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Abstract—Phytochemical investigation of Datura quercifolia (Solanaceae) plant yielded a new datura lactone, 1B,5a,12a-trihydroxy-
6a,7a,240,25a-diepoxy-20S,22 R with-2-enolide (1), along with two known compounds, 2 and 3. The structure of 1 was established
on the basis of spectral analysis, as well as by its chemical transformation into known datura lactones. These compounds have been
evaluated for immunomodulatory activity by observing their effect on antibody production, T-cell and B-cell activation, and cyto-
kine production from splenocytes. Compound 2 was found to be the most promising immunostimulator in the present study.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Our previous phytochemical investigations of Datura
quercifolia plant led to the isolation and characterization
of several datura lactones,! which are of withanolide
skeleton. These withanolides are ergostane-derived com-
pounds generally having a 3 lactone ring in the side
chain, isolated from several species of Solanaceae.? These
compounds have shown significant antitumour,® cyto-
toxic,* anti-inflammatory,’ antibacterial,® hepatoprotec-
tive,” sedative,® cytostatic,’ and immunosuppressive'”
activities. However, there is little information in the liter-
ature on the activity of withanolides from plant sources
other than Withania somnifera. Datura lactones differ
from other withanolides in having a rare epoxide func-
tionality in the lactone ring. Keeping in view the structur-
al features of datura lactones and an increase in the
demand for withanolides on account of their multifacet-
ed pharmacological and medicinal applications, we re-in-
vestigated the chemical constituents of Datura quercifolia
plant and evaluated the compounds for immunomodula-
tory activity. Immunomodulation denotes any change in
the immune response and may involve induction, expres-
sion, amplification, or inhibition of any part or phase re-
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sponse. Stimulation of immune response is required in
certain patients, whereas suppression of the immune re-
sponse is needed in other conditions.!' Novel immuno-
modulating agents are used for the treatment of
various conditions, such as infections, organ transplan-
tation, cancer, rheumatoid arthritis, etc.'>'* Natural
products and their derivatives represent a major break-
through in these immunological disorders.'> Herein, we
report the isolation and characterization of a new com-
pound, 1, along with two known compounds, 2 and 3,
from a D. quercifolia plant and determined their influ-
ence on various aspects of the immune system, such as
antibody production, T-cell and B-cell activation, and
cytokine production, from splenocytes. From our data,
it was found that these compounds exerted a dose-depen-
dent effect on humoral and cell-mediated immune
responses. Compound 1 was found to be an immunosup-
presser at lower doses, while 2 and 3 were immunostimu-
lators. Compound 2 was found to be the most promising
immunostimulator in the present study.

2. Results and discussion
2.1. Chemistry
The leaves of D. quercifolia were extracted with benzene

and methanol. Column chromatography of benzene
extract yielded 2 and 3, while that of MeOH extract
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yielded a mixture of 1 and 3, which was separated fur-
ther by repeated column chromatography to give pure
1 and 3. Among them, compound 1 proved to be a
new compound, whereas 2 and 3 were reported earlier
by our group from the present institute. Methanol ex-
tract of the residue on chromatographic separation in
benzene: ethyl acetate (50:50, v/v) yielded a colourless
silky crystalline solid (1), m.p. 250-252 °C, [«]p +35.4
(¢ 0.50, CHCly), formula C,gH4007, according to the ele-
mental analysis and m/z 511.3 (M+Na). This molecular
formula indicated nine degrees of unsaturation; two ole-
fin signals, one carbonyl group and two epoxides
accounted for four of these degrees, and 1 therefore
was pentaclyclic. The IR spectra exhibited bands at
1738.1 cm ™ (six-membered lactone ring) and
3508.4 cm ™' (<OH group/s). '"H NMR (Table 1) showed
characteristic proton signals for five methyl groups of
the withanolide nucleus at ¢ 1.44 (3H, s, 28-CHj3), 1.42
(3H, s, 27-CH3), 1.02 (d, 3H, J=4.59 Hz, 21-CHj;),
and 0.77 (6H, s, 18- and 19-CHj3). Signals at ¢ 5.74
(dd, 1H, J=10.13, 2.77 Hz, H-2) and 5.91 (dq, 1H,
J=10.13, 4.23, 2.5 Hz, H-3) were due to olefinic pro-
tons; signals at ¢ 2.94 (d, 1H, J =4 Hz, H-6), 3.30 (dd,
1H, J = 4 Hz, H-7) were due to the protons in the epoxy
ring, and signals at 6 3.42 (m, 1H, H-1) and 4.03 (bs, 1H,
H-12) were due to the protons attached to the carbon
with equatorial and axial —-OH groups, respectively.
The lone signal at § 4.18 (m, 1H, H-22) was due to the
resonance of d-H of the lactone ring. It was interesting
to note that 19-methyl was located upfield at 0.77, which
has rarely been observed with other datura lactones or
withanolides. This observation has clearly indicated
the absence of carbonyl at the C-1 position. Acetylation

Table 1. 'H and '3C NMR of 1 in CDCl4

Position 'H, ¢ (J, Hz) B¢,
1 3.42 (bs) 70.99
2 5.74 (dd, 1H, J = 10.13, 2.77 Hz) 129.65
3 5.91 (dq, 1H, J = 10.13, 4.23, 2.5 Hz) 124.80
4 2.29 (t, 2H) 28.24
5 — 7248
6 2.94 (d, 1H, J = 4 Hz) 57.51
7 3.30 (dd, 1H, J = 4Hz) 57.07
8 1.4-1.8 (m) 35.48
9 1.4-1.8 (m) 39.36

10 — 47.34

11 1.4-1.8 (m) 28.48

12 4.05 (br, S, 1H) 72.07

13 — 47.34

14 1.4-1.8 (m) 35.71

15 1.4-1.8 (m) 2291

16 1.4-1.8 (m) 26.65

17 1.4-1.8 (m) 43.99

18 0.77 (3H, s) 12.43

19 0.77 (3H, s) 12.02

20 1.4-1.8 (m) 36.11

21 1.02 (d, 3H, J = 4.59 Hz) 17.94

2 4.18 (m, 1H) 76.69

23 1.4-1.8 (m) 35.48

24 — 62.74

25 — 59.27

26 — 170.15

27 1.42 (s, 3H) 13.66

28 1.44 (s, 3H) 14.66

under mild conditions (Ac,O/pyridine at rt) yielded a
diacetate, 6 2.11 (s, 2x OCOCH3;), indicating two -OH
groups. Upon catalytic hydrogenation, the compound
absorbed one mole of hydrogen to give a dihydro deriv-
ative, which was identified by the disappearance of two
signals in '"H NMR at 6 5.74 and 5.91. ESI of the mol-
ecule showed a peak at m/z at 511.3 (M+Na). Finally,
the structure of the compound and its stereochemistry
were determined by its chemical transformation into
known datura lactones. Jone’s oxidation of 1 at 0°C
yielded 3, while prolonged oxidation at room tempera-
ture yielded 2. It was interesting to note that 19-CHj
shifted downfield to ¢ 1.18 and 6 1.26 after oxidation
to 3 and 2, respectively, indicating the presence of
hydroxyl at C-1. Since on controlled oxidation 1 gave
2 and 3 of known structures, it was therefore clear that
the stereochemistry at C-5 and beyond is the same as
that in 3. The extra hydroxyl is located at C-1 and in
view of the chemical shift of C-1, in spite of H at ¢
3.42 being allylic to the A? bond, it became clear that
C-1, H is axial () rather than equatorial beyond any
shadow of doubt and hence the —-OH group at C-1 is
equatorial with a B-configuration. From the above
discussion, the structure of 1 was assigned, as shown
in Figure 1.

2.2. Biological activity

To test the immunomodulatory effect of these com-
pounds, we used many assays to observe the influence
on T-cell and B-cell activation with reference to anti-
body titre, DTH reaction and T-cell subtypes, CD4
and CDS. Levamisole and betamethasone were used as
standards in this study.

2.3. Effect on antibody titre

The compounds were tested for any possible role of
B-cell activation by determining IgM and IgG titres.
Results given in Table 2 indicate that all the three
compounds showed a dose-related increase or decrease
of titre. Levamisole, used as a standard drug, showed
a 26.6% and 45.2% increase in primary and secondary
antibody synthesis, respectively, at a dose of 2.5 mg/
kg. Compound 1 showed maximum suppression at a
dose of 0.001 mg/kg. Compounds 2 and 3 produced a
dose-related increase in the primary and secondary anti-
body synthesis. The maximum effect of 2 was observed
at 1 mg/kg (93.3%) and 0.01 mg/kg (93.5%) for primary
and secondary titres, while for 3, the maximum effect
was observed at 10mg/kg, 72.7% and 86.2%,
respectively.

2.4. Delayed type hypersensitivity response

The effect of 1, 2, and 3 on SRBC induced delayed type
hypersensitivity (DTH) reaction was assessed in mice
following various doses. The results are given in Table
3. The effect was compared to that of an equivalent dose
of betamethasone (BMS) as a positive control. Out of
the three compounds evaluated, 2 induced a significantly
higher DTH response (69.03%) at a dose of 0.1 mg/kg
p.o. The values are higher than that observed with BMS.
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Figure 1. Structures of 1, 2, and 3 datura lactones.

Table 2. Effect of 1, 2, and 3 on SRBC-induced antibody synthesis in mice
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Compound Treatment dose (mg/kg po)  Primary antibody (IgM) titre % change  Secondary antibody (IgG) titre % change
Mean = SE Mean + SE
Control SRBC 6.0£0.20 6.2+0.21°
1 0.001 44+0.12° 26.6 | 42%0.15 323
1 0.01 5.0 £0.04% 16.6 | 5.0£0.16 193]
1 0.1 54+0.11 10.0 | 6.6 0.12° 06.4 1
1 1 6.2%0.24 3307 6.8£0.24 09.7 1
2 0.001 9.6 £0.25* 60.0 T 10.6 £ 0.33* 709 1
2 0.01 9.2£0.34 5337 12.0 £0.31* 93517
2 0.1 10.2£0.29 70.0 T 11.2£042 80.6 1
2 1 11.6 +0.24° 93.3 1 9.6 +0.35° 54.8 1
2 3 9.5+ 0.29° 5837 7.0 £0.25¢ 1291
2 10 54+0.18° 10.0 | 6.4+£0.25 0327
3 0.1 6.5%0.26 8.30 1 7.2£0.26 16.1 1
3 1 7.3 +£0.24° 10.6 7 8.6 +0.31* 4821
3 3 9.4+£0.35 4247 9.2+0.35* 58.6 1
3 10 11.4 +0.40° 7271 10.8 £0.30 86.2 1
Levamisole 2.5 7.6 £0.19 26.6 1 9.0+0.21° 4527
n=0.

Values are means + SE.

ap <0.05; °P < 0.01; °P < 0.001; (]) reduction; (1) stimulation.

Table 3. Effect of 1, 2 and 3 on SRBC-induced delayed type

hypersensitivity
Compound Treatment  DTH response % change
dose Mean + SE compared to
(mg/kg po) betamethasone

Control 1.76 £ 0.06

1 0.001 1.80 £ 0.04 16.13 1

1 0.01 2.01 £0.03 29.67 1

1 0.1 2.18 £0.05* 40.64 1

1 1 1.93 £ 0.05* 24.61 1

2 0.001 2.04 £0.09* 31.60 1

2 0.01 2.2340.02° 43871

2 0.1 2.62%0.03° 69.03 1

2 1 2.36%0.12° 52.251

2 3 2.08 £0.10* 34.19 1

2 10 1.86 + 0.05° 20.00 1

3 0.01 1.58 +0.05° 1931

3 0.1 1.64 +0.10° 5811
3 1 1.86 £0.10° 20.00 7

3 3 2.46 +0.14° 58.71 1

3 10 2.80 = 0.06* 80.64 1
Betamethasone 0.01 1.55 £ 0.04

n==o.

ap <0.05; °P <0.01.

Since 2 was found to be the most promising stimulator
against both humoral and cell-mediated immune
responses, it was further studied for the activation of
spleen T-cell subtypes, CD4 and CD8, using a flow
cytometer and selective release of cytokines, IL-2 and
TNF-a by stimulated mouse spleen cells using ELISA.

2.5. Effect of 2 on spleen T-cell subtyping

A spleen single cell suspension (10° cell/ml) was studied
for CD4"/CD8" T-cell subtypes by anti-mouse CD4 and
CD8 monoclonal antibodies conjugated with fluorescein
isothiocyanate (FITC) and phycoerthyrin (PE) using the
flow cytometer. By multiplying differential ratios of each
CD4 and CD8 subtype with the total spleen cell con-
tents, their total amounts in spleen were calculated (Ta-
ble 4). Maximum effect of 2 was obtained at 0.1 mg/kg
po dose, 32.2% CD4" and 12.6% CDS8" T cells. The
control values were 20.70% of CD4" and 13.3% of
CD8" T cells which show a significant increase in the
CD4" T cell count. Levamisole, a standard T-cell
stimulator at 2.5 mg/kg oral dose, stimulated both
CD4" and CD8" T cells, showing 30.8% of CD4" and
18.3% of CD8" T cells.
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Table 4. Effect of different doses of 2 on spleen T-cell subtypes

Dose of 2 (mg/kg)

CD4" T-cell (%) CD8" T-cell (%) CD4/CDS8 ratio Spleen CD4" content (x107) Spleen CD8" content (x107)

Control (vehicle) 20.7 £ 0.90 13.3£0.34 1.56 £ 0.09 2.70 £ 0.12 1.47 £0.04
Levamisole (2.5 mg/kg) 30.8 £ 1.30* 18.3 £ 0.53% 1.68 £ 0.06* 1.48 £0.10* 1.38 £0.10*
0.1 32.240.59 12.6 £0.38 2.55+0.07 1.55£0.06 0.95+0.03
1 27.2%£0.59 13.6 £ 0.38 2.00 £ 0.07 1.31 £ 0.06 1.02 £0.03
2.5 20.3£0.63 15.4 £0.69 1.32+£0.07 1.02 £0.07 0.86 £ 0.04
3 19.7 £0.63 13.6 £0.69 1.44 £ 0.06 0.90 £0.02 1.02 £0.07
10 15.1 £1.93° 25.8 +0.35° 0.58 £ 0.09 0.72 £ 0.02 1.94 £ 0.06
n==6.

ap<0.01;® P<0.05.

2.6. Effect of 2 on IL-2 and TNF-a

The effect of 2 was tested on the release of selected cyto-
kines including IL-2 and TNF-a by stimulated mouse
spleen cells. Results shown in Figure 2 indicate that
compound 2 stimulated IL-2 and TNFa release in a
dose-related manner. A dose as low as 0.01 mg/kg for
TNF-a and IL-2 production was found to be the most
effective.

The results obtained in the present study show that 1, 2,
and 3 display an immunosuppressive or immunopotenti-
ating activity depending on the dosage selection in rela-
tion to the antigen. A number of assays were used to
investigate the immunomodulating effects. The effects
of compounds 2 and 3 are clearly exerting an immuno-
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Figure 2. Effect of 2 on IL-2 and TNF-« on cytokine production. Each
bar represents the mean value of triplicate readings £SE. Mouse spleen
cells (2 x 10° cells/ml) were stimulated with and without (control)
2.5 pg/well Con-A in the presence of 2 for 48 h. Cell supernatant was
collected to see the effect of 2 on the production of IL-2 and TNF-a,
measured by commercial kits (Quantikine, R&D SYSTEMS).

stimulatory activity on the immune system and could
be suitable immunomodulatory lead compounds for fu-
ture research. The only difference between 2 and 3 is the
dose concentration. Compound 2 at lower doses (1 mg/
kg) stimulated antibody titre in comparison to 3, which
stimulated the same at higher doses (10 mg/kg). A possi-
ble structural feature, which influences the activity, is the
12-carbonyl in 2. In contrast, 1 has shown immunosup-
pressive effect on the antibody titre. The activity differ-
ences between these three compounds are clearly due
to the presence or absence of functional groups
(>C=0 or —OH) at positions 1 and 12, which possibly
interact with the immune competent T-helper cells.
The results on cell mediated and humoral immune re-
sponse have suggested that 2 is the most potent com-
pound in comparison to 1 and 3. SAR, detailed
immunological studies and evaluation of more potent
modified analogues are continuing.

3. Experimental

All reagents and solvents were of reagent grade. Melting
points were measured with a Digital Melting point
Apparatus Electrothermal TA 19100. 'H NMR and
13C NMR were recorded on a Brucker DPX200 spec-
trometer. Chemical shifts are given in ¢ units, relative
to the TMS signal as an internal reference. IR were
recorded on a Bruker Vector 22 spectrometer as KBr
pellets, with absorption given in cm™~'. MS were ob-
tained by using electrospray ionization (ESI). Optical
rotation was measured with a JASCO P-1020 polarime-
ter and elemental analyses were performed on a Carlo
Erba CHNS-O-EA1108 instrument.

4. Plant material

Leaves of D. quercifolia were collected from the experi-
mental fields of RRL, Srinagar, India, in the month of
July 2004.

5. Extraction and isolation

Crushed and air-dried leaves of D. quercifolia (3 kg)
were extracted with cold benzene. The extract was con-
centrated and allowed to stand at 0 °C for 30 h, when a
light green crystalline substance was obtained. This
compound was purified by passing it through a silica
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gel (60-120 mesh) column. Elution with CHCI;:EtOAc
(3:2, v/v) yielded 2 and 3. Their structures were con-
firmed by comparing their physicochemical data with
the existing literature.! The marc of the crude leaves
was then extracted with MeOH. The extract was concen-
trated on a rotatory evaporator and subjected to column
chromatography on silica gel (60—120 mesh). Elution
with CHCI;:EtOAc (3:2, v/v) yielded a mixture of 1
and 3, which was rechromatographed to give pure 1
and 3. Yields of compounds 1, 2 and 3 were found to
be 0.001%, 0.34% and 0. 87%, respectively.

