d, 2H, CHs), 7.07 (s, 1H, Im-
5-H), 7.29-7.43 (m, 5H, Benzyl), 7.57 (d, 1H), 8.16 (s,
1H, Im-2-H). MS (CI) 366 [M+1]". Anal. (C»H3Ns-
2C,H,0,4 - 1/2 H,0) C, H, N.

5.1.3. 2-[4-(1 H-Imidazol-4-yl)-piperidin-1-yl]-1 H-benz-
imidazole dihydrochloride (8 - 2HCI). A solution contain-
ing 2.98mmol (045g) of 4-(1H-imidazol-4-yl)-
piperidine (10) and 1.97 mmol (0.30 g) of 2-chlorobenz-
imidazole in 3 ml of DMF was heated at 140 °Cfor 3 h un-
der nitrogen atmosphere. The reaction mixture was then
treated with aqueous sodium carbonate and extracted
with ethyl acetate. The organic layer was dried over sodi-
um sulfate and evaporated under reduced pressure. The
crude product was purified by column chromatography
(SiO, dichloromethane/methanol (NH; 5% w/w)/metha-
nol 100:2:8).

The free base was treated with EtOH saturated with HCI
to yield 0.58 mmol (0.20 g, 29%) dihydrochloride of 8,
after crystallization from EtOH abs/Et,O. Mp 260 °C
dec.

'"H NMR (DMSO-d;) 6 1.68-1.81 (m, 2H, Pip), 2.10 (d,
2H, Pip), 3.12 (t, 1H, Pip), 3.42 (t, 2H, Pip), 4.32 (d, 2H,
Pip), 7.24-7.27 (m, 2H, Bz), 7.36-7.40 (m, 2H, Bz), 7.48
(s, 1H, Im-5-H), 8.77 (s, 1H, Im-2-H). MS (CI) 268
[M+1]*. Anal. (C;sH;7Ns-2HCIl- H,0) C, H, N.

5.1.4. 2-[3-(1 H-Imidazol-4-ylmethyl)-piperidin-1-yl}-1H-
benzimidazole dihydrochloride (9 - 2HCI). A mixture con-
taining 1.53 mmol (0.50 g) of 3-(1 H-imidazol-4-ylmeth-
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yl)-piperidine (12) and 0.77 mmol (0.12 g) of 2-chloro-
benzimidazole was added to 5 ml of 3-methyl-1-butanol
and heated at 130 °C for 18 h under nitrogen atmo-
sphere. The reaction mixture was then treated with
diethyl ether and the resulting precipitate was filtered
off and purified by column chromatography (SiO,
dichloromethane/methanol (NH3 5% w/w) 20:1).

The free base was treated with EtOH saturated with HCI
yielding 0.45 mmol (0.16 g, 60%) dihydrochloride of 9,
after crystallization from EtOH abs/Et,0. Mp 188-
190 °C.

'H NMR (DMSO-dy) & 1.25-1.3 (m, 1H, Pip), 1.52-1.57
(m, 1H, Pip), 1.72-1.83 (m, 2H, Pip), 2.00 (s, 1H, Pip),
2.59-2.76 (m, 2H, Pip), 3.08 (t, 1H, Pip), 3.27 (t, 1H,
Pip), 3.81 (d, 2H, CH,), 7.23-7.26 (m, 2H, Ph), 7.34-7.36
(m, 2H, Ph + Im-5-H), 8.80 (s, IH, Im-2-H). MS (CI) 282
[M+1]+. Anal. (C|6H19N5 -2HCI - EtOH) C, H, N.

5.2. Pharmacology

5.2.1. Binding assays. Rat (Wistar) cerebral cortex mem-
branes were incubated for 30 min with PHJRAMHA
0.5nM and the compounds were studied (1 nM-10
uM), in Tris-HCI 50 mM, pH 7.4, NaCl 50 mM, EDTA
0.5 mM and rapidly filtered under vacuum (AAWP Milli-
pore filters 0.8 pm). Specific binding was defined as the
binding inhibited by thioperamide 10 uM, and the pK;
values were calculated from the ICsq values estimated in
displacement curves of the compounds tested versus
0.5nM [’HJRAMHA according to Cheng-Prusoff’s
equation.”?

5.2.2. Functional assays. Portions of guinea-pig ileum
were mounted on a coaxial platinum electrode assembly
in a 10 ml water-jacketed organ bath containing Krebs—
Henseleit solution aerated with 95% 0,-5% CO, and
maintained at 37 °C. Single electrical pulses were deliv-
ered to the tissue (0.1 Hz, 1 ms, 2040 mA) from a stim-
ulator (LACE Elettronica Model ES-3, Ospedaletto PI,
Italy). Cumulative concentration-response curves for
the inhibition of electrically stimulated contractions
were determined for the Hj selective agonist RAMHA
(1 nM-1 uM). The tissues were allowed to equilibrate
with the compounds under study (1 nM-10 uM) for
30 min before the generation of concentration-response
curves to the agonist. pKy, values (‘apparent pA,’) were
determined according to Furchgott’s equation.”?

5.3. Model building and molecular modeling

The initial alignment between the amino acid sequences
of bovine rhodopsin (BR) (Swiss-Prot ID P02699) and
rat histamine Hj; receptor (Swiss-Prot ID Q9QYNS)
was performed using the program ClustalW,’”* with
PAM2507° scoring matrix, opening gap penalty of 10,
end gap penalty of 10, extending gap penalty of 0.05,
and separation gap penalty of 0.05. The alignment was
inspected and modified in the region of the second extra-
cellular loop to allow the formation of a disulfide bond
between the two cysteines C107 in TM3 and CI88 in
EL2. The final alignment is reported in Figure 2.

The high-resolution crystallographic coordinates of BR
(PDB ID 1U19)* were taken from the RCSB Protein
Data Bank.%® Employing the Biopolymer module of Syb-
yl 6.8 software,’® the amino acids in the transmembrane
(TM) regions of BR were mutated to those of the rat Hs
receptor, and the loop regions were inserted by the Pro-
tein Loop Search procedure. The long third intracellular
loop of the Hj receptor was not modeled; the backbone
of BR loop was maintained, replacing the amino acid
side chains with those of the corresponding amino acids
in the Hj receptor. The model of the Hj receptor was
submitted to geometry optimization with the MMFF94s
force field”” implemented in Sybyl, with a dielectric con-
stant of 1 and a non-bonded cutoff of 8 A, applying a
stepwise procedure. Initially, the backbone of the TMs
was kept fixed, while the backbone of other regions
and all the side chains were submitted to 20,000 steps
of energy minimization employing the Powell method.”®
Distance constraints were then introduced between the
backbone atoms of the TMs involved in hydrogen
bonds, and the whole structure was energy minimized
for three runs of 20,000 steps each, gradually reducing
the force constant of the constraints (100, 50, and
25 keal/(mol A?), respectively). In a fourth run, the con-
straints were removed and the receptor was fully mini-
mized to a gradient of 0.02 kcal/(mol A).

Ligand structures were built by the standard sketch op-
tions of Sybyl and they were submitted to geometry
optimization with MMFF94s force field to a gradient
of 0.01 kcal/(mol A) before the docking procedure. Clo-
benpropit, VUF5228, and compound 1 were considered
protonated at the isothiourea or guanidine group. Li-
gands were merged into the putative binding site, allow-
ing the imidazole ring to interact with E206 and the
polar group with D114. The N*-H tautomer of the neu-
tral imidazole ring was considered for all ligands, being
the one able to interact with the carboxyl function of
E206. The ligand accommodation was refined by 100
steps of the Dock Minimize procedure in Sybyl with
the MMFF94s force field; the geometry of the ligand-re-
ceptor complexes was then optimized to a gradient of
0.05 kcal/(mol A), keeping the position of the protein
backbone atoms fixed.

Besides the interactive docking procedure, the program
AutoDock 3.0.57° was employed to dock the antagonist
1 into the receptor binding site, starting from a mini-
mum energy conformation placed in an arbitrary orien-
tation. A grid of 80x 80 x 80 points with 0.375 A of
spacing interval, centered on the carboxyl carbon of
D114 was chosen, and docking solutions were searched
applying a genetic algorithm-local search procedure,
with standard parameters.®° The 100 solutions obtained
were ranked and clustered on the basis of their estimated
binding energy, as calculated by AutoDock.