5.1. 1B,5¢,12a-Trihydroxy-6e.,7a,240,250-diepoxy-
20S,22R with-2-enolide (1)

White amorphous solid; m.p. 250-252 °C; [a]p +35.4 (¢
0.50, CHCIy); IR (KBr): 3508.1, 1738.4, 1685.9, 1391.8,
1304.9, 1143.5, 905.6cm™'; 'H and "C NMR data
in Table 1; m/z 511.3 (M+Na); Anal. Calcd for
C,o3H4007: C, 68.83; H, 8.24. Found C, 69.08; H, 8.43.

5.2. Oxidation of 1 to 2 and 3

To an ice-cold solution of 1 (100 mg) in dry acetone
(200 ml) was added Jone’s reagent dropwise until a
brown colour appeared. The mixture was stirred at
0°C until the reaction was complete (monitored by
TLC). It was then poured into ice-cold water and
extracted with CHCl;. The CHCIl; extract was washed
with 35% aq NaHCO; and H,0. The extract was dried,
evaporated and crystallized from methanol to give a
crystalline solid, which resembled the natural compound
3 in all physicochemical properties. However, when the
oxidation was carried out for 24 h with continuous
stirring at rt, 2 was formed as a major product.

6. Preparation of test material

For in vivo studies in Balb/c mice, 1, 2 and 3 were sus-
pended in 1% (w/v) gum acacia, while for in vitro studies
a stock solution of test materials in 10% dimethylsulfox-
ide was prepared. In the cell culture supernatant <0.1%
did not interfere with the test system.

7. Serum SRBC antibody titre

Balb/c mice were immunized by injecting 200 uL. of
5% 10° SRBC/mL ip on day 0, and the blood samples
were collected on day +7 (before challenge) for primary
antibody titre and on day +14 (7 days after challenge)
for secondary antibody titre. Haemagglutination anti-
body titres were determined following the microtitration
technique described by Nelson and Mildenhall.'¢

8. Delayed type hypersensitivity response (DTH)

The method of Doherty!” was followed. Test material
was administered 2 h after SRBC injection and once
daily on consecutive days. Six days later, the thickness
of the left hind footpad was measured with a spheromi-

crometer and was considered as control. The mice were
then challenged by injecting 200 pL of 5 x 10° SRBC/mL
intradermally into the left hind footpad. The foot thick-
ness was measured again after 24 h.

9. Spleen T-cell subtyping

T-cell sub-typing was performed, as described in Ref. 18.
Briefly, a splenocyte single cell suspension in RPMI-
1640 (10°cell/ml) was prepared and after counting
viable cells by a trypan-blue dye exclusion method,
spleen cellularity was obtained. The CD4"/CD8~ and
CD4 /CDS8™ T-cell subtypes were measured using a flow
cytometer and anti-mouse CD4 and CDS8 monoclonal
antibodies conjugated with fluorescein-isothiocyanate
and phycoerythrin. By multiplying differential ratios of
each CD4 and CDS8 subtype with the total spleen cell
contents, their total amounts in spleen were calculated.

10. Cytokine production from splenocytes

Cytokines from mouse splenocytes were assayed using
the cytokine kits (Quantikine R&D SYSTEMS).!”

11. Statistical analysis

All the data are presented as means + SE. Statistical anal-
ysis for all the results was compared using Student’s 7 test.
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Abstract—Quantum chemical reactivity descriptors based QSAR study of 50 phenol derivatives is presented in this paper. Four dif-
ferent methods have been employed to certify the reliability of QSAR study. The molecular weight, hardness, chemical potential,
total energy, and electrophilicity index provide valuable information and have a significant role in the assessment of the toxicity
of phenols. The first model has been drawn up with the help of AM1 calculations and in this model the correlation coefficient *
is 0.88 and the cross-validation coefficient 72 is 0.78. Second and third models have been designed with the PM3 and PM5 calcu-
lations, respectively. The values of correlation coefficient * and cross-validation coefficient r2, in the second case are 0.85 and .070,
while in the third case they are 0.85 and 0.71. Finally, the DFT calculations have been made for the same series of compounds by
using a B88-PW91 GGA energy functional with the DZVP basis set. The DFT models have a higher predictive power than AMI,
PM3, and PMS5 methods, and the reliability of this model is clear from its correlation coefficient ? 0.91 and cross-validation coef-
ficient r2, 0.88. This study is also helpful in determining the effect of any particular phenol derivative of this series over Tetrahymena
pyriformis.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction
In our recent communications,' *?° we have employed
semiempirical techniques to develop QSAR/QSPR mod-
els in which the quantum chemical descriptors have been
successfully correlated with observed biological activity.
Success of QSAR not only rests on the development of
new drug molecules but also in exploring the toxicolog-
ical and ecotoxicological characteristics of molecules.
Quantitative structure toxicity relationships (QSTR)
are predictive tools for a preliminary evaluation of the
hazards of chemical compounds by using computer-aid-
ed models. Density functional theory (DFT)>® was
founded within the two basic theorems provided by
Hohenberg and Khon in the 1960s.” The performance
of the DFT method in the description of structural,
energetic, and magnetic molecular properties has been
quite substantially reviewed in recent times. DFT meth-
ods are, in general, capable of generating a variety of
isolated molecular properties, such as ionization ener-

Keywords: DFT; QSAR; Phenol; Semiempirical; Toxicity.

* Corresponding author. Tel.: +91 5263 232888; fax: +91 5263
232708; e-mail addresses: fpasha@rediffmail.com; hemantkrsri@
rediffmail.com

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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gies,®° dipole moment,'®!! electrostatic potential,'>!3

electron affinities,'*!> electronegativities,'*!> and hard-
ness,'*!5 etc., quite accurately.

In the present work, we have taken 50 phenol derivatives
and to corroborate the reliability of the present work,
we have conducted a comparative QSAR (C-QSAR)
study with the help of AM1,2® PM3,2” PM5,2® and
DFT techniques. A comparison of all the regression
models also indicates that the DFT model provides bet-
ter results than others.

2. Theory

In DFT, the electronegativity, commonly known to a
chemist, is defined as the negative of a partial derivative
of energy E of an atomic or molecular system with re-
spect to the number of electrons N with a constant exter-
nal potential v(r)">

p=—x = —(E/aN),,,. (1)

In accordance with the earlier work of Iczkowski and
Margrave,!¢ it should be stated that when assuming a
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quadratic relationship between E and N and in a finite
difference approximation, Eq. 1 may be rewritten as

x =—p=(IE+EA)/2, 2)

where IE and EA are the vertical ionization energy and
electron affinity, respectively, thereby recovering the
electronegativity definition of Mulliken.!” Moreover, a
theoretical justification was provided for Sanderson’s
principle of electronegativity equalization, which states
that when two or more atoms come together to form a
molecule, their electronegativities become adjusted to
the same intermediate value.'®2° The absolute hardness
1 is defined as®!

n = 1/2(6u/6N)o(r) = 1/2(8E/6N)o(r),  (3)

where E is the total energy, N is the number of electrons
of the chemical species, and v(r) is the external potential.
The operational definition of absolute hardness and
electronegativity is given as

n=1/2(IP — EA), 4)

where IP and EA are the ionization potential and elec-
tron affinity, respectively, of the chemical species.
According to Koopman’s theorem, the IP is simply the
eigenvalue of HOMO with change of sign and EA is
the eigenvalue of LUMO with change of sign;!> hence
Egs. 3 and 4 may be written as

n = 1/2(e(LUMO — cHOMO), (5)

X =—p=1/2(cLUMO 4+ ¢HOMO). (6)

With regard to QSAR of a chemical system, the total ener-
gy also plays an important role. The total energy of a
molecular system is the sum of the total electronic energy,
E.., and the energy of internuclear repulsion, E,,. The to-
tal electronic energy of the system is given by*?

E = 1/2P(H + F), (7)

where P is the density matrix and H is a one-electron
matrix.

Parr et al. have introduced the electrophilicity in-
dex,?>?* in terms of chemical potential and hardness.
The electrophilicity index is a reliable property of a
chemical system and can be used as quantum chemical
descriptor, the operational definition of electrophilicity
index written as

w = 1’ /2n. (8)

Finally, a more general, but important, property of a
molecular system, the molecular weight has also been
tested as a descriptor.

3. Materials and method

Fifty substituted phenol derivatives have been used as
study material and are given in Table 1 along with their
observed (Aopsq) toxicity (pC) against Tetrahymena pyr-
iformis.?> For QSAR prediction, the 3D modeling and
geometry optimization of all the phenol derivatives have
been performed with the help of CAChe pro software.

Table 1. Phenol derivatives and their toxicity against Tetrahymena
pyrg'/‘brmis25

S.No. Compound Aobsd
1 Phenol —0.431
2 2,6-Difluorophenol 0.396
3 2-Fluorophenol 0.248
4 4-Fluorophenol 0.017
5 3-Fluorophenol 0.473
6 4-Methylphenol —0.192
7 3-Methylphenol —0.062
8 2-Chlorophenol 0.277
9 2-Bromophenol 0.504
10 4-Chlorophenol 0.545
11 3-Ethylphenol 0.229
12 2-Ethylphenol 0.176
13 4-Bromophenol 0.681
14 2,3-Dimethylphenol 0.122
15 2,4-Dimethylphenol 0.128
16 2,5-Dimethylphenol 0.009
17 3,4-Dimethylphenol 0.122
18 3,5-Dimethylphenol 0.113
19 3-Chloro-4-fluorophenol 0.842
20 2-Chloro-5-methylphenol 0.64
21 4-Todophenol 0.854
22 3-Iodophenol 1.118
23 2-Isopropylphenol 0.803
24 3-Isopropylphenol 0.609
25 4-Isopropylphenol 0.473
26 2,5-Dichlorophenol 1.128
27 2,3-Dichlorophenol 1.271
28 4-Chloro-2-methylphenol 0.700
29 4-Chloro-3-methylphenol 0.795
30 2,4-Dichlorophenol 1.036
31 3-tert-Butylphenol 0.730
32 4-tert-Butylphenol 0913
33 3,5-Dichlorophenol 1.562
34 2-Phenylphenol 1.094
35 2,4-Dibromophenol 1.403
36 2,3,6-Trimethylphenol 0.418
37 3,4,5-Trimethylphenol 0.930
38 2,4,6-Trimethylphenol 1.695
39 4-Chloro-3,5-dimethylphenol 1.203
40 4-Bromo-2,6-dichlorophenol 1.779
41 2,4,5-Trichlorophenol 2.100
42 4-Bromo-6-chloro-2-methylphenol 1.277
43 4-Bromo-2,6-dimethylphenol 1.278
44 2,4,6-Tribromophenol 2.050
45 2-tert-Butyl-4-methylphenol 1.297
46 4-Chloro-2-isopropyl-5-methylphenol 1.862
47 6-tert-Butyl-2,4-dimethylphenol 1.245
48 2,6-Diphenylphenol 2.113
49 2.,4-Dibromo-6-phenylphenol 2.207
50 2,6-Di-tert-butyl-4-methylphenol 1.788

The study is based on semiempirical AM1, PM3, PMS5
Hamiltonian, and DFT method. The MOPAC calcula-
tions have been performed with MOPAC 2000 software
associated with CAChe. The DFT calculations have also
been made by optimizing the molecular geometry and by
using the B88-PW91 GGA energy functional with the
DZVP basis sets on CAChe pro. The values of various
descriptors, such as molecular weight (Myw), HOMO
energy (eV) (egomo), LUMO energy (eV) (¢.umo), 10n-
ization potential (eV) (IP), electron affinity (eV) (EA),
and total energy (Hartree) (7%) have been directly
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Table 2. AM1-based descriptors and predicted biological activities of phenol derivatives by Eq. 9
Compound My n Iz T & Aobsd Apred
1 94.113 4.7565 —2.17925 —49.763 11.295 —0.431 —0.201
2 130.094 4.569 —2.445 —81.555 13.657 0.396 1.108
3 112.103 4.642 —2.3145 —65.657 12.433 0.248 0.419
4 112.103 4.576 —2.2585 —65.659 11.671 0.017 0.295
6 108.14 4.654 -2.114 —56.92 10.399 —0.192 0.004
5t 112.103 4.6805 —2.31925 —65.663 12.588 0.473 0.456
7 108.14 4.7075 —2.15875 —56.921 10.969 —0.062 0.02
8 128.558 4.6445 —2.30725 —61.518 12.362 0.277 0.418
9* 173.009 4.6265 —2.33775 —59.627 12.642 0.504 0.698
10 128.558 4.61 —2.2575 —61.522 11.747 0.545 0.322
11 122.166 4.71 -2.153 —64.066 10.916 0.229 0.259
12 122.166 4.6915 —2.15275 —64.068 10.871 0.176 0.259
13 173.009 4.6045 —2.29225 —59.633 12.097 0.681 0.601
14 122.166 4.6525 —2.13925 —64.075 10.646 0.122 0.254
15 122.166 4.59 —2.0965 —64.077 10.087 0.128 0.263
16 122.166 4.6225 —2.13675 —64.078 10.552 0.009 0.255
17 122.166 4.6185 —2.09275 —64.074 10.114 0.122 0.257
18 122.166 4.681 —2.1475 —64.079 10.794 0.113 0.256
19 146.548 4.493 -2.379 —77.415 12.714 0.842 0.879
20 142.585 4.5845 —2.28175 —68.676 11.934 0.64 0.583
21 220.009 4.6335 —2.30475 —58.548 12.306 0.854 0.909
22 220.009 4.6495 —2.34875 —58.547 12.825 1.118 1.01
23 136.193 4.691 —2.141 —71.217 10.751 0.803 0.496
24 136.193 4.715 —2.1495 —71.219 10.892 0.609 0.5
25 136.193 4.6815 -2.11775 —71.219 10.498 0.473 0.488
26 163.003 4.5415 —2.43325 —73.279 13.444 1.128 1.064
27 163.003 4.584 —2.423 —73.276 13.456 1.271 1.091
28 142.585 4.5525 —2.23625 —68.68 11.383 0.7 0.52
29 142.585 4.5825 —2.22925 —68.676 11.386 0.795 0.525
30 163.003 4.513 —2.379 —73.277 12.771 1.036 0.911
31 150.22 4.7225 —2.14575 —78.37 10.872 0.73 0.741
32 150.22 4.6805 —2.10875 —78.369 10.407 0913 0.729
33 163.003 4.626 —2.4555 —73.284 13.946 1.562 1.24
34 170.21 4.4065 —2.26275 —85.952 11.281 1.094 1.022
35 251.905 4.5075 —2.42775 —69.496 13.284 1.403 1.476
36 136.193 4.583 —2.1 —71.233 10.106 0.418 0.507
37 136.193 4.5895 —2.07975 —71.233 9.926 0.93 0.513
38" 136.193 4.561 —2.066 —71.235 9.734 1.695 0.531
39¢ 156.612 4.562 —2.2075 —75.834 11.115 1.203 0.746
40 241.899 4.466 —2.49 —83.141 13.845 1.779 1.809
41 197.448 4.4165 —2.48575 —85.036 13.645 2.1 1.487
42 221.481 4.506 —2.354 —78.545 12.485 1.277 1.338
43 201.063 4.5405 —2.22775 —73.948 11.267 1.278 0.988
44 330.801 4.441 —2.531 —79.357 14.224 2.05 2.35
45 164.247 4.7 —2.1695 —85.507 11.061 1.297 1.001
46* 184.665 4.5195 —2.19975 —90.133 10.935 1.862 1.221
47 178.274 4.567 —2.057 —92.68 9.662 1.245 1.266
48 246.308 4.2625 —2.23675 —122.138 10.663 2.113 2.226
49 328.003 4.2825 —2.39075 —105.683 12.239 2.207 2.417
50 220.354 4.696 —2.143 —114.106 10.783 1.788 1.957

MW = molecular weight, n = hardness, ¢ = chemical potential, TE = total energy of the system, w = electrophilicity index,
Aowsa = observed toxicity taken from Ref. 25, 4p.q = predicted toxicity by Eq. 9.

#Data points not included in the deriving equation.

obtained from semiempirical and DFT calculation re-
sults. However, the values of hardness (#), softness (),
electronegativity (), chemical potential (1), and electro-
philicity index (w) have been calculated by solving the
equations given in theory and the necessary values taken
from semiempirical and DFT calculation results. The
Project Leader program associated with CAChe pro of
Fujitsu, has been used for multiple linear regression
(MLR) analysis and various regression equations have
been developed for the calculation of toxicity (Apreq).

4. Results

The parent structure of phenol is as follows.

o
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The assessment of toxicity of a hypothetical compound
is of prime interest. The QSAR/QSTR method saves
time and cost in determining the toxicity of a series of
compounds with the help of toxicity of previously
known compounds. The fifty phenol derivatives have

of successfully correlating the activity with the structure
of a chemical system. In the present study, the following
descriptors have been chosen for the QSTR study.