Molecular dynamics simulations were performed with
Macromodel 8.0,%! employing the MMFF94 force field
with a time step of 1.5fs, a_dielectric constant of 1
and a non-bonded cutoff of 8 A, keeping fixed the posi-
tion of the backbone atoms. Starting from minimum
energy conformations of the receptor-ligand complexes,
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the temperature was gradually raised to 310 K during an
equilibration period of 100 ps and it was maintained for
1 ns, collecting 200 snapshots every 5 ps. The average
structures obtained from 30 representative snapshots
of MD trajectory were energy minimized with the
MMFF94s force field to a gradient of 0.05 kcal/(mol A)
with fixed protein backbone.

For the complexes between the H; receptor and com-
pounds 1, 2, and 5 MD simulations were also performed
with mobile protein backbone atoms. Distance con-
straints were applied between the backbone N and O
atoms of TM regions involved in hydrogen bonds, with
a force constant of 500 kJ/(mol A? ) and a tolerance of
0.3 A to keep the a-helix secondary structure, and a po-
sition constraint was introduced for all the backbone
atoms, with a low force constant of 50 kJ/(mol A?) and
a tolerance of 1.0 A.

During MD simulations, at each snapshot, the sum of
four distances between interacting groups of the Hj
receptor and the ligand was monitored: (1) the distance
between the carboxyl oxygen of E206 and N' of the
imidazole ring; (2) the distance between the oxygen of
Y189 and N™ of the imidazole ring; (3) the distance be-
tween the carboxyl oxygen of D114 and the endocyclic
NH of the benzimidazole ring; and (4) the distance be-
tween the oxygen of Y374 and the N atom of the benz-
imidazole ring.
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Abstract—Electrospray ionization mass spectrometry-guided isolation of extracts from Didiscus aceratus led to the discovery of sev-
eral new derivatives of the bioactive bisabolene-type sponge metabolite (S)-(+)-curcuphenol (1). The compounds obtained by this
method included a mixture of known (2) and new (3) dihydroxylated analogs as well as a novel family of dimeric derivatives, dic-
urcuphenols A-E (4-8), and dicurcuphenol ether F (9). Dimers 4-9 were also subsequently obtained through a hemisynthetic meth-
od in which 1 was incubated with the enzyme laccase. Atropisomeric dimers 5 and 6 were subjected to vibrational circular dichroism
analysis thereby establishing their absolute biaryl axial chirality as P and M, respectively. In contrast to 1, metabolites 2-9 exhibited

weak or no cytotoxic or lipoxygenase inhibitory effects.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Bisabolene-type sesquiterpenoids constitute a class of
broadly active natural products biosynthesized by a di-
verse range of organisms from both terrestrial and mar-
ine habitats. Within the marine environment alone,
numerous bisabolene sesquiterpenoids have been report-
ed from sponges (Acanthella," Arenochalina,®> Axinyssa,’>
Ciocalypta,* Didiscus,>® Epipolasis,”® Halichondria,’
Haliclona,"® Myrmekioderma,"' and Theonella'>'3), a
nudibranch,'* gorgonians,'>'® a sea hare,!” and red
algae.?>?! Included among these discoveries are a num-
ber of uniquely functionalized bisabolene species such as
heterocyclic,'® nitrogenous,>*%!3 halogenated,'® poly-

Keywords: Atropisomer; Curcuphenol; Dicurcuphenol; Didiscus ace-
ratus; Dimer; Laccase; Lipoxygenase; Vibrational circular dichroism
(VCD).
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hydroxylated quinone,'® and acetylated®® derivatives
that have significantly broadened the biosynthetic scope
of this distinct chemical family. It is of particular interest
to note that two unique classes of bisabolene-type
metabolites are recognized based on their C-7 absolute
stereochemistry. As previously described,! all known
sponge-derived bisabolenes possess a 7S configuration
while the remaining marine and terrestrial metabolites
exhibit a 7R configuration.

The lead compound of this family, (S)-(+)-curcuphenol
(1) (Cy5H»,0), has attracted much attention due to its
distribution among marine sponges and biological activ-
ities. This compound has been encountered as a major
sesquiterpene metabolite (yield > 1 % dry weight) in four
sponge genera (Arenochalina,” Didiscus,>® Epipolasis,’®
and Myrmekioderma'") from the Caribbean,>%%!! wes-
tern Australia,” and Japan.!' In contrast, the marine
occurrences of the optical antipode of 1, (R)-(—)-curcu-
phenol, have been limited to several New World gorgo-
nians from the genus Pseudopterogorgia.'>'®'8 These
compounds are reported to possess numerous biologi-
cal effects including antimicrobial,>®!® H/K-ATPase
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inhibitory,” antiplasmodial,® and cytotoxic activities.??
In light of these promising findings, we believed that
the search for novel derivatives of 1 would be rewarding.
It could provide opportunities to explore new structural
themes and further probe the pharmacological activities
in this family of bioactive metabolites.

Herein, we report on the discovery of a unique branch in
this family of sponge-derived curcuphenol metabolites
based on ESIMS screening of extracts. The goal of the
project was to engage in the structure elucidation, abso-
lute configuration analysis, cytotoxicity, lipoxygenase
inhibition, and active site modeling of the new com-
pounds encountered. Further insights addressing the
biogenic origin of the curcuphenol-derivatives are also
addressed. Additionally, we highlight the first applica-
tion of vibrational circular dichroism (VCD)?? to the
stereochemical analysis of marine natural products. Tra-
ditional UV-—circular dichroism (CD) studies, as exem-
plified by numerous scholarly studies performed by
Prof. Koji Nakanishi and colleagues,?*>> have greatly
enhanced the field of stereochemical analysis in organic
chemistry. Our studies serve as an extension of these
insightful efforts via the application of contemporary
VCD analysis methodologies that should serve to com-
pliment traditional UV-CD techniques.

2. Results and discussion
2.1. Summary of compounds studied

Sponges from the western Indo-Pacific region have con-
tinued to serve as a source of unique and bioactive sec-
ondary metabolites. Many of the specimens in our
extensive collection have been subjected to preliminary
bioactivity screening with a simple brine shrimp assay.?°
Partitioning of the total crude organic extract of Didis-
cus aceratus (Ridley and Dendy)?” yielded a CH,Cl, sol-
uble fraction that exhibited potent toxicity against brine
shrimp (100% lethality in ~20 min, 10 pg/mL). Bioas-
say-guided isolation of the active fraction provided
(S)-(+)-curcuphenol (1) (Fig. 1) identified by its HRE-
SIMS (m/z 219.1746 [MH]", caled for C;sH»;0,
219.1749), NMR data, and optical rotation value.®’
Studies of the cancer cell cytotoxicity of compound 1
were performed as previously described.?® These data
revealed that 1 possessed moderate, but nonspecific tox-
icity against human bone marrow, leukemia, and colon
solid tumor cell lines as observed earlier for similar cur-
cuphenol analogs?> and therefore was not pursued for
subsequent in vivo evaluation.

Interestingly, further consideration of the planar struc-
ture of 1 revealed that it shared several key features with
other marine biomolecules previously isolated by our
laboratory that exhibited potent inhibition against
human lipoxygenases.?3? These attributes included (i)
a polar phenolic head group, (ii) a lipophilic tail, (iii)
moderate ¢ Log P value (4.9), and (iv) probable redox
activity. In view of these features, compound 1 was test-
ed and determined to be a potent, but nonselective
inhibitor of human lipoxygenases (human 12-lipoxyge-

7and 8
(P*and M%) HsC,

HaG

Figure 1. Structures of the bisabolene sesquiterpene (S)-(+)-curcuphe-
nol (1) and derivatives (2-9) obtained from Didicus aceratus in this
study.

nase (12-hLo): ICs 2.9 + 0.4 uM and human 15-lipoxy-
genase (15-hLo): ICso 1.6 £ 0.3 uM).