Molecular weight (Mw)

been taken in a study out of which 20 are monosubsti- HOMO energy (eV) (¢nomo)
tuted and the remaining 30 are disubstituted and their LUMO energy (eV) (eLumo)
toxicity values have been taken from the literature?’ Hardness ()
and are given in Table 1. A number of quantum chem- Softness (S
ical descriptors have been identified which are capable Chemical potential (w)
Table 3. PM3-based descriptors and predicted biological activities of phenols by Eq. 10
Compound MW n u TEnergy @] AObsd APred
1 94.113 4.733 —4.442 —49.819 46.694 —0.431 —0.152
2 130.094 4.6105 —5.0075 —81.643 57.804 0.396 0.879
3 112.103 4.666 —4.73 —65.731 52.196 0.248 0.377
4 112.103 4.608 —4.665 —65.729 50.14 0.017 0.385
5% 112.103 4.69 —4.743 —65.733 52.753 0.473 0.370
6 108.14 4.638 —4.315 —57.006 43.178 —0.192 0.055
7 108.14 4.6915 —4.4005 —57.007 45.424 —0.062 0.075
8 128.558 4.5935 —4.6165 —61.585 48.949 0.277 0.387
9% 173.009 4.5145 —4.8535 —59.707 53.173 0.504 0.702
10 128.558 4.5285 —4.4805 —61.586 45.455 0.545 0.362
11 122.166 4.694 —4.39 —64.163 45.232 0.229 0.3
12 122.166 4.653 —4.336 —64.158 43.74 0.176 0.29
13 173.009 4.643 —4.67 —59.708 50.629 0.681 0.606
14 122.166 4.6395 —4.3525 —64.189 43.946 0.122 0.3
15 122.166 4.5795 —4.2785 —64.192 41.915 0.128 0.281
16 122.166 4.6135 —4.3495 —64.192 43.639 0.009 0.305
17 122.166 4.604 —4.27 —64.19 41.972 0.122 0.273
18 122.166 4.6685 —4.3735 —64.195 44.648 0.113 0.301
19 146.548 4.49 —4.801 —77.499 51.746 0.842 0.911
20 142.585 4.5355 —4.5575 —68.773 47.103 0.64 0.618
21 220.009 4.216 —4.625 —58.632 45.091 0.854 0.998
22 220.009 4.2735 —4.7735 —58.632 48.689 1.118 1.038
23 136.193 4.671 —4.375 —71.328 44.703 0.803 0.53
24 136.193 4.6985 —4.3985 —71.333 45.45 0.609 0.531
25 136.193 4.674 —4.342 —71.332 44.059 0.473 0.517
26 163.003 4.4475 —4.7625 —73.353 50.438 1.128 0.93
27 163.003 4.5355 —4.7875 —73.354 51.977 1.271 0.899
28 142.585 4.485 —4.448 —68.772 44.367 0.7 0.591
29 142.585 4.507 —4.433 —68.771 44.285 0.795 0.579
30 163.003 4.425 —4.668 —73.351 48.211 1.036 0.908
31 150.22 4.7025 —4.3775 —78.501 45.056 0.73 0.753
32 150.22 4.6725 —4.3165 —78.5 43.529 0.913 0.737
33 163.003 4.576 —4.847 —73.355 53.753 1.562 0.894
34 170.21 4.4695 —4.5915 —86.035 47.113 1.094 1.168
35 251.905 4.4375 —5.0295 —69.596 56.125 1.403 1.442
36 136.193 4.579 —4.28 —71.375 41.94 0.418 0.512
37 136.193 4.58 —4.249 —71.373 41.344 0.93 0.497
38 136.193 4.552 —4.224 —71.378 40.609 1.695 0.490
39% 156.612 4.4895 —4.4005 —75.962 43.468 1.203 0.799
40 241.899 4.41 —4.908 —83.24 53.115 1.779 1.652
41 197.448 4.3025 —4.7905 —85.12 49.369 2.1 1.444
42 221.481 4.4535 —4.6965 —78.661 49.116 1.277 1.359
43 201.063 4.561 —4.556 —74.081 47.337 1.278 1.061
44 330.801 4.383 -5.179 —79.491 58.781 2.05 2.163
45 164.247 4.583 —4.219 —85.677 40.789 1.297 0.941
46" 184.665 4.4555 —4.3895 —90.283 42.924 1.862 1.261
47 178.274 4.556 —4.213 —92.859 40.433 1.245 1.172
48 246.308 4.1815 —4.4985 —122.252 42.309 2.113 2.408
49 328.003 4.1375 —4.8415 —105.803 48.492 2.207 2.726
50 220.354 4.5495 —4.1475 —114.342 39.13 1.788 1.828

MW = molecular weight, n = hardness, u = chemical potential, TE = total energy of the system, w = electrophilicity index,
Aowsa = observed toxicity taken from Ref. 25, Ap.q = predicted toxicity by Eq. 10.

# Data points not included in the deriving equation.
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Electrophilicity index (w)
Total energy (Hartree) (Tg)

The values of these descriptors for all the fifty deriva-
tives have been calculated with the help of AMI,
PM3, PMS5, and DFT methods. In the formation of first
QSTR model based on AM1 Hamiltonian, we have gen-
erated various equations by employing all the variables
and the best-fitted equation of this class is Eq. 9. The

predicted toxicity (Apreqy from Eq. 9 is given in Table
2. The statistical quality of the equation is good as is evi-
dent from its correlation coefficient * value = 0.883 and
a cross-validation coefficient 72, value = 0.787. In this
model, the five compounds namely 5, 9, 38, 39, and 46
have been identified as outliers and the descriptor values
of these compounds are not included in deriving the
regression equation. The predicted toxicity is reliable
as is evident from its standard error (SE) value.

Table 4. PM5-based descriptors and predicted biological activities of phenols by Eq. 11

Compound MW n u TEnergy & AObsd APred
1 94.113 4.7135 —4.2395 —49.842 42.359 —0.431 —0.147
2 130.094 4.5385 —5.0695 —81.689 58.319 0.396 1.007
3 112.103 4.6145 —4.6675 —65.761 50.265 0.248 0.424
4 112.103 4.5675 —4.6095 —65.759 48.524 0.017 0.388
5% 112.103 4.668 —4.687 —65.765 51.273 0.473 0.447499
6 108.14 4.593 —4.104 —57.017 38.68 —0.192 0.024
7 108.14 4.681 —4.175 —57.018 40.796 —0.062 0.065
8 128.558 4.612 —4.506 —61.596 46.821 0.277 0.394
9* 173.009 4.45 —4.697 —59.717 49.088 0.504 0.690383
10 128.558 4.554 —4.432 —61.598 44.726 0.545 0.353
11 122.166 4.681 —4.162 —64.17 40.543 0.229 0.301
12 122.166 4.6525 —4.1725 —64.175 40.499 0.176 0.298
13 173.009 4.5295 —4.5215 —59.72 46.3 0.681 0.65
14 122.166 4.6265 —4.1275 —64.195 39.409 0.122 0.279
15 122.166 4.542 —4.047 —64.194 37.195 0.128 0.238
16 122.166 4.59 —4.115 —64.195 38.862 0.009 0.267
17 122.166 4.5755 —4.0365 —64.194 37.275 0.122 0.241
18 122.166 4.6635 —4.1415 —64.194 39.994 0.113 0.291
19 146.548 4.504 —4.82 —77.521 52.319 0.842 0.923
20 142.585 4.5635 —4.4355 —68.772 44.89 0.64 0.597
21 220.009 3913 —5.069 —58.612 50.272 0.854 0.947
22 220.009 3.928 —5.181 —58.611 52.719 1.118 0.991
23 136.193 4.656 —4.152 —71.331 40.133 0.803 0.532
24 136.193 4.6855 —4.1565 —71.333 40.475 0.609 0.54
25 136.193 4.63 —4.117 —71.332 39.239 0.473 0.516
26 163.003 4.5255 —4.7595 —73.355 51.258 1.128 0.938
27 163.003 4.563 —4.722 —73.355 50.871 1.271 0.935
28 142.585 4.509 —4.369 —68.775 43.034 0.7 0.561
29 142.585 4.543 —4.352 —68.774 43.022 0.795 0.564
30 163.003 4.4485 —4.6895 —73.354 48.914 1.036 0.888
31 150.22 4.6965 —4.1395 —78.488 40.238 0.73 0.777
32 150.22 4.634 —4.092 —78.489 38.797 0.913 0.749
33 163.003 4.565 —4.852 —73.359 53.734 1.562 0.988
34 170.21 4.458 —4.375 —86.076 42.664 1.094 1.086
35 251.905 4.297 —4.91 —69.597 51.796 1.403 1.467
36 136.193 4.5605 —4.0355 —71.371 37.134 0.418 0.478
37 136.193 4.553 —4.004 —71.367 36.497 0.93 0.468
38* 136.193 4.5375 —4.0335 —71.37 36.911 1.695 0.473
39¢ 156.612 4.53 —4.298 —75.95 41.841 1.203 0.783
40 241.899 4.2725 —5.0085 —83.237 53.588 1.779 1.697
41 197.448 4.3835 —4.8505 —85.114 51.566 2.1 1.402
42 221.481 4.3895 —4.6575 —78.658 47.609 1.277 1.372
43 201.063 4.455 —4.385 —74.074 42.831 1.278 1.065
44 330.801 4.1795 —5.1125 —79.48 54.621 2.05 2.248
45 164.247 4.5645 —4.0595 —85.653 37.61 1.297 0.965
46" 184.665 4.489 —4.28 —90.264 41.116 1.862 1.247
47 178.274 4.5615 —4.0615 —92.833 37.623 1.245 1.206
48 246.308 4.366 —4.34 —122.311 41.118 2.113 2.303
49 328.003 4.188 —4.815 —105.834 48.548 2.207 2.647
50 220.354 4.555 —4.001 —114.288 36.458 1.788 1.907

MW = molecular weight, n = hardness, u = chemical potential, TE = total energy of the system, w = electrophilicity index, Aopsq = Observed toxicity

taken from Ref. 25, Ap.q = predicted toxicity by Eq. 11.
@ Data points not included in the deriving equation.
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AMI1 — Apreq = 0.00620256Mw — 4.61983n
+ 19.52324, — 0.0218789T ¢

+ 1.99487w + 40.1157

re, =0.787087 1* =0.883616 SE = .241

©)

The second QSTR model has been formed with the help
of a PM3-based result. In this model, we have generated
various equations by employing all the variables and the
only best fitted equation is given here. The predicted
toxicity (Apreq) from Eq. 10 is reported in Table 3. The
statistical quality of the equation is in a better range.
The correlation coefficient #* value is 0.853, and the val-
ue of cross-validation coefficient 72, is 0.708. The pre-

Table 5. DFT-based descriptors calculated by the B88-PW91 GGA energy functional with the DZVP basis sets and predicted biological activities of

phenols by Eq. 12

Compound MW n u TEnergy &) AObsd APred
1 94.1130 2.2010 2911 —307.4590 9.32555 —0.431 —0.185
2 130.094 2.2775 3.0675 —505.9040 10.71513 0.396 0.352
3 112.103 2.2050 3.019 —406.6840 10.04858 0.248 0.115
4 112.103 2.0165 3.0055 —406.6830 9.107553 0.017 0.258
5% 112.103 2.2305 3.0245 —406.6840 10.20186 0.473 0.101
6 108.140 2.1210 2.7630 —346.7740 8.096036 —0.192 0.109
7 108.140 2.1685 2.8275 —346.7740 8.668314 —0.062 0.026
8 128.558 2.1545 3.2095 —767.0590 11.09663 0.277 0.487
9* 173.009 2.0875 3.4255 —2880.522 12.24741 0.504 0.987
10 128.558 2.0560 3.1440 —767.0560 10.16151 0.545 0.442
11 122.166 2.1720 2.8100 —386.0840 8.575165 0.229 0.210
12 122.166 2.1295 2.7355 —386.0790 7.967482 0.176 0.292
13 173.009 1.9760 3.3770 —2880.519 11.26728 0.681 0.834
14 122.166 2.1470 2.7100 —386.0870 7.883891 0.122 0.267
15 122.166 2.0705 2.6745 —386.0880 7.405092 0.128 0.439
16 122.166 2.1505 2.6755 —386.0880 7.696962 0.009 0.273
17 122.166 2.0895 2.7025 —386.0860 7.630338 0.122 0.383
18 122.166 2.1805 2.6985 —386.0900 7.939094 0.113 0.205
19 146.548 1.9910 3.2910 —866.2770 10.78194 0.842 0.761
20 142.585 2.1570 3.0520 —806.3750 10.04591 0.640 0.531
21 220.009 1.8105 3.4775 —7226.680 10.94719 0.854 0.621
22 220.009 1.8605 3.6315 —7226.680 12.26794 1.118 0.796
23 136.193 2.1230 2.7250 —425.3890 7.882301 0.803 0.499
24 136.193 2.1660 2.8090 —425.3950 8.545391 0.609 0.410
25 136.193 2.1280 2.7380 —425.3950 7.976429 0.473 0.485
26 163.003 2.1080 3.4790 —1226.656 12.75703 1.128 1.245
27 163.003 2.1220 3.4390 —1226.652 12.54815 1.271 1.194
28 142.585 2.0135 3.0535 —806.3700 9.386798 0.700 0.621
29 142.585 2.0390 3.0600 —806.3710 9.546190 0.795 0.607
30 163.003 2.0155 3.4155 —1226.655 11.75605 1.036 1.055
31 150.220 2.1675 2.7995 —464.7050 8.493566 0.730 0.598
32 150.220 2.1345 2.7345 —464.7050 7.980351 0.913 0.664
33 163.003 2.1555 3.5185 —1226.653 13.34237 1.562 1.382
34 170.210 1.6630 3.365 —538.4920 9.415262 1.094 0.973
35 251.905 1.8845 3.6625 —5453.630 12.63925 1.403 1.638
36 136.193 2.1560 2.5850 —425.4040 7.203439 0.418 0.499
37 136.193 2.1160 2.5960 —425.4000 7.130091 0.930 0.586
38 136.193 2.0915 2.5545 —425.4040 6.824011 1.695 0.681
39 156.612 2.0680 2.9200 —845.6870 8.816298 1.203 0.757
40 241.899 1.9190 3.8150 —3799.631 13.96478 1.779 2.089
41 197.448 1.9840 3.6200 —1686.247 12.99956 2.100 1.680
42 221.481 1.9665 3.4505 —3379.371 11.70653 1.277 1.484
43 201.063 2.0235 3.0925 —2959.116 9.675928 1.278 1.067
44 330.801 1.7425 3.9565 —8026.734 13.63845 2.050 2.221
45 164.247 2.0580 2.6020 —504.0130 6.966746 1.297 1.097
46* 184.665 2.0725 2.8455 —924.3090 8.390382 1.862 1.141
47 178.274 2.1300 2.5520 —543.3340 6.93603 1.245 1.158
48 246.308 1.7105 3.2315 —769.5510 8.931027 2.113 2.111
49 328.003 1.7250 3.6870 —5684.618 11.72480 2.207 2.340
50 220.354 2.0695 2.5265 —661.2550 6.605019 1.788 1.908

MW = molecular weight, n = hardness, u = chemical potential, TE = total energy of the system, w = electrophilicity index, Aopsq = Observed toxicity
taken from Ref. 25, Ap.q = predicted toxicity by Eq. 12. Molecules containing bromine are calculated by using the B8§-LYP method.

# Data points not included in the deriving equation.
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dicted toxicity is reliable as is clear from its standard er-
ror (SE) value. The outlier concept is the same as given
in Model 1.

PM3 — Apreq = 0.00585765Mw + 0.71477n
—2.409541 — 0.0205474Tx
—0.0998278w — 11.1515
2, =0.708631 > =0.853274 SE =0.27.
(10)

A third QSAR model has been developed with the help
of PM5-based results, and various equations for toxicity
prediction have been generated by employing the same
variable descriptors. The best-fitted equation is reported
here as Eq. 11. The predicted toxicity (A4preqy from Eq. 11
is given in Table 4. The results are reliable as is evident
from the correlation coefficient r?, which is 0.857, and
the value of cross-validation coefficient 2, is better and
is 0.71. The outlier concept is the same as in Model 1.

PMS5 — Apreq = 0.00697442M v — 0.08229957
+0.361171 — 0.0198587Tg
+ 0.0348395w — 1.34971
12, =0.710311 * =0.857228 SE = 0.267.
(11)

Finally, the DFT model has been tested against toxicity.
The fourth QSAR model has been developed on the ba-
sis of descriptor values derived from DFT calculation
using the B88-PW91 GGA energy functional with the
DZVP basis sets. In this model, we have generated var-
ious equations by employing 15 descriptors as variables
and the only best fitted equation is reported here. The
predicted toxicity (Apreqy from Eq. 12 is given in Table
5. The statistical quality of the equation reveals that a
better result could be obtained from the DFT method.
The correlation coefficient # value is 0.91, and the value
of cross-validation coefficient 2 is 0.88. The predicted
values of toxicity are closer to observed values and
hence are more reliable.

DFT — Apreg = 0.0140663M 1 + 0.000176157
— 6.854431 — 8.10552T
+ 1.33736w + 24.7558
12, =0.880491 2 =0.910927 SE =021
(12)

5. Conclusion

This study results in a framework by which one can
calculate the toxicity of any hypothetical compound
of the series and their hazards prior to their synthe-
sis. The study is also helpful in the determination
of the effect of any particular phenol derivative of
this series over 7. pyriformis. The reliability of this
study has been tested by four different methods,
AMI1, PM3, PMS5, and DFT. A comparison of all
the methods indicates that the DFT method is more

reliable than others and has a high predictive power.
The study involves various quantum chemical descrip-
tors [such as molecular weight (M), hardness (),
chemical potential (i), total energy (7g), and electro-
philicity index (w)], all descriptors being linearly inde-
pendent, except for the electrophilicity index (w),
which jointly depends on the hardness () and chem-
ical potential (u).
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Abstract—Several new prenylnaphthohydroquinone derivatives have been prepared through the Diels—Alder condensation between
a-myrcene and 1,2-benzoquinone and evaluated for their cytotoxic activity against A-549, HT-29 and MB-231 cultured cell lines.