The overwhelming presence of 1 in the D. aceratus
extracts (>8% of total crude extract) precluded the direct
bioassay-guided isolation of related analogs from the
remaining fractions due to the masking effects of 1.
Another approach based on ESIMS analysis of the
sponge extracts was utilized to systematically screen
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for the presence of analogs of compound 1. It was antic-
ipated that these compounds would help compliment
our growing library of marine-derived human lipoxyge-
nase inhibitors and shed further light on key structure—
activity relationships of these biomolecules. Conse-
quently, two fractions were identified that exhibited
m/z 253 [MH]+ (C15H2503) and 435 [MH]+ (C30H4302)
representing dihydroxylated and dimeric curcuphenol
species, respectively. Subsequent ESIMS-guided isola-
tion led to the purification of a mixture of the known
10B-hydroxycurcudiol® (2) and new 10a-hydroxycurcu-
diol (3) as well as six curcuphenol dimers, dicurcuphe-
nols A-E (4-8) and dicurcuphenol ether F (9) (Fig. 1).

2.2. Structure determination of compounds 2-9

Compounds 2 and 3, obtained as a mixture, were not
further separated because their characterization as
10-hydroxycurcudiol (syn 10,11-dihydroxycurcuphenol)
diastereomers was straightforward. The HRESIMS
(obsd m/z 253.1800; calcd for C;sH»503, 253.1804) of
the single HPLC peak containing 2 and 3 indicated that
two OH groups have been added to the curcuphenol (1)
skeleton. Further attempts on separating 2 and 3 by
HPLC provided inadequate resolution of the metabolites;
therefore, structure determination proceeded with the
mixture. Inspection of the 'H, ’C, and DEPT NMR
spectra of the mixture confirmed the presence of 10p3-
hydroxycurcudiol (2) that was previously reported as a
microbial biotransformation product of 1.> A second set
of closely aligned peaks of equivalent intensity was also
noted in the NMR spectra. Careful examination of these
proton and carbon spins indicated that they were derived
from the C-10 epimer of 2, 10a-hydroxycurcudiol (3).

The remaining compounds, 4-9, were isomeric dimers
that each exhibited m/z 435 [MH]" by low-resolution
MS. Their molecular formulas were subsequently estab-
lished as C5oH4,0, by HRESIMS. Compared to curcu-
phenol (1), this represented nearly double the number of
carbon (2 x 15C), hydrogen (2 x 22H-2H), and oxygen
(2 x20) atoms expected for two units of monomeric 1.
The loss of 2H atoms was determined to arise from
the formation of a new covalent bond indicating that
4-9 were dimeric metabolites of 1. An initial assessment
of the "H NMR spectra of 4-9 confirmed that these
metabolites exhibited analogous spectral features to 1
thereby establishing their common curcuphenol-derived
skeleton. Most of the upfield "H NMR peaks appeared
doubled in 4-9 compared to 1; however, the downfield
aromatic resonances of the dimers differed significantly
both in the absence of key proton spins and/or divergent
chemical shifts indicating that dimerization had oc-
curred through the aryl portion of 1. The structure elu-
cidation of 4-9 was greatly supported via utilization of
the comparative "H NMR spectra as illustrated in Fig-
ure 2. Further confirmation of these assignments was
achieved by '*C NMR and HMQC/HMBC experiments
focusing on the downfield spectral region in order to dis-
cern the unique aryl linkages of these six dimers.

The benzenoid protons of dicurcuphenol A (4) appeared
as singlets (6 6.90, 6.87, 6.68, and 6.67) versus the dou-

CH; OH

78 .

Y T

—— -t
7.0
Figure 2. Comparative partial '"H NMR spectra of compounds 1

(panel ‘@’), 4 (panel ‘b’), 5 (panel ‘¢’), 6 (panel ‘d’), 7 and 8 (panel ‘¢’),
and 9 (panel ).

blets observed in the aromatic region for 1 (H-4 to H-5
coupling). This indicated that the two possible dimeriza-
tion sites were either at the C-4 or C-5 positions of 1.
Thus, three possible dimers were envisioned with the
aryl linkages being between positions C-4 to C-4’, C-5
to C-5', C-4 to C-5'/C-4’ to C-5. All of the nonaromatic
ring NMR signals of 4 could be correlated to resonances
of 1 including C-7 to C-15. Subsequent detailed analysis
of selected elements from 1D- and 2D-NMR data were
required to distinguish among the three alternatives for
the dimer skeleton.

The choice in favor of C-4 to C4’ dimerization in 4 was
made as outlined below. The '*C resonances assigned
to C-4 and C-4' (6 134.8, two quaternary C’s) were
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significantly shifted downfield (Ad ~ 12) relative to C-4
of 1, and protons H-5 and H-5 (both singlets) in 4 were
shifted upfield relative to that of the H-5 doublet in 1 as
illustrated in Figures 2a and b, respectively. The most
important >*Jy;_c data shown in Figure 3 consisted of
distinct three-bond HMBC correlations observed be-
tween H-7/C-5, H-15/C-4, H-7'/C-5', and H-15'/C-4'.
Both of the alternate dimeric structures considered at
the outset were ruled out because several of these
HMBC correlations would span across four bonds.
Further HMBC correlations were ambiguous due to
the coincidental overlap of carbon resonances.

Once separated, it was clear that subtle structural fea-
tures were responsible for the diastereomeric differences
between dicurcuphenols B (5) and C (6). For example,
the downfield resonances in the "H NMR spectra for 5
and 6 exhibited identical multiplet patterns with very
similar chemical shifts as shown in Figures 2¢ and d,
respectively. However, this pair exhibited unique optical
rotatory properties with [ocﬁ)5 +103.0 for 5 and [oc]f)5
+2.87 for 6. The downfield 'H NMR data in Figure 2¢
and d revealed that 5 and 6 possessed biaryl linkages
quite different from that of 4. Two connectivity arrange-
ments were possible for 5 and 6 based on the multiplet
patterns observed for the aryl protons. For example in
5 this consisted of one set of ortho-coupled aromatic
protons (0 6.80 and 7.06, each 1H, d, J = 8.0 Hz, H-4’
and H-5', respectively) and two singlets (6 6.76 and
6.94, each 1H, H-2 and H-5, respectively). Similar
NMR spectral data were observed for 6. Between the
two possibilities for dimerization, C-4 to C-2’ and C-5
to C-2’, only the former was consistent with three-bond
HMBC correlations observed in both 5 and 6 between

Figure 3. Significant HMBC correlations (—) observed for dicurcu-
phenol A (4) and dicurcuphenol ether F (9).

H-7/C-5 and H-2/C-4. The very subtle differences
between 5 and 6 could be attributed to the existence of
stable atropisomers arising from hindered rotation at
the biaryl bond due to the ortho substituents consisting
of one hydroxyl and two methyl groups.

An additional set of closely related diastereomers, dicu-
rcuphenols D (7) and E (8), were co-eluted from Cig
HPLC as an inseparable mixture. As compared with
the downfield 'H NMR spectra for 5 and 6 described
above, the aryl resonances for 7 and 8 in Figure 2e were
comprised of two sets of overlapping doublets. Further-
more, 7 and 8 were distinguished by the lack of singlet
aromatic resonances characteristic of H-2 in 1 (Fig.
la). This unequivocally indicated the presence of a bia-
ryl bond connectivity from C-2 to C-2’ in 7 and 8. In
analogy to the situation above, it was further concluded
that each compound could exist as atropisomers, as
there were now four ortho substituents present in the
vicinity of the biaryl bond. Finally, the resonances for
H-7and H-7’ (Fig. 2e), as well as other upfield signals,
provided insight as to the relative ratio of 7 to 8 in the
mixture (~1:2.3, major isomer not defined here).

It was immediately evident that the final dimer isolated,
dicurcuphenol ether F (9) was different than 4-8. Dimer
9 exhibited five aromatic protons (Fig. 2f), whereas all
the former five compounds had four such protons. The
aryl resonances in 9 consisted of two ortho-coupled pro-
tons, H-4 and H-5 (each d, J=7.5Hz) in addition to
three singlet resonances. These data indicated the pres-
ence of tri- and tetra-substituted aryl rings connected
in two possible ways: C-1 to C-4’, or C-1 to C-5". The
singlet at § 6.32 (H-2) exhibited HMBC correlations to
C-4, which with the above information, was key in defin-
ing the tri-substituted ring. Similarly, the tetra-substitut-
ed ring was delineated by the correlations between H-7/
C-5', H-7//C-1’, and H-15'/C-4’. The other two nearly
overlapping singlets (6 ~ 6.67) were assigned by HMBC
as H-2" and H-5'. The three sets of data supporting the
conclusion that 9 possessed the C-1 to C-4’ linkage were
as follows. The similar shifts of 1 H-2 (§ 6.62) versus 9
H-2’ (0 6.67) were consistent with an additional oxygen
added to the meta and not ortho position in contrast to
the large ortho effect differences in 1 H-5 (6 7.05) versus 9
H-5" (0 6.67). Also, the nearly identical shifts of C-2’
(60 118.0) and C-5' (6 118.8) meant that these carbons
were ortho and para relative to both oxygen substituents.
Finally, the three-bond HMBC correlations observed
between H-5'/C-7', H-15'/C-4’, and H-7'/C-1' fixed
H-5' as being between C-6’ and C-4'.