All of them have shown Gls values in the uM level.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Prenyl-1,4-naphthohydroquinone derivatives are terpen-
yl hydroquinones with interesting antitumoural proper-
ties against a wide variety of cultured cell lines. They can
be synthesised through acetylation and further chemical
transformations of the Diels—Alder adduct 1 (Fig. 1),
prepared from o-myrcene and 1,4-benzoquinone.!™

In general, all prenyl-1,4-naphthohydroquinone deriva-
tives of 1 are bioactive against P-388 murine leukaemia,
A-549 human lung carcinoma, HT-29 and H-460 human
colon carcinoma, MEL-28 human malignant melanoma,
MCF-7 mammary gland carcinoma and SF-268 brain
carcinoma neoplastic cell lines (ICsy or Glsy < 0.3-
> 30 uM). According to SAR studies, cytotoxicity is en-
hanced when the carbocyclic part of 1 is aromatised,
when the side chain is saturated or when the side chain
is functionalized with an acetate or a methoxycarbonyl
group. In these cases, the ICsy values are below the
1M level (0.3 pM, P-388).3 In addition, the fully aroma-
tised compound with a saturated side chain shows a
Gls, lower than 0.3 puM (MCF-7).4 Substituents at the
C-2 position of the naphthohydroquinonic core also

Keywords: Prenylnaphthohydroquinone; 1,2-Benzoquinone; Myrcene;

Cytotoxicity.
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1 (0]
Figure 1. Structure of the Diels—-Alder product of myrcene and
1,4-benzoquinone.

influence the antitumoural activity of this type of com-
pounds. Introduction of an acetyl group at this position
resulted in a decrease of cytotoxicity and only the acetyl
derivative bearing a methyl ester group on the terpenic
side chain displayed an ICsy value in the range of
1 pM against an A-549 cultured cell line.”> Furthermore,
halogens and nitrogen-containing functional groups at
2/3 positions of the naphthohydroquinone ring influence
both cytotoxic potency and selectivity against DU-145
prostate carcinoma, SK-BR3 breast adenocarcinoma,
MEL-28, A-549, K-562 myelogenous leukaemia,
PANC-1 pancreatic epithelioid carcinoma HT-29,
LoVo-Dox colon adenocarcinoma and HeLa cervix
epithelioid carcinoma neoplastic cell lines.5’

The antitumoural activity of natural or synthetic 1,
2-naphthoquinone-containing compounds has been
studied to a much lesser extent and prenyl-1,2-naph-
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thohydroquinone derivatives of myrcene are not
known. Puupehedione, puupehenone, chloropuupehe-
none, 15-cyanopuupehenone, smenorthoquinone and
smenopondiol are examples of natural sesquiterpenyl-
1,2-quinone or 1,2-hydroquinone derivatives isolated
from marine sponges, which are bioactive against P-
388, A-549, HT-29, L1210, KB and LoVo neoplastic
cultured cells.®'* Synthetic 4,5-diamino-substituted-
1,2-benzoquinone, 1,2-pyrano-naphthoquinones, 1,2-
furanaphthoquinones and N-(3,4-dimethyl-5-isoxazol-
yl)-4-amino-1,2-naphthoquinone compounds, among
others, have been screened against L 1210, HelLa,
KB, HepG, and L-6 cultured cells.'>!7

Taking into account these antecedents, in this paper we
wish to report the preparation of a family of prenyl-1,2-
naphthohydroquinone derivatives 210 (Fig. 2) through
chemical modifications of the Diels—Alder product from
o-myrcene and 1,2-benzoquinone. The cytotoxic-anti-
neoplastic properties of a regioisomeric mixture of these
new compounds have been evaluated against cultured
cells of A-549 human lung carcinoma, HT-29 human co-
lon carcinoma and MB-231 breast adenocarcinoma.

2. Results and discussion
2.1. Chemistry

The starting prenyl-1,2- hydroqulnomc diacetate 2 was
obtained as a 4:1 regioisomeric mixture from the
Diels—Alder condensation product of 1,2-benzoquinone
with myrcene, followed by acetylation with acetic anhy-
dride in pyridine. The presence of both regioisomers and
the ratio was deduced from the "H NMR spectra signal
of the carbocyclic olefinic proton 6/7, which are differen-
tiated at 5.59 (2a) and 5.55 ppm (2b), respectively
(Fig. 2), and also from the complexity of the '*C
NMR spectra of compounds 2-10, where most of the
signals for carbons are duplicated. For example, in the
13C spectra the acetate groups of the prenyl-1,4-naph-

thohydroquinone derivatives display two signals at
168-169 ppm [1-3]; meanwhile, four signals are ob-
served in the 1,2-derivatives 2-10. The regioselectivity
and the proposition of 2a as the major regioisomer
can be supported on the heterolytic character of the
BF;-catalysed Diels—Alder reaction and in the higher
stability of the electron-deficient centre in the proposed
transition model'®!® (Fig. 3).

The regioisomeric mixture of 2 was chemically modified
by catalytic hydrogenation with H,/Pd/C in EtOAc, aro-
matisation with 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ), epoxidation with m-chloroperbenzoic
acid (MCPBA), oxidative cleavage of epoxides with
periodic acid (HsIOg), chemoselective reduction with
sodium borohydride (NaBH,), acetylation with acetic
anhydride/pyridine, oxidation of aldehyde with sodium
chlorite (NaClO,) and methylation of the carboxylic
group with diazomethane, affording the compounds
3-10 (Fig. 2). The 'H and 13C NMR data according to
carbon numbering of compound 2 in Figure 4, the IR
absorption and other physical information are given in
the experimental part.

2.2. Bioactivity

A panel of three human tumour cell lines was used to
evaluate in vitro the cytotoxic potential of the com-
pounds 2-10: A-549 lung carcinoma, HT-29 colon carci-
noma and MB-231 breast adenocarcinoma. The results
obtained are shown in Table 1 and the following general
observations can be made.

(a) As it has been observed with 1,4-hydroquinonic
compounds,' the prenyl-1,2-naphthohydroqui-
none derivatives 2-10 reported here are also cyto-
toxic compounds against the three cell lines
assayed.

(b) The GIlso (uM) values ranged between 5.51 and
>25.0 (A-549), 4.84 and >25.0 (HT-29), and 5.15
and >25.0 (MB-231).

OAc OAc
(5.55 ppm) H: 6 I il _OACc R: 6 I i LOAc
R 7 (5.59 ppm) H~ 7 I l

2a (major)

2b (minor)

R= —CHz-CHz-CHZC(CH3)2

Figure 2. Regioisomers of the Diels—Alder condensation product between myrcene and 1,2-benzoquinone.

ol —at oy

Figure 3. Proposed formation of the major regioisomer 2a.
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Figure 4. Prenyl-1,2-naphthohydroquinone derivatives 2-10 prepared. Reagents and conditions: (a) BF;-ether, CH,Cl,, 60 h; (b) Ac,O, Py, rt, 24 h;
(c) Hy/Pd, AcOEt, rt, 24 h; (d) DDQ, refluxing benzene, 1 h; (¢) MCPBA, NaHCOj3;, CH,Cl,, rt, 45 min; (f) HsIOg, THF, H,O, rt, 1 h; (g) NaBH,,
MeOH, rt, 15s; (h) NaClO,, NaH,PO,, H,O, -BuOH, 2-methyl-2-butene, rt, 72 h; (i) CH,N,, Et,0, rt, 30 min.

Table 1. Cytotoxicity of prenyl-1,2-naphthohydroquinone derivatives
2-10 (Glso, kM)

Compound A-549 HT-29 MB-231
2 >25.0 >25.0 >25.0
3 24.7 >25.0 12.2
4 5.51 11.6 6.74
5 12.5 13.1 12.2
6 9.93 10.5 10.2
7 10.3 9.99 10.3
8 10.6 10.6 5.95
9 9.58 9.87 9.87

10 5.75 4.84 5.15

(c) According to the GIs, values found, the fully aro-
matised compounds 4-10 are more cytotoxic than
the unsaturated and saturated derivatives 2 and 3.
These results confirm that aromatisation of the ring
fused to the hydroquinone core improves cytotoxic-
ity of both the 1,4 derivatives previously
reported,' as well as of the new 1,2-naphthohy-
droquinone compounds reported here.

(d) The GlIsq values of compound 10 against the three
lines assayed show that the presence of a methoxy-
carbonyl substituent on the terpenic moiety is also
important for the enhancement of bioactivity in
both prenyl-1,2 and 1,4-naphthohydroquinones.2°

3. Experimental

All NMR spectra were recorded in the Centro de Reso-
nancia Magnética Nuclear V Region, located at the Uni-
versidad Técnica Federico Santa Maria, Valparaiso,
Chile, on a Avance 400 Digital NMR Bruker spectrom-
eter operating at 400.132 MHz for 'H and 100.623 MHz
for *C in deuterochloroform with internal TMS as ref-
erence. Chemical shifts are expressed in ppm, followed
by multiplicity and coupling constant (J) in Hertz. IR
spectra were recorded on a Perkin-Elmer FT IR 1600
spectrophotometer, as a film over sodium chloride discs.
Elemental analysis of carbon and hydrogen was
obtained with a Perkin-Elmer 2400 Serie I CHN
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Elemental Analyser within £0.4% of the theoretical val-
ues. All the compounds are viscous oils and have been
purified by column chromatography on Silicagel 60,
230-400 mesh ASTM, using mixtures of n-hexane/ethyl
acetate with variable proportions as eluent.

3.1. Chemistry

3.1.1. 1,2-Benzoquinone. Synthesised in situ, according
to a described procedure,?' by the oxidation of an aque-
ous solution of catechol with an aqueous solution of
sodium periodate (1:2 molar ratio), followed by extrac-
tion with CH,Cl,.

3.1.2. Unsaturated diacetate 2. Synthesised by Diels—Al-
der condensation of 1,2-benzoquinone with myrcene in
CH,Cl, and BF3Et,0 as catalyst, at room temperature
during 60 h. The product was purified by CC with hex-
ane/ethyl acetate 7:3 as eluent (47%); oil; IR cm™': 3072
(aromatic, olefinic CH) , 2954-2860 (aliphatic CH), 1766
(C=0 ester). '"H NMR (CDCls) é: 1.61 (s, 3H, H-1),
1.69 (s, 3H, H-10), 2.06-2.16 (m, 4H, H-4, H-5), 2.26,
2.30, 2.32 (s, 6H, OAc), 3.09-3.40 (m, 4H, H-8, H-9),
5.12 (m, 1H, H-3), 5.55, 5.59 gbr s, 1H, H-6, H-7),
6.97-7.05 (m, 2H, H-2’, H-3/). >*C NMR (CDCls) o:
17.7 (C-1), 20.4, 20.5, 20.7, 20.8 (OAc), 25.7 (C-10),
25.2, 26.1, 27.7, 29.9, 37.0, 37.1 (CH,: C4, C-5, C-8,
C-9), 116.8, 118.1, 120.4, 120.5, 123.9, 124.0, 126.1,
1262 (CH: C-3, C-6, C-7, C-2/, C-3), 1318,
133.8,134.0, 135.2, 139.8, 140.1, (C: C-2, C-6, C-7,
C-1', C4', C-5, C-6), 168.1, 168.2, 168.6, 168.7
(OAc). Anal. Caled for C,0H,404 (%): C, 73.15; H,
7.37. Found (%): C, 73.50; H, 8.10.

3.1.3. Fully saturated diacetate 3. Synthesised by catalyt-
ic hydrogenation of the unsaturated diacetate 2 with
H,/Pd/C in ethyl acetate at room temperature during
24 h. The product was purified by CC with hexane/ethyl
acetate 3:1 as eluent (63%); oil; IR cm™ ! 3073, 3030
(aromatic, olefinic CH) , 2942, 2919 (aliphatic CH),
1773 (C=0 ester). '"H NMR (CDCl;) 4: 0.88 (d, 6H,
J=6.6, H-1, H-10), 2.26, 2.30, 2.31 (s, 6H, OAc),
2.47-2.82 (m, 4H, H-8, H-9), 6.91-7.01 (m, 2H, H-2’,
H-3’). 3C NMR (CDCl): §: 20.3, 20.4, 20.7, 20.8
(OAc), 22.6 (C-1, C-10), 27.9, 33.5, 23.5, 24.6, 28.4,
28.7, 29.0, 30.2, 35.9, 36.6, 39.2 (CH,: C-3, C4, C-5,
C-6, C-7, C-8, C-9), 27.9, 28.0, 33.2, 33.5 (CH: C-2, C-
6; C-7), 119.9, 120.0, 126.7, 127.0 (CH: C-2/, C-3'),
131.1, 136.4, 139.9, 140.2 (C: C-1', C-4/, C-5', C-0'),
168.1,168.2,168.6, 168.7 (OAc). Anal. Calcd for
CyoH»504 (%): C, 72.26; H, 8.49. Found (%): C, 72.48;
H, 8.83.

3.1.4. Unsaturated aromatised diacetate 4. Synthesised
by DDQ aromatisation of 2 in refluxing benzene during
1 h. The product was purified by CC with hexane/ethyl
acetate 3:1 as eluent (63%); oil; IR em ™' 3070 (aromatic,
olefinic CH) , 2943-2820 (aliphatic CH), 1775(C=0
ester). 'H NMR (CDCl5) &: 1.56 (s, 3H H-1), 1.68 (s,
3H, H-10), 2.32, 2.45, 2.46 (s, 6H, OAc), 2.35-2.39 (m,
2H, H-4), 2.79 (t, 2H, J=7.7, H-5), 5.17 (m, 1H, H-
3), 7.24-7.38 (m, 2H, H-2’, H-3'), 7.63-7.75 (m, 3H,
H-7, H-8, H-9). ')C NMR (CDCl;) §: 18.0 (C-1)),

20.4, 20.5, 20.9, 21.0 (OAc), 26.0 (C-10), 30.0, 30.1
36.4, 36.8 (CH,: C4, C-5), 119.9, 121.0, 121.4, 121.9,
123.7, 123.8, 126.5, 126.7, 126.9, 128.2, 128.3, 128.9
(CH: C-3, C-6, C-7, C-8, C-9, C-2/, C-3%), 131,2, 132.8,
132.9, 137.3, 138.7, 139.5, 140.7, 141.7 (C: C-2, C-6,
C-7, C-1', C-4', C-5, C-6"), 168.4, 168.5, 168.9, 169.0
(OAc). Anal. Caled for CyyH»,04 (%): C, 73.60; H,
6.79. Found (%): C, 73.28; H, 6.33.

3.1.5. Saturated aromatised diacetate 5. Synthesised by
catalytic hydrogenation of the aromatised diacetate 4
with H,/Pd/C in ethyl acetate during 24 h. The product
was purified by CC with hexane/ethyl acetate 3:1 as elu-
ent (48%); oil; IR ecm™!: 3072, 3025 (aromatic, olefinic
C-H) , 2942-2919 (aliphatic C-H), 1772 (C=O0O ester);
"H NMR (CDCl;) 6: 0.88 (d , 6H, J = 6.6, H-1, H-10),
1.62 (m,1H, H-2), 1.22-1.26, 1.67-1.69 (m, 4H, H-3,
H-4), 2.32, 2.44, 246 (s, 6H, OAc), 2.73 (t, 2H,
J =172, H-5), 7.24-7.39 (m,2H, H-2’, H-3') ,7.61-7.65
(m, 3H, H-7, H-8, H-9). '*C NMR (CDCly) &: 20.7,
20.8, 21.1, 21.2(0Ac),, 22.9, 28.2 (C-1, C-10), 294,
29.5, 36.4, 36.9, 38.8, 38.9 (CH,: C-3, C4, C-5) 31.2
(C-2), 119.8, 120.9, 121.4, 121.9, 126.5, 126.7, 128.1,
128.2, 1289 (CH: C-6, C-7, C-8, C-9, C-2/, C-3'),
131.2, 133.0, 136.9, 137.3, 138.8, 139.5, 141.3, 142.3
(C: C-6, C-7, C-1/, C4', C-5, C-6'), 168.4, 168.5,
168.8, 168.9 (OAc). Anal. Calcd for CyoH»404 (%): C,
73.15; H, 7.37. Found (%): C, 73.28; H, 6.83.

3.1.6. Aromatised epoxidiacetate 6. Synthesised by
MCPBA epoxidation of unsaturated aromatised diace-
tate 4 in dichloromethane and NaHCO5 at room tem-
perature during 45 min. The product was purified by
CC with hexane/ethyl acetate 2:1 as eluent (76%); oil;
IR cm™': 3072 (aromatic, olefinic C—H), 2966, 2931,
2861 (aliphatic C-H), 1772 (C=0 ester). '"H NMR
(CDCl;) o: 1.18 (s, 3H, H-1), 1.29 (s, 3H, H-10), 1.91-
1.97 (m, 2H, H-4), 2.35, 2.47, 2.48 (s, 6H, OAc), 2.81
(t, 1H, J=6.1, H-3), 2.91-3.03 (m, 2H, H-5), 7.28-7.43
(m, 2H, H-2', H-3'), 7.69-7.80 (m, 3H, H-7, H-8, H-9).
3C NMR (CDCly) : 18.6, 18,7 (C-1), 20.4, 20.5, 20.7,
20.8 (OAc), 24.6, 24.7 (C-10), 30.5, 30.6, 32.7, 33.1
(CHy: C-4, C-5), 58.6, 58.7 (C-2), 63.6, 63.7 (C-3),
119.7, 121.0, 121.3, 121.8, 126.1, 126.4, 126.6, 127.6,
128.1, 128.4, 130.0 (CH: C-6, C-7, C-8, C-9, C-2/,
C-3%), 131.0, 132.5, 136.9, 138.7, 139.4, 140.4 (C: C-6,
C-7, C-1', C-4', C-5, C-6'), 168.1, 168.2, 168.5, 168.6
(OAc). Anal. Caled for C5yH»,O5 (%): C, 70.16; H,
6.48. Found (%): C, 69.80; H, 6.02.

3.1.7. Aromatised aldehyde diacetate 7. Synthesised by
degradative HsIOg4 oxidation of the aromatised epoxidi-
acetate 6 in aqueous THF at room temperature during
1 h. The product was purified by CC with hexane/ethyl
acetate 1:2 as eluent (74%); oil; IR ecm™': 3072, (aromat-
ic, C-H), 2966, 2931 (aliphatic C-H), 2791 (aldehyde C—
H), 1766 (C=0 ester), 1719 (C=0 aldehyde). '"H NMR
(CDCly) o: 2.32, 2.44, 2.47 (s, 6H, OAc), 2.83 (t, 2H,
J=17.6, H-4), 3.10 (t, 2H, J=17.6, H-5), 7.27-7.38 (m,
2H, H-2/, H-3'), 7.60-7.79 (m, 3H, H-7, H-8, H-9),
9.82, 9.83 (s, 1H, H-3). 3C NMR (CDCl;) &: 20.5,
20.6, 20.8, 20.9 (OAc), 28.0, 28.4 (C-5), 45.0, 45.2
(C-4), 119.8, 121.2, 121.6, 122.0, 126.2, 126.4, 126.6,
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127.3, 128.2, 128.5 (CH: C-6, C-7, C-8, C-9, C-2', C-3'),
131.1, 132.5, 137.0, 138.5, 138.9, 139.5 (C: C-6, C-7, C-
1/, C-4', C-5', C-6'), 168.2, 168.3, 168.5, 168.6 (OAc),
201.2, 201.3 (C-3). Anal. Caled for C;,H;¢Os (%): C,
67.99; H, 5.37. Found (%): C, 68.32; H, 4.95.

3.1.8. Aromatised hydroxyl diacetate 8. Synthesised by
NaBH,4 reduction of the aromatised aldehyde diacetate
7 in methanol, at room temperature during 15s. The
product was purified by CC with hexane/ethyl acetate
2:1 as eluent (53%); oil; IR cm™!: 3433 (OH), 2976,
2921 (aliphatic CH), 1769 (C=0 ester). 'H NMR
(CDCl3) 6: 1.95 (m, 2H, H-4), 2.36, 2.47, 2.49 (s, 6H,
OAc), 2.86 (t, 2H, J=6.5, H-5), 3.68 (t, 2H, J=6.5,
H-3), 7.27-7.42 (m, 2H, H-2', H-3'), 7.66-7.78 (m, 3H,
H-7, H-8, H-9). '*C NMR (CDCls) ¢: 19.0, 19.1, 19.5,
19.6 (OAc), 30.4, 30.9,32.4, 32.5 (CH,: C-4, C-5), 60.4,
60.5 (C-3), 118.1, 119.3, 119.7, 120.2, 124.6, 124.9,
125.1, 126.2, 126.6, 127.0 (CH: C-6, C-7, C-8, C-9, C-
2/, C-3"), 127.7, 128.2, 131.0, 132.0 136.9, 138.6, 140.0,
141.0 (C: C-6, C-7, C-1/, C-4', C-5, C-6'), 168.3,
168.4, 168.6, 168.7 (OAc). Anal. Calcd for C7H ;305
(%): C, 67.54; H, 6.00. Found (%): C, 68.01; H, 6.36.

3.1.9. Aromatised triacetate 9. Synthesised by acetylation
of the aromatised hydroxyl diacetate 8 with acetic anhy-
dride and pyridine in anhydrous diethyl ether at room
temperature during 24 h. The product was purified by
CC with hexane/ethyl acetate 2:1 as eluent (78%); oil;
IR cm™': 3072 (aromatic CH), 2942, 2861 (aliphatic
CH), 1766 (C=0 aromatic acetate), 1732 (C=0 aliphat-
ic acetate). 'H NMR (CDCl;) 6: 1.98-2.03 (m, 2H, H-4),
2.05 (s, 3H, OAc aliphatic), 2.33, 2.44, 2.47 (s, 6H, OAc
aromatic), 2.83 (t, 2H, J = 7.0, H-5), 4.12 (t, 2H, J = 6.5,
H-3), 7.26-7.38 (m, 2H, H-2/, H-3"), 7.64-7.77 (m, 3H,
H-7, H-8, H-9). '*C NMR (CDCls) §: 20.4, 20.5, 20.7,
20.8 (OAc aromatic), 21.1 (OAc aliphatic), 30.0, 30.1,
32.2, 32.6 (CH,: C4, C-5), 63.7, 63.8 (C-3), 119.7,
121.0, 121.4, 121.8, 126.2, 126.4, 126.6, 127.6, 128.2,
128.3 (CH: C-6, C-7, C-8, C-9, C-2/, C-3'), 131.0,
132.6, 136.6, 137.0, 138.8, 139.3, 139.4,140.3 (C: C-6,
C-7, C-1', C-4/, C-5, C-6'), 168.1, 168.2, 168.5, 168.6
(OAc aromatic), 171.1 (OAc aliphatic). Anal. Calcd
for C19H,00¢ (%): C, 66.27; H, 5.85. Found (%): C,
66.52; H, 5.48.

3.1.10. Aromatised methyl ester diacetate 10. Synthesised
by NaClO, oxidation of the aromatised aldehyde diace-
tate 7 in H,O, -BuOH, NaH,PO, and 2-methyl-2-bu-
tene at room temperature during 72 h. The acid was
methylated with diazometane in anhydrous diethyl ether
at room temperature during 30 min. The product was
purified by CC with hexane/ethyl acetate 1:1 as eluent
(64%); oil; IR em ™' 3061 (aromatic C-H), 2967, 2880
(aliphatic C-H), 1769 (C=0 ester), 1738 (C=0 methyl
ester). '"H NMR (CDCly) d: 2.36, 2.47, 2.50 (s, 3H
OAc), 2.72 (t, 2H, J=17.6, H4), 3.11 (t, 2H J=17.6,
H-5), 3.68, 3.69 (s, 3H, OMe), 7.29-7.42 (m, 2H, H-2’,
H-3’), 7.63-7.80 (m, 3H, H-7, H-8, H-9). 3*C NMR
(CDCl3) ¢: 20.4, 20.5, 20.8, 20.9 (OAc), 30.9, 31.3,
354, 35.5 (CH2: C+4, C-5, 51.7 (OMe), 119.7,
121,121.5, 121.8, 126.3, 126.4, 126.7, 127.4, 128.2,
128.3 (CH: C-6, C-7, C-8, C-9, C-2/, C-3'), 131.1,

132.6, 136.7, 136.9, 138.6, 138.8, 139.4, 139.5 (C: C-6,
C-7, C-1/, C4', C-5, C-6), 168.2, 168.3,168.6, 168.7
(OAc), 173.1 (C-3). Anal. Calcd for C;gH 304 (%): C,
65.45; H, 5.49. Found (%): C, 65.93; H, 5.35.

3.2. Bioactivity

A colourimetric assay using sulforhodamine B (SRB)
has been adapted for a quantitative measurement of cell
growth and viability, following a previously described
method.??>?* Cells were seeded in 96-well microtitre
plates, at 5x 10° cells/well in aliquots of 195 pL RPMI
medium and were allowed to attach to the plate surface
by growing in a drug-free medium for 18 h. Afterwards,
samples were added in aliquots of 5 pL (dissolved in
DMSO/H,O0, 3:7). After 72 h exposure, the antitumour
effect was measured by the SRB method: cells were fixed
by adding 50 mL cold 50% (wt/vol) trichloroacetic acid
(TCA) and incubating for 60 min at 4 °C. Plates were
washed with deionised water and dried; 100 pL of
SRB solutions (0,4% wt/vol in 1% acetic acid) was added
to each microtitre well and incubated for 10 min at room
temperature. Unbound SRB was removed by washing
with 1% acetic acid. Plates were air-dried and bound
stain was solubilized with Tris buffer. Optical densities
were read on an automated spectrophotometer plate
reader at a single wavelength of 490 nm. Data analyses
were generated automatically by LIMS implementation.
Using control OD values (C), test OD values (7) and
time zero OD values (7}), the drug concentration that
causes 50% growth inhibition (Glsy value) was calculat-
ed from the equation: 100 x [(T' — T,)/C — To] = 50.
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Abstract—A series of 4-thiazolidinones were evaluated as selective inhibitors of the HIV-RT enzyme. Our attempt in correlating the
derived physicochemical properties with the HIV-RT inhibitory activity resulted in some statistically significant QSAR models
with good predictive ability. The QSAR studies indicated the role of lipophilicity, dipole moment and out-of-plane potential energy
of the compounds in rationalizing the activity. One of the compounds, 1, inhibited the enzyme at 0.204 uM concentration with

minimal toxicity to MT-4 cells.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of human immunodeficiency virus
(HIV-1) and its role in the development of AIDS, con-
siderable research efforts have been made towards
understanding viral biology with a view to identify drug
targets for clinical intervention.! In this endeavour, viral
enzymes are the prime targets in the search for effective
drugs to treat HIV/AIDS. One such essential enzyme is
human immunodeficiency virus type-1 reverse transcrip-
tase (HIV-1 RT), which enables the integration of viral
genetic information into the host genome.? Non-nucleo-
side reverse transcriptase inhibitors (NNRTIs)? inter
alia have been extensively investigated, and several
NNRTIs have been approved by the FDA and are used
clinically. Unfortunately, the virus rapidly develops
resistance to existing drugs through mutation. There-
fore, it is imperative to look for new chemical entities
having broad-spectrum HIV-RT inhibitory activity
(see Fig. 1). More recently E. De Clercq and his group
have reported that 2,3-diaryl substituted 4-thiazolidi-
none derived from reterosynthetic opening of thiazolo-
benzimidazole (TBZ) selectively inhibit HIV-RT
activity.* Subsequently from our group a systematic
effort was made through QSAR to rationalize the

Keywords: 4-thiazolidinones; HIV-RT; NNRTIs; Dicyclohexylcarbo-

diimide; QSAR.

* Corresponding author. Tel.: +91 05 22 26 20 58 6; fax: +91 05 22 22
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Figure 1. Structure of TBZs (I) and 2,3-diaryl-1,3-thiazolidin-4-one
derivatives (II).

biological activity and to define the biophoric space
around the 4-thiazolidinone skeleton.>¢

A detailed structure—activity relationship study of the
HIV-1 Reverse Transcriptase (RT) inhibitory activity
of two series of 2,3-diaryl-thiazolidin-4-ones in terms
of physicochemical and structural descriptors has been
carried out using combinatorial protocol interfaced mul-
tiple linear regression (CP-MLR) and partial least-
squares (PLS) analysis. The models developed in the
study indicate a preference for hydrophobic compounds
for better inhibitory activity and also for compounds
having propensity for a butterfly-like conformation.’
The HIV-1 RT inhibitory activity of 2-(2,6-dihalophe-
nyl)-3-(substituted pyridin-2-yl)-thiazolidin-4-ones has
been analyzed with different topological descriptors
obtained from DRAGON software.® The correlations
obtained from the TOPO class descriptors suggest that
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less extended or compact saturated structural templates
would be better for activity. The physicochemical
weighting components of these descriptors suggest
homogeneous influence of mass, volume, electronegativ-
ity and/or polarizability on the activity.®

In the above background and because of our continued
interest in the medicinal aspects of thiazolidinones, we
thought it appropriate to explore the synthesis and
HIV-RT inhibitory activity of 2,3-diaryl-thiazolidin-4-
ones. Furthermore, we have attempted to rationalize
the activity of these compounds using the molecular
descriptors generated in MOE.” The synthesis, biologi-
cal activities and QSAR studies of these compounds
are presented in this paper.

2. Result and discussion
2.1. Chemistry

The compounds reported (1-15) in this study were syn-
thesized by the multi-component reaction protocol
reported earlier from this laboratory. The reactions were
performed by reacting the appropriate amine, aldehyde
and mercapto acid (Scheme 1) in the presence of di-
cyclohexylcarbodiimide (DCC) at room temperature.’
After completion of the reaction, which is usually
1.0 h, the desired products were obtained in excellent
yield and purity. The spectral data, including the ele-
mental analysis of the compounds reported in this study,
correlate with the expected structure.

2.2. Antiviral activity assay

The methodology of anti-HIV assays has been described
previously.® Briefly, MT-4 cells were infected with HIV-
1 (ITIB) at 100 times the CCIDs (50% cell culture infec-
tive dose) per millilitre of cell suspension. One hundred
microlitres of the infected cell suspension was then
transferred to microtitre plate wells, mixed with 100 pl
of the appropriate dilutions of test compounds and

CHO
OH
X HS
Ar—NH,  + | ——R + /\ﬂ/
Pz o
Amines Aldehydes Mercaptoacetic acid
DCC|THF
O%
N__S
Ar’
67 W2
5" I3'
I

4-Thiazolidinones (1-15)

Scheme 1.

further incubated at 37 °C. After 5 days of incubation,
the number of viable cells was determined. The 50%
effective concentration (ECsy) and 50% cytotoxic con-
centration (CCsy) were defined as the concentrations
of compound required to reduce the number of viable
cells in the virus-infected and mock-infected cell cul-
tures, respectively.

2.3. Biological activity

Compounds 1-15 were evaluated for HIV-RT inhibitory
activity by determining their ability to inhibit the repli-
cation of HIV-1 (IIIB) in MT-4 cells. Compound in-
duced cytotoxicity was also measured in MT-4 cells in
parallel with the HIV-RT inhibitory activity!® (Table
1). As observed for other classes of NNRTIs, none of
the compounds inhibited the replication of HIV-2
(ROD) in MT-4 cells at subtoxic concentration. From
the biological activity data reported in Table 1, it may
be inferred that the anti-HIV activity is strongly depen-
dent on the nature of the substituent at C-2 and N-3 of
the thiazolidinone ring. In particular, a high activity le-
vel was observed for compounds possessing a 2,6-dihal-
ophenyl group at C-2 and a pyridine-2-yl or pyrimidine-
2-yl ring at N-3. Compounds 1, 2 and 3 prevented the
cytopathic effect of HIV-1 (IIIB) at nanomolar concen-
trations and were minimally toxic to MT-4 cells result-
ing in a remarkably high selectivity indices. It is worth
noting that compound 1 is 1.7 times more active than
the corresponding TBZ lead compounds and possessed
a selectivity index of about 216.

Considering the effect of the substituents on the Phenyl
ring at C-2 and by keeping the furfuryl substituent at the
N-3 position constant, the substituent methyl at 2’, and
2" and 6’ (12 and 13) led to moderate activity. When the
methoxy group was introduced at 2’; 4’; 2/, 4" and 5'; 3/,
4’ and 5’ and 2,4’ and 6’ led to a decrease in activity.
The effect of halogen substituent on the phenyl ring at
C-2, the 2',6'-dichlorophenyl derivative (1), was more
active than the corresponding 2',6'-difluoro substituted
(2), the favourable effect of chlorine is confirmed by
the finding that 2’-chloro, 6’-fluoro derivative (3) pos-
sessed intermediate activity between dichloro and diflu-
oro analogues. On the other hand, the introduction of
the pentafluorophenyl group (14) and naphthyl substitu-
ent (15) at C-2 led to a substantial decrease in activity
than the compounds 1, 2 and 3. To obtain a better ra-
tional for the activity, a detailed QSAR was done on
the present dataset.

2.4. QSAR and modeling studies

For the QSAR study, 193 descriptors belonging to
2D- and 3D-descriptor classes from MOE have been
considered to parameterize the compounds (Table 1).
A complete list of all the 2D molecular descriptors along
with 3D descriptors included in the present QSAR study
is given in supporting information. Among the descrip-
tors considered, logP(O/W) (log of the octane/water
partion coefficient), MNDO_dipole (the dipole moment
calculated using the MNDO Hamiltonian), E_oop
(out-of-plane potential energy) have shown strong
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Table 1. Anti-HIV-1 activity, cytotoxicity and selectivity index in MT-4 cells for compounds 1-15
o]
74
[
o N__S
6' | A 2'
——R
5N 3
4
Compound R ECso (uM)* HIV-1 Il CCsp (nM)® SI¢
2/ 3[ 4/ 5/ 6/
1 Cl H H H Cl 0.204 £ 0.0 44.8 +2.96 216
2 F H H H F 2.88 £0.576 208.47 £ 27.59 74
3 Cl H H H F 0.576 £ 0.16 97.76 £ 47.6 192
4 H H Cl H H 43.54 43.54 £4.354 <l
5 Cl H H H H 6.43+1.77 111.73 £ 61.77 22
6 H Cl H Cl H 42.16 42.16 £2.378 <l
7 OMe H H H H 57.78 57.78 £ 11.70 <1
8 H H OMe H H 85.64 85.64 £ 52.42 <1
9 OMe H OMe OMe H 262.69 262.69 + 54.81 <1
10 H OMe OMe OMe H 358.167 358.167 <l
11 OMe H OMe H OMe 6.88 6.88 £ 0.860 <1
12 Me H H H H 29.08 £ 10.62 159.89 £37.216 7
13 Me H H H Me 7.8 +1.39 42.787 £3.345 6
14 F F F F F 46.85 +9.91 82.636 £ 47.306 2
15 1-Naphthyl 5.53+0.744 39.32+£4.85 8
TBZ 0.35+0.14 19.20 £2.80 54.5

# Concentration required to reduce HIV-1 induced cytopathic effect by 50% in MT-4 cells.

® Concentration required to reduce MT-4 cell viability by 50%.
¢ Selectivity index ratio CCso/ECsj.

correlation (r is 0.74-0.94) with HIV-RT inhibitory
activity of the compounds. The activity of these com-
pounds is best explained by these descriptors as shown
in the following models (Table 2).

Model 1

—1logEC;, = —1.191 + 1.479(0.206) log P(O/W) + 0.649
(0.114) MNDO_dipole

n=15r=0.920,0> =0.742,5s = 0.501, F = 33.30

(1)

Model 2

—logECy, = —1.244 + 1.408(0.173) log P(O/W) + 7.358
(2.900) E_oop + 0.640(0.094) MNDO _dipole
n=157r=00951,0° = 0.806,s = 0.434, F = 34.40

2)
In the equations, 7 is the number of compounds, r is the
correlation coefficient, Q7 is cross-validated R” from the
leave-one-out (LOO) cross-validation procedure, s is the
standard error of the estimate and F is the F ratio be-
tween the variances of calculated and observed activi-
ties. The values given in the parentheses are the
standard errors of the regression coefficients. In both
the models, logP(O/W) indicates the favourability of
hydrophobic nature for the interactions. The regression
coefficient of MNDO_dipole suggests a preference for

compounds with positive dipole moment for better
inhibitory activity in these compounds. Interestingly,
out-of-plane potential Energy term (E_oop) in model 2
indicates the compounds having the ability to go out
of plane show better inhibitory activity. This is in agree-
ment with the earlier observations as well.> The models
suggest that 4-thiazolidinone skeleton offers scope for
any modulation.