2.3. Absolute configuration analysis and laccase-mediated
formation of dicurcuphenols 4-9

With the planar structures of the dicurcuphenols estab-
lished, the next challenge was to elucidate their abso-
lute configurations. A key benchmark was the 7S
absolute stereochemistry of (S)-(+)-curcuphenol (1),
previously determined via total synthesis,>* 3> and the
7R stereoisomer, (R)-(—)-curcuphenol, also established
by synthesis.’*3%37 From a biosynthetic perspective, it
seemed reasonable to assume that 4-9 also possessed
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7S, 7'S stereochemistry based on the co-occurrence of
1 with 4-9.

As a logical extension of this observation, it can be
hypothesized that the radical-mediated coupling of 1
would lead to the formation of dimers 4-9. The steps
in this process beginning with loss of H. followed by
reassembly of the various possible radical species are
shown in Figure 4. Numerous organisms, particularly
fungi, are known to possess phenol oxidase-type en-
zymes that are capable of catalyzing the polymerization
of phenolic substrates under both natural and laborato-
ry conditions.?®3° The laccases, which are blue-copper
oxidases, constitute one prominent class of phenol oxi-
dases that have received widespread attention for their
industrial applications.*® Polyphenol oxidase (tyrosi-
nase)*® and horseradish peroxidase*! represent other
notable enzymes that carry out similar transformations.

To test the above hypothesis, an experiment was under-
taken with the goal of using 1 as a substrate for generat-
ing dimers. Accordingly, laccase, polyphenol oxidase,
and horseradish peroxidase were surveyed in a set of
preliminary experiments. The catalysis products were as-
sessed by ESIMS analysis with success achieved in 13
out of 78 different experimental conditions employing
laccase while the other enzymes proved ineffective. Sum-
marized in Table 1 (and Table S1, Supplementary data)

B
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are the conditions producing the desired [MH]" peak at
mlz 435 (C30H430,). Not shown here are data demon-
strating that similar results were obtained using a poly-
phenol oxidase-mimetic periodate oxidation system*?
and Fenton peroxidation.*

Scale-up biocatalysis accompanied by isolation of the
target m/z 435 products afforded the series of compounds
illustrated in Figure 4. All six dimers, 4-9, were formed in
varying relative amounts. Also tabulated are the relative
percentages of these compounds isolated in this study
from the sponge source. Each enzyme reactlon product
was identified by comparisons of their '"H NMR and
optical rotation data to that obtained for the sponge-de-
rived compounds. We were amazed to note that: (i) all of
the sponge-derived dicurcuphenols 4-9 were also pro-
duced by the laccase transformation of 1, (ii) no other di-
mers of 1 were detected, and (iii) the relative yield of the
dimers obtained from laccase incubation were, with
the exception of that for 4, parallel to that from the
sponge source (Fig. 4). These data intimate that 4-9
may also be produced in the sponge by a radical-medi-
ated coupling mechanism. Another important outcome
of the results of Table in Figure 4 is the implications
for bolstering the 7S stereochemical assignment pro-
posed herein for the dicurcuphenols. The biocatalysis re-
sults clearly show that the 7S stereochemistry of 1 is
maintained among dimeric products 4-9.

CH

o

sponge laccase
compound total yield relative  total yield relative
p (%) yield (%)  yield
CH, CH; O dicurcuphenol A 5, 5, 104 33 29 14.2
~ X (4) - ' ’ ’
dicurcuphenol B "
K cH, e 56 10% 87 14 68
dlcurcu(g})wenol Cc 5.6.10% 8.7 11 52
dlcurcu(;;r)\enol D 1.5 10% 23 05 22
dicurcuphenol E 6.5. 10° 1 0.2 1
(8)
dicurcuphenol 4.3 10% 6.7 0.7 32

ether F (9)

Figure 4. Yields and proposed mechanism for the formation of dicurcuphenols A-F (4-9) from the sponge Didicus aceratus and laccase-mediated

biocatalysis of (S)-(+)-curcuphenol (1).

Table 1. Summary of mediators, buffers, and co-solvents tested in the laccase-mediated biocatalysis of curcuphenol (1) to dimers (ESIMS m/z 435).

Mediators Buffers Co-solvents
Benzoic acid* Citrate (0.1 M, pH 5.0)* Acetone
Catechol Potassium phosphate (0.1 M, pH 7.0) Acetonitrile*
Hydroquinone* Butanol
4-Methoxybenzoic acid* Benzene
4-Methoxybenzoic acid polymer* Dimethylforamide*
Phloroglucinol Dioxane*
Tempo Ether
Ethanol*
Isopropanol*
Methanol*
Toluene
Triton X*

Items marked with an asterisk (*) were found to promote the transformation of compound 1. See Table S1 in Supplementary data for complete

experimental details of 78 combinations tested.
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Somewhat surprising is that despite numerous repeated
reisolations of compound 1 from sponges, it has not
been previously reported to be accompanied by dimer-
ized sesquiterpenes. Furthermore, a comprehensive
study® on the microbial biotransformation products of
curcuphenol and curcudiol resulted in the formation of
a large number of functionalized analogs but no dimers
were observed. Surprisingly, these experiments em-
ployed several fungi that are likely to be competent for
the production of laccase or other phenol oxidases. By
ESIMS, we detected dimers of 1 in the sponge crude ex-
tracts and also observed the long-term bench-top stabil-
ity of compound 1 in a variety of solvents (MeOH,
CH,Cl,, CHCIl;, and DMF) suggesting that 4-9 are
not artifacts of our isolation procedures.

It is interesting to note that a similar oxidative coupling
process has been proposed in the formation of the acyl-
phenol dimers, giganteones A and B from the fruits of
the Malaysian plant Myristica gigantea (Myristica-
ceae).** Further biosynthetic parallels can also be drawn
to the formation of the biphenyl lichen metabolite, con-
tortin, from Psoroma contortum™ and cuparane-type
sesquiterpene dimers, mastigophorenes, from the liver-
wort Mastigophora diclados.*® The formation of com-
plex polymeric tyrosine metabolites such as bastadins
from lanthella spp. sponges*’#° and pulcherosine from
sea urchin embryos®® represent pertinent parallels to
the metabolites observed in this study.

Up to this point, the absolute configuration of the biaryl
axial chirality of atropisomers 5 and 6, as well as 7 and
8, still remained undefined. The former two compounds,
and their acetyl and benzyl ester derivatives were oils
that precluded X-ray analysis, while the latter two resist-
ed all of our attempts at chromatographic separation.
The chiroptical data we obtained on the purified isomers
could not be further evaluated because of a lack of
appropriate reference compounds or applicable sets of
empirical rules. Therefore, a sensitive and reference-in-
dependent spectroscopic technique was sought that
could fulfill these required needs. Vibrational circular
dichroism (VCD)!' has developed in recent years as a
powerful, but underutilized method and it seemed rele-
vant to address the difficult assignment of the axial chi-
rality for 5 and 6. In fact, important proof-of-concept
illustrations of the power of this technique to solve
our problem reside in the absolute configuration deter-
mination by VCD of the cotton atropisomers (+)- and
(—)-gossypol as P and M, respectively,’”> and in a
VCD study of an unexpected atropisomerically stable
1,1-biphenyl.>?

The superimposed IR and VCD spectra of atropisomers
5 and 6 shown in Figure 5 provides the key data to be
applied in the stereochemical determination. As expect-
ed, the IR spectra for both atropisomers, are virtually
identical except for the negligible contributions of minor
impurities at ~1700 and 1025 cm™'. In contrast, their
VCD spectra contains important diagnostic bands be-
tween 1600 and 1425 cm ™!, which are of opposite inflec-
tion, arising from the axial chirality differences of this
pair. Some of the remaining VCD bands are nearly

40
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Figure 5. IR (lower traces) and VCD (upper traces, with VCD noise
level shown above) spectra of 5 (red) and 6 (blue), in CDCl; solution.
The IR spectra look quite similar with the exception of minor
discrepancies around 1000-1050 cm™' and 1700 cm™! arising from
impurities. Spectra are solvent subtracted.

superimposible due to the identical chiral alkyl side
chains present in both compounds. Consistent with this
trend are the appearance of the IR and VCD spectra for
1 shown in Figure 6. As expected, the IR spectra of 1, 5,
and 6 are similar while the VCD spectra of 1 is rather
featureless between 1600 and 1425cm™'. This latter
point strengthens observation that this region contained
peaks diagnostic of the P/M axial chirality. The region
between 1400 and 1000 cm™! includes features arising
from both the P/M and 7S chiralities. The strong posi-
tive VCD intensity near 1300 em~'in 1, 5, and 6 is con-
sistent with 7S chirality for this trio of compounds.

The next step in completing the stereochemical analysis
involved generating theoretical VCD spectra expected
for the two configurational possibilities. However, the
flexible nature of the biaryl alkyl side chains presented
a complication because a large set of nearly isoenergetic
solution phase conformations would need to be consid-
ered. As a simplification, the truncated atropisomer (P)-
10 (Fig. 7) was selected for theoretical analysis since it
eliminates conformational flexibility, thus permitting
the singular visualization of VCD effects arising from
axial chirality. Calculations of VCD intensity at the
DFT level were needed for the (P)-atropisomer only
since the opposite (M)-10 structure must exhibit a
mirror image VCD spectrum of (P)-10.
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Figure 6. IR (lower trace) and VCD (upper trace, with the VCD noise
level shown above in red) spectra of monomer 1, in CDClI; solution.
Both spectra are solvent subtracted.
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HO l CH; HO l CH,
Hs Hs
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Figure 7. Model phenol atropisomers (P)-10 and (M)-10 used for
theoretical VCD calculations.

An additional step was needed in order to directly apply
the calculated VCD spectra of model compound (P)-10,
shown as the lower trace in Figure 8, to the stereochem-
ical determination under consideration. Reanalysis of
the VCD spectra for atropisomers 5 and 6 was carried
out to isolate the spectral effects arising from axial chi-
rality. This consisted of subtraction of the VCD spec-
trum of 6 from that of 5 and dividing by 2, and the
resultant difference spectrum is shown in the upper trace
of Figure 8. Focusing on the VCD spectral region be-
tween 1600 and 1400 cm™' in Figure 8, a comparison
of the calculated spectrum for (P)-10 to the difference
spectrum [(VCDs — VCDg)/2 = VCDyjfrerence] revealed
striking similarities among their prominent features.
The close correlation between these spectra is quite out-
standing in view of the simplicity of the model system
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Figure 8. Observed (red, right axes) IR spectrum of 5 and difference
VCD [(5-6)/2] versus calculated (blue, left axes) spectra for the
truncated model compound (P)-10. The observed spectra have been
converted to molar absorptivities for direct comparison with the
calculated spectrum.

employed for this purpose. Therefore, it was unambigu-
ously determined that 5 and 6 exhibit P and M axial chi-
rality, respectively.

2.4. Biological activity and modeling studies of curcu-
phenol metabolites

Studies on the cytotoxic effects of 1, using our standard
disk-diffusion assay,?® revealed that it possessed potent,
but nonspecific activity against several murine and hu-
man cell lines including colon and breast. This was in
accordance with previous bioactivity observations for
analogs of 1. Compounds 2-9 were subsequently
examined in this screen against the same cell lines, but
were found to be completely inactive. In addition, all
compounds were also examined in a bench-top brine
shrimp assay>® similar to that performed for 1. Only 1
displayed potent activity, killing all brine shrimp within
~20 min (LCsy = 0.63 £ 0.04 pg/mL), while 2-9 exhibit-
ed no lethality even after 24 h at 100 pg/mL.

Curcuphenol (1) was examined for its lipoxygenase
inhibitory activity against both human 12-lipoxygenase
(12-hLO) and 15-lipoxygenase (15-hLO). These enzymes
represent important therapeutic targets for the develop-
ment of novel pharmaceuticals for the treatment of
cancer (12-hLO) and atherosclerosis (15-hLO).>*
Compound 1 exhibited potent, but nonselective inhibi-
tory activity against both 12-hLO (ICsq 2.9 £ 0.4 uM)
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and 15-hLO (ICsy 1.6 £0.3 uM). All of the other six
compounds isolated herein were tested against both lip-
oxygenases, but only dimer 4 tested positive in this assay
as it possessed modest and equipotent activity against
both 12-hLO (ICs¢ 11.6 £ 1.8 uM) and 15-hLO (ICs,
11.4 £ 2.5 uM). Not clear at this juncture are the struc-
tural features responsible for the inactivity of com-
pounds 2, 3, and 5-9 as compared to 1 and 4.

In further examining the lipoxygenase activity data and
structures for 1 and 4, we suspected that both functioned
as redox-type inhibitors. In our past experience, the
structural signature for such activity was the presence
of a phenolic head group.?! Using a fluorescence-based
assay, it was determined that 4 did not reduce the active
site ferric iron species while 1 exhibited a more modest
reducing effect over a relatively extended timeframe.
This suggested that 1 functioned through both compet-
itive- and redox-based inhibition mechanisms while 4
was not redox active.

These concepts were further explored by means of
molecular modeling analysis of the active site binding
of 1 and 4. A homology model of 15-hLO from rabbit
15-lipoxygenase (15-rLO) has recently been developed
by which the docking behavior of inhibitors can be
visualized.> This model system has been effectively
employed for the in silico selection and experimental
validation of potent (low mM) inhibitors of 15-hLO.
Shown in Figure 9 are docking results for 1 calculated
with GLIDE in the 15-hLO active site. As seen in the

al

Figure 9. Docking results for 1 (panel ‘a’) and deprotonated-1 (panel
‘b’) in the active site of 15-hLO. Compound 1 is shown in blue with the
active site iron identified as a yellow sphere.

upper panel (Fig. 9a), the hydroxyl moiety was predicted
to adopt a preferred orientation >4.0 A away from the
active site iron atom and therefore would not be able
to reduce the iron atom. In this model, hydrogen bond-
ing was observed to occur between the OH group and
active site residues Glu355 and GIn546. Since the active
site iron can change the pK, of nearby ligands, deproto-
nated-1 was also docked in the same manner using
GLIDE (Fig. 9b). These conditions showed that the
hydroxide anion resided within 2.1 A of the iron atom
and should be capable of redox inactivation. These
two supporting models help to explain the 15-hLO
inhibitory properties and weak redox activity observed
for 1. Further modeling studies (data not shown) per-
formed with the weak, nonreductive inhibitor 4 suggest-
ed that this compound is too sterically restrained within
the active site to function in a redox fashion.

3. Conclusions

Bisabolene-type sesquiterpenes constitute a diverse
assemblage of terrestrial- and marine-derived metabo-
lites. These compounds have demonstrated promising
biological effects in a variety of assay systems, but none
appear to be under current consideration for preclinical
development. In an effort to further probe the structural
and biological relationships of these metabolites,
ESIMS-guided isolation was used to obtain several
new dimeric curcuphenol (1) derivatives that were exam-
ined for their cell cytotoxicity and lipoxygenase inhibito-
ry activities. Dimerization of 1, both in the sponge and
through laccase biocatalysis, resulted in the general loss
of activity across all assay systems examined in this
study. Molecular modeling studies of 1 and 4 with
15-hLO provided intriguing evidence for the existence
of multiple active site conformations of this compound
resulting in a mixed inhibition profile.

The biogenic origin of dimers 4-9 is likely due to the oxi-
dative coupling of 1 which can take place at more than
one site. Atropisomeric dimers 5 and 6 provided an
opportunity to explore the application of VCD spectros-
copy in the absolute configuration determination of
marine-derived metabolites. This study offered compel-
ling evidence that VCD is a powerful technique that
should find broad application in modern structure deter-
mination studies. We are currently engaged in a wider
survey of bisabolene structural variants including higher
molecular weight congeners. This should lead to further
opportunities to discover novel structural themes and
biological activities within this chemical family. The
application of methodologies such as ESIMS in the
structure discovery process will be crucial in making this
assertion a reality.