3. Conclusions

The results presented in this study indicate that changes
at C-2 of thiazolidinone moiety, except for 2’,6’-dihal-
ophenyl may lead a to reduction in HIV-RT inhibitory
activity of these compounds. However, introduction of
furfuryl moiety at the N-3 position in the thiazolidinone
ring is well-tolerated. The developed QSAR equations
suggest molecules with higher lipophilicity would be bet-
ter for the activity. This may suggest the favourable nat-
ure of compact conformations/structural analogues for
the activity. The inferences from the regression coeffi-
cients of logP(O/W), MNDQ_dipole and E_oop are in
general agreement with our previous studies. 2-(2,6-
Dichloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-one
(1) was found to be the most promising of the series with
an ECso of 0.204 uM and selectivity index of 216. The
out-of-plane potential energy term (E_oop), associated
with flexibility of the molecule is about six times more
for compound 1 (0.094), as compared to TBZ (0.015).
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Table 2. Physicochemical properties and anti-HIV activity of compounds 1-15

Compound LogP(O/W) MNDO_dipole E_oop —Log ECs
(Obs.) Eq. (1) (Calcd) Eq. (2) (Calcd)
1 3.485 3.169 0.094 6.690 6.021 6.383
2 2.607 3.758 0.006 5.541 5.104 4.875
3 3.327 4.463 0.030 6.239 6.626 6.516
4 2.897 1.779 0.034 4.060 4.249 4.224
5 2.895 3.376 0.065 5.192 5.282 5.473
6 3.600 0.778 0.009 4.074 4.639 4.389
7 2.259 3.147 0.008 3.938 4.193 4.008
8 2.261 3.221 0.006 3.767 4.244 4.049
9 1.995 2.424 0.028 3.280 3.333 3.324
10 1.746 2.841 0.051 3.145 3.236 3.406
11 2.243 0.012 4.189 4.862 4.845 4.684
12 2.601 2.210 0.081 4.537 4.091 4.432
13 2.897 2.209 0.100 5.108 4.528 4.988
14 3.058 1.038 0.005 4.330 4.006 3.767
15 3.525 2.467 0.027 5.257 5.624 5.502

Hence, compound 1 is found to be more active than
TBZ. It may be mentioned that 4-thiazolidinone skele-
ton holds promise for further activity optimization
studies.

4. Experimental

Melting points (mp) were determined with a Complab
melting point apparatus and are uncorrected. The C,
H and N analyses were carried out on CARLO-ERBA
EAT1108 elemental analyser. Thin-layer chromatography
(TLC) was performed on readymade silica gel plates
(Merck) using ethyl acetate-hexane (2:8) as the solvent
system. lodine was used as the developing reagent.
Infrared (IR) spectra were recorded on an FT-IR Per-
kin-Elmer (model) spectrometer. The 'H spectra were
recorded on a DPX-200 Bruker FT-NMR spectrometer.
The chemical shifts are reported as parts per million (J
ppm) from (CH3),Si (TMS) as an internal standard.
The '*C NMR spectra were recorded on a DPX-200
Bruker FT-NMR (50 MHz) spectrometer. Mass spectra
were obtained on a JEOL-SX-102 instrument using fast
atom bombardment (FAB positive) technique. Column
chromatography separations were obtained on silica
gel (230-400 mesh).

4.1. QSAR and modeling studies

QSAR descriptor module of MOE was used to calculate
about 193 descriptors for each compound presented in
Table 1. The 2D molecular descriptors use the atoms
and connection information of the molecules. 3D molec-
ular descriptors of MOE include internal 3D (i3D),
which use 3D coordinate information about each mole-
cule and external 3D (x3D), which use 3D coordinate
information with an absolute frame of reference. The
HIV-1 RT inhibitory activity was used as ECs, in micro
molar units, where ECsy was the concentration required
to reduce HIV-1 induced cytopathic effect by 50% in
MT-4 cells. For the present QSAR study, the observed
ECsy was converted to negative logarithm (—log ECsg)
in molar units. The observed activity was considered

as dependent variable and the calculated physicochemi-
cal properties as independent variables, while modelling
statistically significant relationships to explore the selec-
tivity requirements among these compounds. The
QSAR model building is limited to triparametric for
HIV-RT inhibitory activity. All the computational
works were performed on molecular operating environ-
ment (MOE 2004.03), supplied by the Chemical Com-
puting Group Inc.,, using Compaq Pentium 4
workstation. The structure of the compounds was
sketched using the molecular builder of MOE and each
structure was subjected to energy minimization with a
convergence criteria of 0.01 kcal/mol A using the
MMFF94 force field. All energy-minimized structures
were saved in a database for descriptor calculation.
The correlation analysis of various physicochemical
descriptors and biological activity data was accom-
plished by the CP-MLR protocol. It is a ‘filter’ based
variable selection procedure involving selected subset
regressions for model development in QSAR and QSPR
studies.'® In this procedure, a combinatorial strategy
with appropriately placed ‘filters’ has been interfaced
with MLR to result in the extraction of diverse struc-
ture—activity models, each having a unique combination
of descriptors from the dataset under study. So, devel-
oped models have been used in explaining the HIV RT
inhibitory activity of the compounds.

4.2. General synthetic procedure for compounds 1-15

The appropriate amine (1.0 mmol) and aldehyde
(2.0 mmol) were stirred in THF under ice-cold condi-
tions for 5 min, followed by addition of mercapto acid
(3.0 mmol). After 5min, dicyclohexylcarbodiimide
(1.2 mmol) was added to the reaction mixture at 0 °C
and the reaction mixture was stirred for an additional
50 min at room temp. Dicyclohexylurea (DCU) was re-
moved by filtration and the filtrate was concentrated to
dryness under reduced pressure and the residue was tak-
en up in ethyl acetate. The organic layer was successively
washed with 5% aq. citric acid, water, 5% aq. sodium
hydrogen carbonate, and then finally with brine. The
organic layer was dried over sodium sulfate and the
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solvent was removed under reduced pressure to get a
crude product that was purified by column chromato-
graphy on silica gel using hexane—ethyl acetate as eluent.
The structures of final compounds were characterized by
TLC, IR, FAB-MS, '"H NMR, and '*C NMR.

4.3. 2-(2,6-Dichloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-
one (1)

This compound was obtained as gummy in 92% yield,
IR (Neat): vax C=0 1664 cm™'; "TH NMR (200 MHz,
CDCl;) 6: 3.65 (d, J=1546 Hz, 1H, CH,furfuryl),
3.81 (s, 2H, CH,), 4.91 (d, J = 15.47 Hz, 1H, CH,furfu-
ryl), 6.09 (s, 1H, CH), 6.25-7.39 (m, 6H, Ar—H); *C
NMR (200 MHz, CDCl3): ¢ 171.6, 148.7, 143.3, 136.2,
135.5, 132.5, 131.2, 130.5, 129.2, 110.8, 109.9, 58.7,
39.7, 34.5; FAB-MS m/z 328 [M+H]". Anal. Calcd for
Ci4H 1 CILNOSS: C, 51.23; H, 3.38; N, 4.27. Found: C,
51.22; H, 3.40; N, 4.23.

4.4. 2-2,6-Difluoro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-
one (2)

This compound was obtained as a white solid in 82%
yield, mp 80 °C; IR (KBr): vpmax C=0 1688 cm™'; 'H
NMR (200 MHz, CDCly) §: 3.65 (d, J = 15.47 Hz, 1H,
CHyfurfuryl), 3.82 (dd, 2H, CH,), 4.87 (d,
J=1547Hz, 1H, CHyfurfuryl), 6.00 (s, 1H, CH),
6.15-7.36 (m, 6H, Ar—H); FAB-MS m/z 296 [M+H]".
Anal. Calcd for C4,H;;F>2NO,S: C, 56.94; H, 3.75; N,
4.74. Found: C, 57.06; H, 3.58; N, 4.70.

4.5. 2-(2-Chloro-6-fluoro-phenyl)-3-furan-2-ylmethyl-thia
zolidin-4-one (3)

This compound was obtained as gummy in 84% yield,
IR (Neat): vmax C=0 1683 cm™'; "H NMR (200 MHz,
CDCl3) 6: 3.65 (d, J=15.46Hz, 1H, CH,furfuryl),
3.81 (dd, 2H, CH,), 4.86 (d, J = 15.47 Hz, 1H, CH,fur-
furyl), 6.14 (s, 1H, CH), 6.23-7.29 (m, 6H, Ar-H); FAB-
MS m/z 312 [M+H]". Anal. Calcd for C;4H;,CIFNO-S:
C, 53.94; H, 3.56; N, 4.49. Found: C, 53.81; H, 3.47; N,
4.40.

4.6. 2-(4-Chloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-
one (4)

This compound was obtained as gummy in 79% yield,
IR (Neat): vmax C=0 1683 cm™'; "TH NMR (200 MHz,
CDCl3) 6: 3.62 (d, J=15.40Hz, 1H, CH,furfuryl),
3.76-3.81 (d, 2H, CH,), 493 (d, J=15.46 Hz, 1H,
CH.,furfuryl), 5.50 (s, 1H, CH), 6.10-7.78 (m, 7H, Ar—
H); FAB-MS m/z 294 [M+H]". Anal. Calcd for
Ci4H CILNO,S: C, 57.24; H, 4.12; N, 4.77. Found: C,
57.11; H, 4.03; N, 4.68.

4.7. 2-(2-Chloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-
one (5)

This compound was obtained as gummy in 80% yield,
IR (Neat): vax C=0 1685 cm™'; "TH NMR (200 MHz,
CDCly) ¢6: 3.71 (d, 2H, J=15.52 Hz, CH,), 3.78 (d,
J=1542 Hz, 1H, CH,furfuryl), 4.99 (d, J=15.48 Hz,

1H, CH,furfuryl), 6.00 (s, 1H, CH), 6.14 (d,
J=3.15Hz, 1H, Ar-H), 6.26 (d, J=3.18Hz, 1H, Ar-
H), 7.22-739 (m, 5H, Ar-H); FAB-MS m/z 294
[M+H]". Anal. Calcd for C;4H;,CINO,S: C, 57.24; H,
4.12; N, 4.77. Found: C, 57.33; H, 4.05; N, 4.63.

4.8. 2~(3,5-Dichloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-
one (6)

This compound was obtained as gummy in 82% yield,
IR (Neat): ymax C=0 1686 cm™'; "TH NMR (200 MHz,
CDCl;) ¢6: 3.67 (d, J=1544 Hz, 1H, CH,furfuryl),
3.75 (dd, J=16.70 2H, CH,), 491 (d, J=15.44 Hz,
1H, CHofurfuryl), 545 (s, 1H, CH), 6.14 (d,
J=3.18 Hz, 1H, Ar-H), 6.30 (d, J=3.18 Hz, 1H, Ar—
H), 7.16-7.78 (m, 4H, Ar-H); FAB-MS m/z 328
[M+H]+. Anal. Calcd for C14H11C12NOQSZ C, 5123,
H, 3.38; N, 4.27. Found: C, 51.38; H, 3.52; N, 4.34.

4.9. 3-Furan-2-ylmethyl-2-(2-methoxy-phenyl)-thiazolidin-4-
one (7)

This compound was obtained as gummy in 89% yield,
IR (Neat): vax C=0 1680 cm~'; "H NMR (200 MHz,
CDCl3) ¢6: 3.67 (d, J=1545Hz, 1H, CH,furfuryl),
3.73 (dd, 2H, CH,), 3.84 (s, 3H, OCH;), 4.96 (d,
J=15.44Hz, 1H, CH,furfuryl), 5.88 (s, 1H, CH),
6.11-7.35 (m, 7H, Ar—H); FAB-MS m/z 290 [M+H]".
Anal. Calcd for C;sH;sNOsS: C, 62.26; H, 5.23; N,
4.84. Found: C, 62.19; H, 5.32; N, 4.75.

4.10. 3-Furan-2-ylmethyl-2-(4-methoxy-phenyl)-thiazolidin<4-
one (8)

This compound was obtained as gummy in 92% yield,
IR (Neat): vy C=0 1681 cm™'; "H NMR (200 MHz,
CDCl3) ¢6: 3.60 (d, J=1540Hz, 1H, CH,furfuryl),
3.75-3.80 (d, 2H, CH,), 3.83 (s, 3H, OCHs3), 4.92 (d,
J =15.38Hz, 1H, CH,furfuryl), 5.51 (s, 1H, CH), 6.10
(d, J=3.10 Hz, 1H, Ar-H), 6.27 (d, J=3.09 Hz, 1H,
Ar-H), 6.88 (d, J=8.65Hz, 2H, Ar-H), 7.22-7.35 (m,
3H, Ar—-H); FAB-MS m/z 290 [M+H]". Anal. Calcd
for C;sH{sNOsS: C, 62.26; H, 5.23; N, 4.84. Found:
C, 62.21; H, 5.04; N, 4.89.

4.11. 3-Furan-2-ylmethyl-2-(2,4,5-trimethoxy-phenyl)-thiaz-
olidin-4-one (9)

This compound was obtained as a white solid in 86%
Yield, mp 82-84 °C; IR (KBr): v,.x C=0 1677 em ™
H NMR (200 MHz, CDCl3) d: 3.70 (d, J=15.40 Hz,
IH, CH,furfuryl), 3.80 (s, 9H, OCH;), 3.81 (s, 2H,
CH,), 4.87 (d, J=15.38 Hz, 1H, CHxfurfuryl), 5.91 (s,
1H, CH), 6.09-7.31 (m, 5H, Ar-H); FAB-MS m/z 350
[M+H]+. Anal. Calcd for C17H19N05SZ C, 5844, H,
5.48; N, 4.01. Found: C, 58.52; H, 5.39; N, 4.01.

4.12. 3-Furan-2-ylmethyl-2-(3,4,5-trimethoxy-phenyl)-thiaz-
olidin-4-one (10)

This compound was obtained as a white solid in 90%
yield, mp 128 °C; IR (KBr): vpax C=0 1679 cm™'; 'H
NMR (200 MHz, CDCly) ¢: 3.74 (d, J = 15.46 Hz, 1H,
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CHofurfuryl), 3.80 (s, 2H, CHs,), 3.85 (s, 9H, OCHs),
490 (d, J=1547 Hz, 1H, CH,furfuryl), 549 (s, 1H,
CH), 6.13 (s, , 1H, Ar—H). 6.29 (s, 1H, Ar—H), 6.51 (.
2H, Ar-H), 734 (s, 1H, Ar—H). FAB-MS m/z 350
[M+H]". Anal. Calcd for C;H;oNOsS: C, 58.44; H,
5.48; N, 4.01. Found: C, 58.52; H, 5.51; N, 3.97.

4.13. 3-Furan-2-ylmethyl-2-(2,4,6-trimethoxy-phenyl)-thiaz-
olidin-4-one (11)

This compound was obtained as a white solid in 89%
yield, mp 120-122°C; IR (KBr): vu.x C=0
1669 cm™'; "H NMR (200 MHz, CDCls) 6: 3.60 (d,
J=15.34 Hz, 1H, CH,furfuryl), 3.75 (s, 9H, OCH3),
3.81 (s, 2H, CH>), 4.79 (d, J=15.35 Hz, 1H, CH,fur-
furyl), 6.04 (s, 1H, CH), 6.09-7.30 (m, 5H, Ar-H);
FAB-MS m/z 350 [M+H]". Anal. Caled for
C17H9NOsS: C, 58.44; H, 5.48; N, 4.01. Found: C,
58.28; H, 5.53; N, 3.85.

4.14. 3-Furan-2-ylmethyl-2-o-tolyl-thiazolidin-4-one (12)

This compound was obtained as gummy in 84% yield,
IR (Neat): vpna C=0 1682cm~'; "TH NMR (200 MHz,
CDCly) o: 2.26 (s, 3H, CH;), 3.66 (d, J=15.38 Hz,
1H, CH,furfuryl), 3.77 (s, 2H, CH,), 5.03 (d,
J =15.34 Hz, 1H, CH,furfuryl), 5.80 (s, 1H, CH), 6.09
(s, 1H, Ar-H), 6.28 (s, 1H, Ar-H), 7.16-7.45 (m, 5H,
Ar-H); FAB-MS m/z 274 [M+H]". Anal. Calcd for
Ci5sH sNO,S: C, 65.91; H, 5.53; N, 5.12. Found: C,
65.81; H, 5.66; N, 5.12.

4.15. 2-(2,6-Dimethyl-phenyl)-3-furan-2-ylmethyl-thiazolidin-
4-one (13)

This compound was obtained as a white solid in 75%
yield, mp 85 °C; IR (KBr): vmax C=0 1681 cm™'; 'H
NMR (200 MHz, CDCl;) ¢: 2.21 (s, 3H, CH3), 2.36 (s,
3H, CH;), 3.48 (d, J=15.19 Hz, 1H, CH,furfuryl),
3.74 (s, 2H, CH»), 5.00 (d, J = 15.18 Hz, 1H, CH,furfu-
ryl), 6.02 (s, 2H, Ar—H), 6.18 (s, 1H, CH), 6.27-7.35 (m,
SH, Ar—H); FAB-MS m/z 288 [M+H]". Anal. Calcd for
Ci6H7NO,S: C, 66.87; H, 5.96; N, 4.87. Found: C,
66.98; H, 6.08; N, 4.74.

4.16. 3-Furan-2-ylmethyl-2-pentafluorophenyl-thiazolidin-4-
one (14)

This compound was obtained as gummy in 70% yield,
IR (Neat): vyax C=0 1691 cm™'; "TH NMR (200 MHz,
CDCl,) ¢: 3.66 (dd, 2H, J=15.83, CH,), 4.09 (d, 1H,
J=15.59, CH,furfuryl), 4.72 (d, J=15.50Hz, 1H,
CH,furfuryl), 5.95 (s, 1H, CH), 6.19-6.27 (m, 3H, Ar-
H); FAB-MS m/z 350 [M+H]". Anal. Caled for

C4HgFsNO,S: C, 48.14; H, 2.31; N, 4.01. Found: C,
48.16; H, 2.28; N, 4.02.

4.17. 3-Furan-2-ylmethyl-2-naphthalen-1-yl-thiazolidin-4-
one (15)

This compound was obtained as gummy in 80% yield,
IR (Neat): vpax C=0 1685 cm™'; "TH NMR (200 MHz,
CDCls) ¢: 3.78-3.89 (m, 1H, CH,furfuryl and 2H,
CH,), 5.10 (d, J=14.78 Hz, 1H, CH,furfuryl), 6.06 (s,
1H, CH), 6.24-7.94 (m, 10H, Ar-H); FAB-MS m/z
310 [M+H]". Anal. Caled for C;gH;sNO,S: C, 69.88;
H, 4.89; N, 4.53. Found: C, 70.01; H, 4.88; N, 4.64.

Acknowledgments
The authors thank the Director, CDRI, for the support

and the SAIF for the spectral data. CDRI communica-
tion no. 6783.

References and notes

—_

Turner, B. G.; Summers, M. F. J. Mol. Biol. 1999, 285, 1.