4. Experimental

4.1. General methods

All 1D- and 2D-NMR spectra were recorded in CDCl;
(Cambridge Isotope Laboratories, Inc. Andover, MA)
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on Varian UNITY INOVA 500 instruments. Multiplic-
ities of carbon resonances were confirmed by DEPT
experiments. Low- and high-resolution ESIMS data
were obtained on an Applied Biosystems Mariner Bio-
spectrometry Workstation. Optical rotations were deter-
mined on a Jasco DIP 370 polarimeter using a 130 uLb
microcuvett. VCD measurements were performed using
a Chiralir FT-VCD/IR spectrometer (BioTools, Wau-
conda, IL) with a liquid nitrogen-cooled MCT detector,
which has been modified with two photoelastic modula-
tors optimized at 1400 cm'.%6

Chromatography materials and supplies were used as
previously described.?! Buffers and other chemicals for
biocatalysis studies were obtained from Sigma-Aldrich
and used without further purification. Laccase was a gift
from L. T. Holst Jr. (Dexter Chemical L.L.C.) and used
without further purification. Horseradish peroxidase
and polyphenol oxidase were purchased from Research
Organics and Worthington, respectively.

4.2. Animal material

The sponge (UCSC collection number 00372) was col-
lected by SCUBA from the region of New Britton, Pap-
ua New Guinea in 2000 and examined by R. W. N. Van
Soest (Zoological Museum, University of Amsterdam,
Amsterdam, The Netherlands) for taxonomic identifica-
tion. The sponge (~2.3 kg wet weight) exhibited a mas-
sive, lobate morphology with a light pink to tan exterior
and light yellow interior. The surface morphology of the
organism was characterized as composed of convoluted
grooves with a membraneous surface. The interior was
fibrous featuring spicules in a chaotic composition.
These features support that UCSC 00372 is a relatively
rare specimen of Didiscus aceratus (Ridley and Dendy)
(Halichondrida, Desmoxyidae)?’ (see Supplementary
data for underwater photo of the sponge). Immediately
following collection, the sponge was soaked in EtOH/sea
H,O (1:1) for 24 h after which the liquid was decanted
and the sponge transported to UCSC. Upon arrival,
the sponge was immediately immersed in MeOH and
placed in cold storage at 4 °C until extracted. Voucher
specimens have been retained at UCSC and the Amster-
dam Zoological Museum (ZMAPOR 17712) for
reference.

4.3. Extraction and isolation

The sponge (UCSC 00372, 2.3 kg wet weight) was
extracted with MeOH (1L, 3x) and MeOH/CH,Cl,
(1 L, 3%x). These extracts were combined yielding 29.5 g
of brown oily residue. The total organic extract was dis-
solved in 800 mL MeOH/H,O (9:1) and partitioned
against hexane (800 mL, 3x). The aqueous MeOH ex-
tract was further diluted with H,O (final 1:1, vol:vol)
and partitioned against CH,Cl, (800 mL, 3x). The
CH,(Cl, extract (10.1 g) exhibited brine shrimp toxicity
(100% lethality at 10 pg/mL) and as a result was chro-
matographed over silica gel (gradient 100% hexane to
100% acetone) providing fractions S1 (31 mg), S2
(7.83 2) S3 (1.22 g), S4 (370 mg), and S5 (331 mg). Brine
shrimp toxic fraction S2 (100% lethality at 10 ug/mL)

was purified by C;g LPLC (50-100% acetonitrile) yield-
ing fractions B1 (1.73 g), B2 (5.02 g), B3 (105 mg), B4
(109 mg), and B5 (59 mg). All the biological activity
was associated with fraction B2 (100% lethality at
10 pg/mL) which was subsequently analyzed by MS
and HPLC and found to contain a single major
(~50% by mass) component that upon further HPLC
purification (semipreperative C;3 HPLC, 80-100% ace-
tonitrile) was identified as (S)-(+)-curcuphenol (1)
([45 +30.7, ¢ 4.3, CHCI3) by comparison to literature
data.®” Compound 1 was responsible for all of the ob-
served brine shrimp toxicity (LCso = 0.63 * 0.04 pg/mL).

Based on a different bioassay lead for compound 1 (hLO
inhibition, see Section 2), all other fractions were exam-
ined by MS analysis to determine the presence of poten-
tial related chemical species for further biological
evaluation. Fraction B1 exhibited an ion of m/z 253
[MH]" suggesting the presence of a dihydroxylated
derivative. Further purification of B1 by C;g preparative
HPLC (40-60% acetonitrile) and semipreparative HPLC
(isocratic 30% acetonitrile) yielded a 40 mg 1:1 mixture
of 10B-hydroxycurcudiol (2) and its C-10 epimer, 100-
hydroxycurcudiol (3).

Further evaluation of fraction B2 provided evidence for
the presence of several putative dimeric derivatives (m/z
435 [MH]") that were targeted for purification. Accord-
ingly, fraction B2 was subjected to C;g preparative
HPLC affording fractions P1 (86 mg), P2 (58 mg), P3
(2.89 g), P4 (18 mg), P5 (60 mg), P6 (31 mg), and P7
(18 mg). Fraction P3 was found to comprise mainly of
compound 1 (purity >95%). Fraction P5 was applied
to a PTLC plate and developed with toluene/ethyl ace-
tate (95:5). A band (27 mg) possessing a molecular
weight of m/z 435 was further purified by C;g semipre-
parative HPLC (isocratic 85% acetonitrile) yielding dic-
urcuphenol A (4). Similarly, fraction P6 was applied to
PTLC (100% toluene) providing fractions T1 (17 mg)
and T2 (15 mg) each possessing m/z 435. Both fractions
T1 and T2 were purified by C,g semipreparative HPLC
(isocratic 90% acetonitrile) affording 13 mg each of dic-
urcuphenols B (5) and C (6), respectively.

Fraction P8 was chromatographed by C;g semiprepara-
tive HPLC (isocratic 90% acetonitrile) yielding H1
(6 mg) and H2 (11 mg). Fraction H1 was further purified
by C;g semipreparative HPLC (isocratic 90% acetoni-
trile) affording 5 mg of a 1:2.3 mixture of dicurcuphenols
D (7) and E (8), respectively. Fraction H2 was also puri-
fied by Cg semipreparative HPLC (isocratic 90% aceto-
nitrile) yielding 10 mg of dicurcuphenol ether F (9).

4.3.1. 10a-Hydroxycurcudiol (3). Clear oil; '"H NMR
(CDCl;, 500 MHz) 6 7.04 (1H, d, J=8.0 Hz, H-5),
6.73 (1H, d, J=8.0 Hz, H-4), 6.67 (1H, s, H-2), 3.53
(1H, br d, J=9.5Hz, H-10), 3.23 (1H, sextet,
J=17.0Hz, H-7), 3.26 (3H, s, H-15), 1.70, 2H, m, H-8
and/or H-9), 1.46 (1H, m, H-8 and/or H-9), 1.24 (1H,
m, H-8 and/or H-9), 1.24 (3H, d, J=6.5 Hz, H-14),
1.18 and 1.11 (each 3H, s, H-12 and H-13); '*C NMR
(CDCl;, 125MHz) 6 153.3 (C-1), 136.6 (C-3), 130.1
(C-6), 126.4 (C-5), 121.7 (C-4), 117.1 (C-2), 79.6 (C-
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10), 73.7 (C-11), 36.5 (C-8), 30.2 (C-7), 28.0 (C-9), 26.7
(C-12), 22.7 (C-13), 21.0 (C-14 and C-15); HRESIMS
miz 253.1800 [MH]" (caled for C,sHa503, 253.1804).