2. Arnold, E.; Das, K.; Ding, J.; Yadav, P. N. S, et al. Drug
Design Disc. 1996, 13, 29-47.

3. Ren, J.; Esnouf, R.; Garman, E.; Somers, D.; Ross, C.;
Kirby, I.; Keeling, J.; Darby, G.; Jones, Y.; Stuart, D.;
Stammers, D. Nat. Struct. Biol. 1995, 2, 293-302.

4. (a) Barreca, M. L.; Chimirri, A.; Luca, L. D.; Monforte,
A. M.; Monforte, P.; Rao, A.; Zappala, M.; Balzarini, J.;
De Clercq, E.; Pannecouque, C.; Witvrouw, M. Bioorg.
Med. Chem. Lett. 2001, 11, 1793-1796; (b) Barreca, M. L.;
Balzarini, J.; Chimirri, A.; De Clercq, E.; Luca, L. D.;
Holtje, M. H.; Holtje, M.; Monforte, A. M.; Monforte, P.;
Pannecouque, C.; Rao, A.; Zappala, M. J. Med. Chem.
2002, 45, 5410-5413.

5. (a) Prabhakar, Y. S.; Solomon, V. R.; Rawal, R. K ;
Gupta, M. K.; Katti, S. B. OSAR Comb. Sci. 2004, 23,
234-244; (b) Rawal, R. K.; Solomon, V. R.; Raja, V.
Prabhakar, Y. S.; Katti, S. B.; De Clercq, E. Combinato-
rial Chemistry and High-throughput screening 2005, 8, 439—
443,

6. Prabhakar, Y. S.; Rawal, R. K.; Gupta, M. K.; Solomon,
V. R.; Raja, V.; Katti, S. B. Combinatorial Chemistry and
High-throughput screening 2005, 8, 431-437.

7. MOE: The Molecular Operating Environment from
Chemical Computing Group Inc., 1255 University Street,
Suite 1600, Montreal, Quebec, Canada H3B 3X3.

8. (a) Srivastava, T.; Haq, W.; Katti, S. B. Tetrahedron 2002,
58, 7619-7624; (b) Rawal, R. K.; Srivastava, T.; Haq, W.;
Katti, S. B. J. Chem. Res. 2004, 368.

9. Pauwels, R.; Balzarini, J.; Baba, M.; Snoeck, R.; Schols,
D.; Herdewijin, P.; Desmyter, J.; De Clercq, E. J. Virol
Methods 1988, 20, 309.

10. Prabhakar, Y. S. SAR Comb. Sci. 2003, 22, 583-595.





		2-(Aryl)-3-furan-2-ylmethyl-thiazolidin-4-ones as selective  HIV-RT Inhibitors

		Introduction

		Result and discussion

		Chemistry

		Antiviral activity assay

		Biological activity

		QSAR and modeling studies



		Conclusions

		Experimental

		QSAR and modeling studies

		General synthetic procedure for compounds 1 ndash 15

		2-(2,6-Dichloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-one (1)

		2-(2,6-Difluoro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-one (2)

		2-(2-Chloro-6-fluoro-phenyl)-3-furan-2-ylmethyl-thia zolidin-4-one (3)

		2-(4-Chloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-one (4)

		2-(2-Chloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-one (5)

		2-(3,5-Dichloro-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-one (6)

		3-Furan-2-ylmethyl-2-(2-methoxy-phenyl)-thiazolidin-4-one (7)

		3-Furan-2-ylmethyl-2-(4-methoxy-phenyl)-thiazolidin-4-one (8)

		3-Furan-2-ylmethyl-2-(2,4,5-trimethoxy-phenyl)-thiazolidin-4-one (9)

		3-Furan-2-ylmethyl-2-(3,4,5-trimethoxy-phenyl)-thiazolidin-4-one (10)

		3-Furan-2-ylmethyl-2-(2,4,6-trimethoxy-phenyl)-thiazolidin-4-one (11)

		3-Furan-2-ylmethyl-2-o-tolyl-thiazolidin-4-one (12)

		2-(2,6-Dimethyl-phenyl)-3-furan-2-ylmethyl-thiazolidin-4-one (13)

		3-Furan-2-ylmethyl-2-pentafluorophenyl-thiazolidin-4-one (14)

		3-Furan-2-ylmethyl-2-naphthalen-1-yl-thiazolidin-4-one (15)



		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

sc.ENCE@D.RECT@

Bioorganic &
Medicinal
Chemistry

Bioorganic & Medicinal Chemistry 13 (2005) 6727-6731

A synthetic approach to the generation of quercetin sulfates
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Abstract—To study the biological effects of quercetin, authentic products of quercetin metabolism are required as standards. The
synthesis of quercetin sulfate standards is thus described. Quercetin was reacted with a 10-fold molar excess of sulfur trioxide-
N-triethylamine, and the products were analyzed by HPLC and mass spectrometry. Four monosulfates and three disulfates were
identified, and structural inferences were drawn by 'H NMR spectrometry of HPLC peak isolates. Analysis of the urine of rats that
had received quercetin (1.9 g/kg po) yielded a single peak, which by comparison with the products of the reaction between quercetin
and sulfur trioxide-N-triethylamine was identified as quercetin 3’-O-sulfate.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Naturally occurring flavonoids and isoflavonoids in the
diet are thought to exert beneficial effects on human
health.! Elucidation of the mechanisms underlying
these effects is currently the focus of much research.
Epidemiological evidence links diets rich in quercetin
(for structure, see Fig. 1) with decreased incidence of
cardiovascular and neoplastic diseases.””

There is accumulating evidence to suggest that polyphe-
nolic phytochemicals including flavonoids are rapidly
metabolized in the human or animal organism. Glucu-
ronidation appears to be the most prevalent conjugation
pathway for quercetin in rats and humans. Sulfation can
occur to form mono- or bis-conjugates or combine with
other conjugation pathways to form sulfo-glucuronides
and sulfate conjugates of methylated quercetin.’® Most
often, the metabolism of polyphenols constitutes a phar-

Keywords: Sulfate synthesis; Quercetiny NMR; Mass spectrometry.
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macological deactivation step. Alternatively, metabo-
lites may contribute to the pharmacological or, indeed,
toxicological efficacy of the parent polyphenol. Intrigu-
ingly, it has recently been shown that the methylated
quercetin conjugates isorhamnetin and tamarixetin were
much more potent inhibitors of the activity of the en-
zyme cyclooxygenase-2 (COX-2) than their metabolic
precursor.® This example illustrates the principle that
to rationalize advice as to the potential benefit of con-
sumption of flavonoids as diet constituents or food addi-
tives, it is important to clarify the role that their
metabolites may play in the pharmacology of the parent
substance. Such studies require the availability of
authentic standards. Asynthetic approach to furnish
quercetin glucuronides led to products, in which four
of the five hydroxyl groups were substituted with glucu-
ronyl moieties.® In general, phenols not only undergo
avid glucuronidation but also metabolic conjugation
with activated sulfate to generate O-sulfates. The rela-
tive prevalence of the different conjugates will depend
on the concentration of quercetin, activity of the meta-
bolic enzymes and cell type. Sulfation of quercetin has
previously been attempted using a liver extract with
activated sulfate and cofactors.’ This synthesis allowed
the generation of one quercetin monosulfate that was
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Figure 1. HPLC chromatogram of the products of the reaction of quercetin with Esulfur trioxide-N-triethylamine. On the basis of mass
spectrometric evidence (Table 1) peaks 2-4 are quercetin disulfates and peaks 5, 6, 7 and 8 monosulfates. Peaks 5 and 9 co-eluted with authentic
quercetin 3-O-sulfate and quercetin, respectively. Also shown is the structure of quercetin. For details of chromatography, see Section 4.

not characterized. Day et al. synthesized quercetin 3'-O-
sulfate specifically using a chemical synthesis method.”

One of the initial objectives was to generate a number of
sulfate analogues that would allow comparison in a bio-
logical assay. The advantage of a chemical synthetic ap-
proach is that the potential yield of product could be
even bigger since with biological approaches the enzymes
and cofactor concentrations could be a limiting factor.

The aim of the present study was to synthesize authentic
quercetin sulfates and to explore in a preliminary fash-
ion their occurrence in biomatrices of rats that have
received quercetin.

2. Results and discussion
2.1. Synthesis

Quercetin was reacted with a 10-fold molar excess of sul-
fur trioxide-N-triethylamine complex, and an extract of
the mixture was analyzed by HPLC. The resultant chro-
matogram (Fig. 1) shows the presence of quercetin (peak
9) and eight peaks that were surmised to be quercetin

sulfates. Preliminary studies using a 2-, 4- and 10-fold
excess of sulfur trioxide-N-triethylamine complex found
the 10-fold excess to be optimal, and was used in
subsequent studies.

The relative yield of each of the peaks using a 10-fold ex-
cess of sulfur trioxide-N-triethylamine complex is given
in Table 1. The yield varies from 1 to 16% for the mono-
sulfates and 0.8-3.8% for the disulfates. The synthesized
sulfates were at least 90% pure (as determined by
HPLC), with the major contaminant being the parent
molecule, quercetin. The purchased sulfate was >98%
pure. Whilst a detailed study with regard to stability
was not undertaken, the dried compound, stored at
+4 °C, when reconstituted showed no decomposition
for a month. Material eluting with each peak was col-
lected individually, and the eluant was evaporated to
dryness.

2.2. NMR and mass spectrometric data

Isolated peak material was subjected to MS and NMR
analyses, the latter after reconstitution in DMSO-dg.
Table 1 shows mass spectral inferences with regard to
peak identity.

Table 1. Molecular ions of species contained in HPLC peaks isolated from a reaction mixture of quercetin with sulfur trioxide-N-triethylamine

complex
Fraction number Rt (min) Molecular weight Inference Yield (%)
1 4.5 n.a. —
2 8.3 462 Quercetin disulfate 0.8
3 9.0 462 Quercetin disulfate 2.6
4 9.3 462 Quercetin disulfate 3.8
5 10.7 382 Quercetin monosulfate 1.3
6 12.3 382 Quercetin monosulfate 16.3
7 14.5 382 Quercetin monosulfate 8.3
8 15.4 382 Quercetin monosulfate 10.9
9 19.1 302 Quercetin —

Yield of individual sulfate is included in the table.
n.a., the molecular weight could not be assigned.
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The materials derived from peaks with numbers 5,6,7,
8 and 9 in Figure 1 afforded interpretable '"H NMR
spectra. Figure 2A and B show spectra for quercetin
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Figure 2. 'H NMR spectra of quercetin (A), quercetin 3-O-sulfate (B)
and of peak isolates obtained by HPLC separation of products of the
reaction of quercetin with sulfur trioxide-N-triethylamine as assigned
in Figure 1 and Table 1, as follows: peak 5 (C), peak 6 (D) and a
mixture of substances eluting with peaks 7 and 8 (E). For details of
reaction and '"H NMR spectrometry, see Section 4, for analysis of
spectra see Section 2.

(peak 9 in Fig. 1) and purchased authentic quercetm
3-O-sulfate, respectively. Figures 2C and D depict 'H
NMR spectra of material contained in peaks 5 and 6,
respectively, and Figure 2E the spectrum of a mixture
of substances eluting with peaks assigned numbers 7
and 8 in Figure 1 and Table 1. The spectrum of quer-
cetin is characterized by coupling of protons 6-H and
8-H on ring A (Fig. 2A) that appear as a pair of
meta-coupled doublets at 6.2 and 6.4 ppm, respectively,
with a coupling constant of J=2.1 Hz. The 5-H on
ring B (6.9 ppm) is split by 6’-H and, vice versa, the
proton 6’-H is split by 5'H. This ortho-coupling results
in a large J value of 8.5 Hz. The 6’-H is split by further
long range coupling to 2’-H. Consequently, the 6’-H
appears as a doublet of doublets (7.65 ppm,
J=8.5Hz, J=2.13 Hz), and the 2’-H signal appears
as a fine doublet (7.75 ppm, J = 2.13 Hz). The spectrum
of HPLC peak 5 (Fig. 2C) is identical to that of authen-
tic quercetin 3-O-sulfate (Fig. 2B) purchased from
Extrasynthese (Genay, France). In comparison to the
'"H NMR spectrum of unconjugated quercetin, the
spectrum of this molecule is characterized by an upfield
shift of the 2’-H signal. This upfield shift is intriguing,
as one might rather expect conjugation at the 3-posi-
tion to affect the resonance frequency of 6’-H. An anal-
ogous observation was made in the analytical
comparison of quercetin and quercetin 3-O-glucuro-
nide, where the resonance frequency of 2’-H was shifted
upfield by glucuronidation at the 3-position.!® It is
likely that the quercetin molecule could allow rotation
around the C-2 to C-1’ bond. This rotation is analo-
gous to the C5-C1’ bond rotation in fluoronitropyri-
methamine that exists as two slowly interconverting
rotamers.!! NMR evidence for the existence of two
rotamers of quercetin could not be generated, although
X-ray crystallography data suggest that ring B can be
situated at 0° and 180° to the residual structure.!?
The major difference between the spectra of quercetin
and HPLC peak 6 is a change in chemical shift of both
the 6- and 8-protons (Fig. 2D). The material eluting
with HPLC peak 6 might be quercetin 7-O-sulfate,
based on the similar magnitude of the effect of sulfate
substitution on the shifts of 6-H and 8-H. It proved
impossible to completely resolve the materials con-
tained in the HPLC peaks 7 and 8 by semi-preparative
HPLC. The NMR spectrum of the mixture allowed dis-
crimination between the two components by exploiting
the difference in integration (Fig. 2E). The chemical
shift of the 2’-H in the spectrum of the material eluting
with 7 (Fig. 2E) displays a considerable downward shift
in comparison with the equivalent proton in quercetin,
compatible with sulfate substitution at the 3’-position.
The spectrum of the material eluting with 8 (Fig. 2E)
is marked by a large downfield shift of the 5'-H (6
0.5 ppm) in comparison to quercetin, suggesting that
it is quercetin 4’-O-sulfate.

2.3. Biological data

Urine from rats that had received quercetin (1900 mg/kg
po) was analyzed by LC-MS (Fig. 3). Figure 3A shows
the urine sample of a rat. There is a single peak, consis-
tent in retention time with material that eluted with peak
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Figure 3. LC-MS ion chromatograms (m/z 381) of extracts of (A)
urine collected over 24 h from a rat that had received quercetin (1.9 g/
kg by gavage), and (B) products of the reaction of quercetin to sulfur
trioxide- N-triethylamine. Peak numbers are identical to those in Figure
1 and Table 1. On the basis of mass spectrometric evidence (Table 1),
peaks 5, 6, 7 and 8 are monosulfates. Peak 7 co-eluted with authentic
quercetin 3’-O-sulfate and is seen in the urine of rats treated with
quercetin. For details of LC-MS, see Section 4.

7 in the HPLC analysis of the products of the reaction of
quercetin with sulfur trioxide-N-triethylamine. Figure
3B shows an extracted LC-MS ion chromatogram
(m/z 381) of the extract from the synthesis. Shown are
four peaks which from left to right are the 3-O-, 7-O-,
3’-0- and 4’-O-sulfates of quercetin. This result suggests
that the urinary metabolite was quercetin 3’-O-sulfate.

3. Conclusions

Polyphenolic phytochemicals are good substrates of
metabolic conjugation reactions with activated glucu-
ronic acid or sulfate. The identification of such conju-
gates often poses an analytical challenge because of
the multitude of hydroxy moieties contained in such
molecules available for reaction with the conjugating
species, furnishing potentially isomeric mono- and
poly-conjugates. Quercetin is a suitable example that
harbours five OH groups. Whilst quercetin glucuronides
have been the subject of investigation,®!? there is a
fspaucity of information on the chemistry and biochem-
istry of quercetin sulfates. The results outlined above de-
scribe a facile synthetic route to four mono- and three
di-sulfates of quercetin. Spectral elucidation suggests
monosulfation of quercetin to occur in positions 3, 7,
3’ and 4’. The data did not allow the positional alloca-
tion of the sulfate groups with regard to the disulfates,
but—in analogy to the preferred Joci of monosulf-
ation—it is likely that the hydroxy moieties in positions
3,7, 3’ and 4’, but not the 5 hydroxy, are involved.

The results provide for the first time evidence for the for-
mation of quercetin 3’-O-sulfate as the major product of
conjugation of quercetin with 3-phospho-adenosine 5'-
phosphosulfate in the rat. This finding is closely akin
to that in humans, as previous work suggests that quer-

cetin 3’-O-sulfate is the most prominent metabolite in
human plasma after consumption of a quercetin-con-
taining diet” or after iv infusion of pure quercetin.®

Many polyphenols are currently being subjected to
investigation as potential clinical therapeutic agents.
The metabolism of polyphenols often follows a similar
path to quercetin, with sulfate, glucuronides and methyl-
ated derivatives being generated. It should be possible to
use this method for the generation of authentic stan-
dards for a whole range of polyphenols and also to
understand both mechanistic and metabolic attributes
of these interesting molecules.

In conclusion, the work described here helps one with
the understanding of the reactivity of quercetin hydroxy
moieties vis-a-vis sulfating agents under artificial chem-
ical and biological conditions. Mechanistic studies of
bioactive polyphenols exemplified by quercetin tend to
concentrate on the parent molecules alone. Many of
these polyphenolic phytochemicals undergo avid meta-
bolic conjugation, and one cannot exclude the possibili-
ty that such conjugates harbour biological activity.
Therefore, the inclusion of such conjugates in pharma-
cological profiling seems propitious.

4. Experimental
4.1. Chemicals

Quercetin 3-O-sulfate was obtained from Extrasynthese
(Genay, France), while all other chemicals and solvents
were from either Sigma (Poole, UK) or Fisher (Lough-
borough, UK). For administration in rats in vivo, quer-
cetin was dissolved in DMSO.