4.3.2. Dicurcuphenol A (4). Clear oil; [oc}zDS +61.5 (c 4.7,
CHCl;); '"H NMR (CDCls, 500 MHz) 6 6.90 (1H, s, H-
5), 6.87 (1H, s, H-5"), 6.68 and 6.67 (each 1H, s, H-2
and H-2"), 513 (2H, t, J=7.0 Hz, H-10 and H-10"),
4.70 (2H, br s, OH), 3.03 (1H, sextet, J = 7.0 Hz, H-
7), 3.00 (1H, sextet, J = 7.0 Hz, H-7"), 1.97 (6H, s, H-
15 and H-15), 1.94 (4H, m, H-9 and H-9’), 1.68 and
1.67 (each 3H, s, H-12 and H-12'), 1.67 (2H, m, H-8,
and H-8)), 1.59 (2H, m, H-8; and H-8}), 1.56 and
1.51 (each 3H, s, H-13 and H-13’), 1.23 (6H, d,
J=70Hz, H-14 and H-14); 3C NMR (CDCl;,
125 MHz) 6 1519 and 151.8 (C-1 and C-1'), 134.8
(C-4 and C-4'), 134.3 (C-3, C-3’), 132.1 and 132.0 (C-
11 and C-117), 130.1 (C-6"), 130.0 (C-6), 128.8 (C-5),
128.5 (C-5), 124.7 (C-10 and C-10’), 116.6 (C-2 and
C-2'), 37.4 and 37.3 (C-8 and C-8), 31.8 (C-7'), 31.3
(C-7), 26.3 and 26.1 (C-9’, C-15, and C-15'), 25.8 (C-
9, C-12, and C-12'), 21.4 (C-14'), 21.1 (C-14), 17.8
(C-13 and C-13'); HRESIMS m/z 435.3262 [MH]"
(calcd for C30H4302, 4353263)

4.3.3. Dicurcuphenol B (5). Clear oil; [oc]zD5 +103.0 (¢ 1.0,
CHCl3); '"H NMR (CDCl;, 500 MHz) 6 7.06 (1H, d,
J=8.0Hz, H-5), 694 (1H, s, H-5), 6.80 (1H, d,
J=8.0Hz, H-4"), 6.76 (1H, s, H-2), 5.15 (IH, t,
J=17.0Hz, H-10"), 5.11 (1H, t, J=7.0 Hz, H-10), 4.80
and 4.67 (each 1H, br s, OH), 3.09 (1H, sextet,
J=17.0Hz, H-7"), 3.03 (1H, sextet, J=7.0 Hz, H-7),
1.96 (3H, s, H-15"), 1.93 (3H, s, H-15), 1.93 (4H, m,
H-9 and H-9'), 1.76 (2H, m, H-8, and H-8), 1.67 (6H,
s, H-12 and H-12"), 1.65-1.58 (2H, m, H-8, and H-8)),
1.56 and 1.52 (each 3H, s, H-13 and H-13’), 1.24 (3H,
d, J=7.0Hz, H-14"), 1.22 (3H, d, J=17.0 Hz, H-14'),
13C NMR (CDCls, 125 MHz) é 153.2 (C-1), 150.5 (C-
1), 136.5 (C-3), 134.6 (C-3’), 132.2 and 131.3 (C-11
and C-11), 131.6 (C-6), 130.5 (C-6), 129.5 (C-5),
127.1 (C-2"), 126.9 (C-4), 126.0 (C-5'), 125.0 (C-10"),
124.5 (C-10), 121.3 (C-4'), 117.7 (C-2), 37.2 (C-8), 36.9
(C-8), 32.7 (C-7), 31.3 (C-7), 26.5 (C-9), 26.0 (C-9),
25.8 (C-12 and C-12'), 21.4 (C-14), 21.0 (C-14"), 19.9
(C-15%), 19.1 (C-15), 17.8 (C-13 and C-13'); HRESIMS
mlz 435.3261 [MH]" (calcd for C3oH430,, 435.3263).

4.3.4. Dicurcuphenol C (6). Clear oil; [oz]lz)5 +2.87 (¢ 1.6,
CHCly); '"H NMR (CDCl;, 500 MHz) 6 7.08 (1H, d,
J=8.0Hz, H-5"), 696 (1H, s, H-5), 6.82 (1H, d,
J=28.0 Hz, H-4"), 6.77 (1H, s, H-2), 5.13 and 5.12 (each
1H, t, J = 7.0 Hz, H-10 and H-10"), 4.85 and 4.65 (each
2H, br s, OH), 3.14 (1H, sextet, J = 7.0 Hz, H-7’), 3.00
(1H, sextet, J=7.0 Hz, H-7), 1.96 (3H, s, H-15), 1.94
(4H, m, H-9 and H-9'), 1.93 (3H, s, H-15’), 1.68 and
1.66 (each 3H, s, H-12 and H-12), 1.68 (2H, m, H-8,
and H-8), 1.56 (2H, m, H-8;, and H-8}), 1.54 and 1.53
(each 3H, s, H-13 and H-13'), 1.26 (3H, d, J=7.0 Hz,
H-14'), 1.24 (3H, d, J=7.0Hz, H-14); °C NMR
(CDCl;, 125 MHz) 6 153.2 (C-1), 150.5 (C-1'), 136.6
(C-3), 134.6 (C-3'), 132.2 and 131.3 (C-11 and C-11"),
131.7 (C-6), 130.5 (C-6'), 129.6 (C-5), 126.9 (C-4 and

C-2), 125.7 (C-5'), 125.0 (C-10'), 124.5 (C-10), 121.4
(C-4"), 117.8 (C-2), 37.7 (C-8"), 37.3 (C-8), 31.9 (C-7"),
31.7 (C-7), 26.3 (C-9"), 26.2 (C-9), 25.8 (C-12 and C-
12/), 21.1 (C-14), 21.0 (C-14"), 19.9 (C-15"), 19.0 (C-
15), 17.8 and 17.7 (C-13 and C-13'); HRESIMS mi/z
435.3262 [MH]" (caled for C3oH,30,, 435.3263).

4.3.5. Mixture of dicurcuphenols D and E (7 and 8). Clear
oil; [a]2D5 —10.0 (¢ 0.3, CHCL); 'H NMR (CDCl;,
500 MHz) 6 7.16 (d, J=7.5 Hz, H-5¢ and H-5;), 7.15
(d, J=7.5Hz, H-5p and H-5}), 6.89 (d, J=7.5Hz,
H-4g and H-4}), 6.88 (d, J = 7.5 Hz, H-4p, H-4},), 5.13
(m, H-10p, H-10,,, H-10g and H-10%), 4.75 and 4.74
(br s, OH), 3.13 (t, J=7.0 Hz, H-7g and H-7}), 3.12
(t, J=17.0Hz, H-7p and H-7,), 1.954 (s, H-15p and
H-157), 1.946 (s, H-15g and H-15%), 2.02-1.98 (m, H-
9p, H-9,, H-9¢ and H-9}), 1.76-1.53 (m, H-8p, H-§),,
H-8g and H-8%), 1.67 (s, H-12p, H-12),, H-12§ and H-
127), 1.54 (s, H-13p and H-13}), 1.53 (s, H-13g and
H-13%), 1.243 (d, J = 6.5 Hz, H-14g and H-14}), 1.240
(d, J=6.5Hz, H-14p and H-14}); >*C NMR (CDCl;,
125 MHz) ¢ 151.4 (C-1p, C-1}, C-1g, and C-1%), 135.7
(C-3p, C-3}, C-3g, and C-3}), 131.4 (C-6p, C-6),, C-
6g, C-0;, C-11p, C-11}, C-11g, and C-11%), 127.8
(C-5p and C-5}), 127.6 (C-5g and C-57), 124.8 (C-10p,
C-10},, C-10g, and C-10}), 122.3 (C-4p, C-4,, C-4g,
and C-4}), 119.6 (C-2p, C-2),, C-2g, and C-2}), 37.6
(C-8¢ and C-8%), 36.9 (C-8p and C-8}), 32.6 (C-7p
and C-7}), 32.0 (C-7g and C-7}), 26.4 (C-9p and C-
95), 262 (C-9 and C-9%), 25.8 (C-12p and C-12),
C-12g and C-12}), 20.9 (C-14p, C-14},, C-14g, and C-
14}), 19.4 (C-15p, C-15),, C-15g, and C-15%), 17.7 (C-
13p, C-13}, C-13g, and C-13%); HRESIMS m/z
435.3260 [MH]" (calcd for C3oH430,, 435.3263).

4.3.6. Dicurcuphenol ether F (9). Clear oil; [oc]zD5 +67.5 (¢
0.7, CHCl;); "H NMR (CDCls, 500 MHz) 6 7.13 (1H, d,
J=17.5Hz, H-5), 6.79 (1H, d, J=7.5 Hz, H-4), 6.673
and 6.666 (each 1H, s, H-2' and H-5'), 6.32 (1H, s, H-
2), 5.11 (2H, m, H-10 and H-10"), 4.55 (1H, br s, OH),
3.24 (1H, sextet, J=7.0 Hz, H-7), 2.94 (1H, sextet,
J=7.0Hz, H-7"), 2.19 (3H, s, H-15), 2.12 (3H, s, H-
15"), 1.89 (4H, m, H-9 and H-9’), 1.74 (1H, m, H-8,),
1.67 and 1.66 (each 3H, s, H-12 and H-12’), 1.59 (3H,
m, H-8, and H-8'), 1.54 and 1.52 (each 3H, s, H-13
and H-13'), 1.25 (3H, d, J=7.0 Hz, H-14), 1.17 (3H,
d, J=7.0 Hz, H-14'); '*C NMR (CDCls, 125 MHz) 6
155.8 (C-1), 149.1 (C-1'), 148.2 (C-4'), 136.4 (C-3),
133.4 (C-6), 132.2 (C-6'), 131.8 and 131.3 (C-11 and
C-11), 128.3 (C-3'), 127.2 (C-5), 124.9 and 124.6 (C-10
and C-10), 122.7 (C-4), 118.8 (C-5), 118.0 (C-2'),
115.6 (C-2), 37.3 (C-8), 37.2 (C-8'), 32.0 (C-7), 31.7
(C-7"), 26.5 (C-9), 26.0 (C-9), 25.8 (C-12 and C-12'),
21.4 (C-14), 21.2 (C-15 and C-14), 17.8 (C-13 and C-
13'), 16.0 (C-15"); HRESIMS m/z 435.3262 [MH]" (caled
for C39H430,, 435.3263).

4.4. Enzyme-mediated synthesis of dicurcuphenols

Three enzymes, horseradish peroxidase, polyphenol oxi-
dase, and laccase, were screened for their ability to cat-
alyze the production of the dimeric dicurcuphenols from
the monomeric 1. Very little transformation to the
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desired dimeric species was observed among the horse-
radish peroxidase and polyphenol oxidase preparations.
However, several laccase preparations (13 of 78 combi-
nations of buffers, co-solvents, and mediators) were
identified as capable of catalyzing this transformation
(see Supplementary data) and therefore this enzyme
was selected for further scale-up studies.

Three, 1 L Erlenmeyer flasks were prepared each con-
taining 150 mL of 100 mM citrate buffer (pH 5) and
50 mL of MeOH. The crude enzyme preparation (4 g)
was gently stirred for 30 min in 50 mL of citrate buffer
and allowed to settle for 2 min before use. The cloudy
suspension was decanted to remove the insoluble solid
residue and the supernatant divided equally among the
three flasks. Compound 1 (1.5g) was dissolved in
3 mL DMF and 500 mg of 1 distributed to each of the
three flasks. The flasks were loosely capped with alumi-
num foil and placed on a rotary shaker at 150 rpm for
24 h.

The flasks were removed and their contents pooled be-
fore extraction by partitioning with a mixture of ethyl
acetate/sec-butanol (95:5) (200 mL, 3x). The organic
layer was removed and dried over MgSO, yielding
1.6 g of crude extract. Analysis by ESIMS of this extract
was performed giving evidence for the presence of di-
mers (m/z 435) of 1. The extract was subjected to repeat-
ed Ci3 HPLC and silica gel PTLC as outlined above
yielding 608 mg of untransformed 1 and dicurcuphenols
4 (46 mg), 5 (22 mg), 6 (18 mg), 1:2.3 mixture of 7 and 8
(11 mg), and 9 (11 mg).

4.5. Periodate oxidation of 1

A periodate oxidative catalytic resin was prepared as
described” with minor modifications. Briefly, 2.5 g of
Amberlite IRA-900 ion exchange resin was combined
with 2 g NalO,4 in 20 mL deionized H,O and stirred
overnight. The liquid was decanted and an additional
2 g NalO,4 in 20 mL deionized H,O was added. This
was stirred for 6 h at room temperature. The resin was
filtered and washed with H,O, THF, and ethyl acetate
before being dried in a desiccator. Dimerization of 1
was performed as described.4>57-38

4.6. Fenton peroxidation of 1

Compound 1 was incubated with Fenton-type reagents
as described.*>>° Briefly, 5 mM of metal (Fe**, Cu®*,
and Mn®") salts were combined with 5mM EDTA,
5mg of 1, and 1 mM H,0, in a mixture of 0.1 M potas-
sium phosphate buffer (pH 7.0) with acetonitrile (1:1,
vol:vol). Reactions proceeded at 37 °C for 60 min at
which time cold H,O was added and the mixture
extracted with diethyl ether.

4.7. Vibrational circular dichroism (VCD) studies

Compounds 5 (0.23 M) and 6 (0.11 M) were dissolved in
CDCl; and placed in CaF; cells (path length 98 pm) for
analysis. Spectra were acquired over 10 h at a resolution
of 4cm™'.

Calculations were performed on the model atropisomer
(P)-10 using Gaussian 03% at the DTF level (B3LYP
functional and 6-31G(d) basis set). Vibrational frequen-
cies were scaled by 0.97 and converted to Lorentzian
bands with 6 cm ™" half-widths for comparison to exper-
imental data. The truncated (P)-10 lacking the alkyl tails
was chosen for analysis due to its limited conformation-
al flexibility and so as to eliminate the contribution of
the C-7 chiral center, thereby providing a spectrum
whose features were dependant solely on the C-2/C-4’
axial chirality. The scaled VCD spectra for 5 and 6 were
subtracted from one another and the resultant difference
spectrum aligned and visually compared with that gen-
erated for (P)-10.

4.8. Lipoxygenase inhibition assay

Human reticulocyte 15-lipoxygenase (15-hLO) and hu-
man platelet 12-lipoxygenase (12-hLO) were expressed
and purified as previously described.?>®! The ICs, val-
ues for compounds 1-9 against these enzymes were
determined as previously described with minor modifi-
cations.?*? Briefly, all inhibitors and enzyme substrates
were dissolved in MeOH (1 mg/mL) and added to 2 mL
buffer with 0.1% Triton-X under constant stirring. After
a brief equilibration, 15-hLO (25 mM HEPES, pH 7.5)
or 12-hLO (25 mM HEPES, pH 8) was added and the
enzyme activity monitored based on the rate of diene
product formation at 234 nm at room temperature.
Multiple data points inclusive of the 50% inhibitory
concentration were acquired and the data were fit to a
simple saturation curve.

4.9. Redox inhibition studies

Characterization of a redox mode of inhibition of com-
pounds against lipoxygenase was performed as previous-
ly described.?! Briefly, the iron atom in the model
lipoxygenase, soybean 15-lipoxygenase (15-sLO), was
activated to the ferric species with 13-hydroperoxy-
9(Z),11(E)-octadecadienoic acid (HPOD). The oxidation
status of the 15-sLO was monitored by fluorescence (exci-
tation: 280 nm; emission: 328 nm) while test compounds
were added to the reaction cell containing 2 mL borate
buffer (pH 9.2) at room temperature with constant stir-
ring. A relative increase in the fluorescence signal intensi-
ty indicated a reduction of the 15-sL.O active site iron.

4.10. Molecular modeling studies

The 15-hLO homology model was created using the Pro-
tein local optimization program (PLOP, University of
California, San Francisco) whereby conserved residues
were aligned with the rabbit 15-lipoxygenase (15-rLO)
template. Docking of 1 and deprotonated-1 into the ac-
tive site was performed using GLIDE. Active site van
der Waals forces were reduced and the ligand inserted.
The protein was then relaxed about the ligand using
PLOP. The resultant Ramachandran maps generated
from the STRIDE database indicated that all residues
were within acceptable phi psi spaces. Compound 1
and its ion form were then redocked into the minimized
protein active site and found to adopt chemically
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reasonable poses. Full details of these methods and cre-
ation of the 15-hLO homology model can be found in
Chorny and co-workers.>?
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