4.2. Reaction of quercetin with sulfur trioxide-/V-
triethylamine

To remove any compound-associated water, dry pyri-
dine was added to quercetin (0.5 g, 1.7 mmol) until dis-
solved. The mixture was rotor evaporated and the
procedure repeated twice. The dried quercetin was then
dissolved in dioxane (50 mL), and sulfur trioxide-/N-tri-
ethylamine complex (3.1 g, 16.9 mmol) was added under
argon to avoid contact with air. The reaction vessel was
placed in a water bath (40 °C) for 90 min, after which
products of quercetin sulfation precipitated out and
stuck to the glass. After incubation, the dioxane was
decanted and the conjugates were redissolved in metha-
nol. Aliquots of this solution were diluted in water and
methanol, and used for HPLC analysis.

4.3. Analysis of rat urine

Four F344 rats (150 g, obtained from Harlan, UK)
received quercetin (1.9 g/kg) by gavage. Four control
rats received DMSO only. Rats were kept in metabolism
cages for 24 h post-administration and urine was
collected. Aliquots of urine were mixed with twice the
volume of DMSO/methanol (1:4, v/v). The mixture
was vortexed and centrifuged (17,000g, 15 min). The
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supernatant was diluted with water (1:1) and injected
onto the HPLC column (injection volume 50 pL).

4.4. Analysis of quercetin sulfates by HPLC

The products of the chemical reaction of quercetin with
sulfur trioxide- N-triethylamine or extracts of urine were
separated on a BDS-Hypersil C;g column (250 x 4.6 mm
I.LD., 5Sum particle size, Phenomenex, Macclesfield,
UK). The instrument used was a Varian Prostar system
(Walton-on-Thames, UK), comprising a UV detector
(Model 310), solvent delivery system (Model 230) and
an autosampler (Model 410) with a 100 uL injection
loop. The gradient elution programme commenced with
75% ammonium acetate (0.1 M, pH 5.15) in methanol,
which was followed by a linear decrease over 10 min
to 55% ammonium acetate in methanol, and then to
45% ammonium acetate in methanol over a further
20 min, after which the mobile phase remained isocratic
for a further 5 min. The instrument was operated with a
flow rate of 1.0 mL/min and detection by UV spectro-
photometry (375 nm).

A second system was used to fraction-collect the querce-
tin sulfates from HPLC eluant. A Gilson semi-prepara-
tive system (Gilson Inc., Middleton, WI, USA)
comprising two pumps and a UV detector with a Rheo-
dyne 7125 manual injector connected to a 500 ul loop
was used. Fractions were collected when they eluted
from a semi-preparative column (250 x 21.2 mm 1.D.,
5um particle size, Phenomenex, Macclesfield). The
chromatographic conditions were as described above,
except that the flow rate was 10 mL/min.

4.5. Analysis of quercetin sulfates by mass spectrometry
and "H NMR spectrometry

LC-MS was carried out using a Micromass Platform
mass spectrometer coupled with a Hewlett Packard Ser-
ies 1100 HPLC system and a UV detector absorbing at
375 nm. The eluant was split 1:7 post column so that
approximately 142 pL/min of eluant entered the mass
spectrometer. Source temperature was maintained at
110 °C. Cone voltage was 42 V, while the capillary volt-
age was maintained at 3.82 kV.

Proton ('H) spectra were generated with a Bruker ARX
250 MHz spectrometer, using deuterated dimethylsulf-
oxide as the solvent.
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Abstract—As a continuation of our search for potential new anticancer agents, a series of ten flavonoid derivatives has been
synthesized by cyclization of substituted chalcones. Target compounds were evaluated for their biological activity. Among them,
compounds 1-4 and 9 displayed a significant growth inhibitory action against a panel of tumor cell lines including Jurkat, PC-3,
and Colon 205. On treatment with an equitoxic (ICsg) concentration, compounds 1-5 and 7-9 blocked cells in the G2/M phase
of the Jurkat cell cycle, whereas compound 6 blocked the same in the GO/G1 phase.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Many clinically successful anticancer drugs were them-
selves either naturally occurring molecules or have been
developed from their synthetic analogs. Great interest is
currently being paid to natural products for their inter-
esting anticancer activities. Flavonoids are prominent
plant secondary metabolites that are consumed by
humans as dietary constituents in amounts exceeding
0.1 g/day. A large number of biological activities have
been attributed to these compounds including antican-
cer.! The interaction of dietary flavonoids with the gut
has numerous implications for human health, and flavo-
noid compounds in the diet may act as chemopreventive
agents against the development of cancer in the alimen-
tary tract.? In fact, a number of studies have demon-
strated anticancer activity associated with flavonoids;?
for example, flavone has been shown to be a potent
apoptosis inducer in human colon carcinoma cells, and
this effect appears to be restricted to cancer cells.* Sim-
ilarly, selective induction of apoptosis in human prostate
cancer cells by apigenin® and in human myeloid leuke-
mia HL-60 cells by luteolin has been reported recently.®
Induction of apoptosis by wogonin and fisetin has been
demonstrated to involve activation of the caspase 3

Keywords: Flavonoids; Natural product synthesis; Cytotoxicity; Cell

cycle analysis.
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cascade in hepatocellular carcinoma SK-HEP-1 cells
and human leukemia HL-60 cells.”® Further, two pro-
spective cohort studies in Finland, where average flavo-
noid intakes are relatively low, found that men with the
highest dietary intakes of flavonols and flavones had a
significantly lower risk of developing lung cancer than
those with the lowest intakes.” More recently, flavone-
8-acetic acid derivatives have been reported as reversible
inhibitors of aminopeptidase N/CD13.!° Importantly, a
flavonoid derivative flavopiridol was widely used in tra-
ditional medicine and was a novel semisynthetic flavone
analog of rohitukine, a leading anticancer compound
derived from an Indian tree. Flavopiridol has been
found to inhibit cyclin-dependent kinases (Cdks), induce
apoptosis, suppress inflammation, and modulate the im-
mune response,!! and was the first compound with this
activity to have entered the clinic as an anticancer drug.

As part of our continuing search for potential anticancer
drug candidates, we have recently described the growth
inhibitory properties and cell cycle analysis of novel
flavonoid (chalcone) derivatives using a panel of cancer
cell lines.'? Based on the diverse biological activities of
flavonoid derivatives, in the present study we have syn-
thesized a series of natural flavonoids and examined
their in vitro cytotoxic activity on human tumor cell
lines, namely Jurkat (human lymphocytic cancer cell
line), PC-3 (human prostate cancer cell line), HepG2
(human hepatoma cancer cell line), Colon 205 (human
colonic cancer cell line), and the normal peripheral
blood mononuclear cells (PBMCs). In addition, to
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obtain some preliminary insights into the mechanism (s)
of action, these compounds’ effects on Jurkat cell cycle
analysis were also examined.

2. Results and discussion
2.1. Chemistry

Compounds described in this study were prepared fol-
lowing a straightforward chemistry, and are shown in
Figure 1. The starting compounds (chalcones) were syn-
thesized by Claisen—Schmidt condensation between
substituted 2’-hydroxyacetophenones and benzaldehy-
des in alkaline medium, according to our previously de-
scribed method.!'? Studies with the model compound 4
on cyclization of these chalcones revealed that the reac-
tion was affected by temperature. When these chalcones
were oxidized with 2 equiv of DDQ (2,3-dichloro-5,6-
dicyano-1,4-benzoquinone) in dioxane at 110 °C, a sin-
gle compound, flavone, was generated in 90% yield, as
reported previously.'3!° In fact, our aim was to high-
light the possibility of obtaining several products by
gradual variation of reaction conditions. Therefore,
when the temperature-controlled at 60 °C, the chalcones
were cyclized with DDQ in dioxane to the correspond-
ing flavones and flavanones. Despite modest yield, this
procedure involves mild conditions, a one-step reaction,
does not need any protection of hydroxyl groups, and
affords a range of natural flavones and flavanones.

3COHR O

= OH, R R* R® R®=H
=OMe RZR® RO=H,

R®, R*=-OCH,O-
3.RL, R2 R°=0OMe R, R, R =H
4.RL, R?2 R3=0OMe, R} R5, R®=H

5-Hydroxy 7,2',3'-trimethoxyflavone (9) and 5-hydroxy
7,2',3'-trimethoxyflavanone (10) were prepared from
the corresponding 5-methoxy compounds 4 and 8 by
demethylation with AICl; in CH3CN because this meth-
od can selectively cleave the methyl ether B to the car-
bonyl group.!® However, we have not studied further
various products or relative yields from demethylation
reactions.

The majority of flavonoids as shown in Figure 1, occur
in nature confirming the versatility of our method for
the synthesis of natural flavonoids. Compounds 1, 3-5,
and 8-10 were natural products found in Andrographis
spp.'” ! Compound 2 was reported from the fruits of
Neoraputia magnifica.*® Flavonoids 6 and 7 were other
natural compounds and can be isolated from Caesalpi-
nia pulcherrima.®' All the synthesized flavonoid deriva-
tives were chemically characterized by melting point
(mp) infrared (IR) and nuclear magnetic resonance
("H NMR) spectra, as well as mass spectra (MS).

2.2. Cytotoxicity

The newly synthesized flavonoid derivatives were
examined for their cytotoxic properties in a panel of
four human tumor cell lines containing examples of lym-
phocytic (Jurkat), prostate (PC-3), hepatoma (HepG2),
and colonic (Colon 205). To determine the degree of
toxicity of these compounds toward healthy cells,
experiments were also carried out under the same

6.R' =OMe, R% R®, R* R® R®=H
7. R1=0Me, RZ, R® R®=H,

R R*= -OCH,0-
8.R% R% R® = OMe, R* R®, RO = H

5 R}, R2 R R®=0OMe, R3 R°=H

Figure 1. Reagents and conditions: (i) DDQ, 1,4-dioxane, 60 °C, 6 h, (ii)) AlCl;, CH3CN, reflux, 1 h.
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experimental conditions in normal PBMCs. All the re-
sults presented were obtained by two independent meth-
ods: cell density measurement—Trypan blue exclusion
method and cellular viability assessment—MTT colori-
metric assay. A treatment period of 3 days was selected
since the control cells were still in the exponential
growth phase at this time. The ICs (drug concentration
required to reduce the initial cell number by 50%) val-
ues, calculated from the dose-survival curves obtained
after 72 h of compound treatment from MTT test, are
shown in Table 1. These results showed that flavones
1-4 and 9 exhibited significant cytotoxic activity, with
ICs values below 100 uM, against all of the cell lines,
except the hepatoma cancer cell line HepG2, confirming
the importance of the C,—C; double bond for flavonoid
cytotoxicity.?> A comparison of the potencies of 4 and 9
suggests that substitution of the hydroxyl with a meth-
oxy group reduces the activity; in addition, 4 possesses
the hydrogen bond of the 5-hydroxyl group with the
4-ketonic oxygen and was therefore more hydrophobic
than 9.22 On the other hand, the flavanones 6-8 and
10 had negligible cytotoxic effects against all cell lines
tested, as their ICsy values were generally higher than
100 uM, which suggested that these compounds dis-
played growth inhibitory activities to human tumor cells
and caused neither normal nor cancer cell death, even
when the concentrations of these compounds were as
high as 100 uM. This finding may be useful to under-
stand the major drawback in the application of antican-
cer drugs to clinical therapies, bringing a host of side
effects due to a large number of normal functional cells
being destroyed by the increasing dosages of antitumor
agents. This phenomenon was unusual and meaningful
to put forward medical therapies on human cancer dis-
eases, whereas drugs with higher cytotoxic activities al-
ways inflicted a the higher damage to normal cells.
Further, the data in this study indicate that the tumor
cell lines were more sensitive to the tested compounds,
while normal cells (PBMCs) are relatively resistant to
these drugs. In the presence of these compounds, cell
growth of the human cancer cell lines Jurkat, PC-3,
and Colon 205 was inhibited, which was indicated by
a range of low ICsy values, whereas the cell growth in
the normal PBMCs was less inhibited as shown by high-
er I1Csq values (Table 1).

2.3. Cell cycle analysis

The cukaryotic cell cycle was a series of tightly regulated
events that result in the transmission of genetic material
from one generation to the next. Fidelity of these pro-
cesses was monitored by cell cycle checkpoints that in-
duce cell cycle arrest whenever any damage was
detected. If the damage cannot be rectified, these check-
points may also provoke cells to undergo apoptosis.
Many chemotherapeutic agents take advantage of these
checkpoint controls to preferentially kill rapidly divid-
ing cancer cells. However, there were several problems
common to the existing cancer chemotherapies which
mainly result from a narrow therapeutic index leading
to any undesired side effects. Increased drug resistance
in tumors was another problem.?* Thus, there is still
need for effective drugs with an improved safety profile.

Parallel to the cytotoxic studies described above, a cell-
cycle analysis was performed for compounds 1-10 to
determine whether these flavonoid derivatives influence
the progression of cell cycle of the Jurkat cell line. As
shown in Table 2, Jurkat cells were exposed to the vehi-
cle solvent (DMSO) as control, and ICs, concentrations
of compounds 1-10 were added to the cell line. After
exposure of the compounds for 24 h, attached cells were

Table 2. Cell cycle perturbations induced by flavonoid derivatives
1-10°

Compound GO0/G1 S G2/M
Control 33.17 82.62 1.21
1 34.15" 0.25"" 65.6™"
2 35.67" 201" 62.32""
3 32.32° 9.76"" 57.92"""
4 28.89" 26.87" 44.24""
5 29.19" 247" 68.34™"
6 66.07"" 31.6™ 2.33
7 32.32° 9.76"" 57.92°""
8 32.37" 0.5 67.13™"
9 41.02" 8.09""" 50.89""
10 29.28" 68.55" 2.16

# ok

- and ""Represents p < 0.05, 0.01, and 0.001, respectively, com-

pared to control.

# Cells were treated with an ICs, value of each compound for 24 h and
then the cell cycle was analyzed by flow cytometry analysis.

Table 1. Cell growth inhibition in the presence of newly synthesized flavonoid derivatives

Compound 1Cso (uM) £ SD
Jurkat PC-3 HepG2 Colon 205 PBMCs

1 20 50 200 45 150

2 15 20 >200 25 >200

3 35 45 >200 90 (75%)* >200

4 25 50 200 (85%)* 50 200 (85%)*

5 60 100 (85%)* >200 100 (80%)* 150

6 100 >200 >200 >200 >200

7 100 >200 >200 >200 >200

8 100 200 (85%)* >200 200 (85%)* >200

9 15 30 200 (85%)* 30 >200
10 100 >200 >200 200 (80%)* >200

#Percentage of inhibition when compared with control values.
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analyzed by flow cytometry. The majority of control
cells exposed to DMSO were either in the G0/G1 phase
(33.17%) or the S phase (82.62%) of the cell cycle and
only a few cells in the G2/M phase were detected
(1.21%) (Table 2). After treatment with compounds 1—
10 for 24 h, an accumulation of G2/M stage cells in
the 1-5 and 7-9 samples was observed. The percentage
of cells in the G2/M phase increased in a range from
1.21% to 68.34% and 67.13% after treatment of Jurkat
cells with 5 and 8. A similar G2/M blockage was also in-
duced by compounds 1-4, 7, and 9. It was assumed that
G2/M phase arrest was possible due to the inhibition of
enzymes essential for G2/M progression or mitosis.?* In
contrast, compound 6 increased the proportion of cells
in the GO/G1 phase, while it decreased the percentage
of those in the S phase, the cells found in the G0/G1
phase was 66.07%, compared to 33.17% for untreated
cells after 24 h of treatment. This finding indicates either
(a) an inhibition of progression through the G1 phase or
an inhibition of transition from G1 into the S phase or
(b) that the cells exited from the cell cycle and entered
the GO phase.?” Unfortunately, none of the flavonoid
derivatives showed any significant S-phase arrest in Jur-
kat cells at their ICsy concentration, and only compound
10 had significant effects on cell cycle progression. To
the best of our knowledge, this is the first report of the
compounds 1-10 for their cell cycle analysis on the
Jurkat cell line.

In summary, the present work describes the first report
on the synthesis of natural flavonoid derivatives (1-10)
and evaluation of their cytotoxic activities. Representa-
tive compounds inhibited the in vitro growth of various
human cancer cells including lymphocytic, colon, and
prostate. These results revealed that the alkenone moiety
plays an important role in cytotoxicity. Further, this
study also revealed several specific G2/M phase blocker
lead compounds. A more detailed biological evaluation
of these and related compounds will be reported in due
course.

3. Materials and methods
3.1. Chemistry

Unless otherwise noted, chemicals were commercially
available and used as received without further purifica-
tion. Melting points were determined with a Buchi-510
melting point apparatus and are not corrected. Infrared
spectra were recorded on KBr disks on a Perkin-Elmer
FT-IR paragon 500 spectrometer. UV spectra were ob-
tained in MeOH on a Varian Cary Win UV-50 spectro-
photometer. ESI-MS spectra were recorded on a
Thermo-Finnigan LCQ Advantage system. 'H NMR
spectra were measured on a Varian Unity Inova-600
VXR-300/51 spectrometer, using the indicated solvents;
chemical shifts were reported in § (ppm) downfield from
TMS as an internal reference. Coupling constants are
given in Hertz. In case of multiplets, the chemical shift
quoted was measured from an approximate center. Inte-
grals corresponded satisfactorily to those expected on
the basis of compound structure. Silica gel for column

chromatography (CC) (0.063-0.200 mm), was a product
of Merck. TLC was performed on Merck TLC plates
(0.23 mm thickness), with compounds visualized by
spraying with 8% (v/v) H,SO4 in EtOH and then heating
on a hot plate.

3.2. General procedure for the synthesis of flavonoid
derivatives (1-8)'°

Substituted chalcone (0.01 mol) was dissolved in 1,4-
dioxane (10 mL). To the solution was added DDQ
(0.01 mol). The ensuing mixture was stirred for 6 h at
60 °C. The solvent was removed in vacuo. Water
(50 mL) was added and the mixture was extracted with
EtOAc (3 x 50 mL), dried over MgSO,, and evaporated.
The residue was purified by column chromatography
over silica gel, eluting with gradient of n-hexane/EtOAc
to yield the corresponding substituted flavonoids (1-8)

(Fig. 1).

3.2.1. 5,2'-Dihydroxy 7-methoxyflavone (1). This com-
pound was prepared by the general method of 2 with
2,2'.6'-trihydroxy 4’-methoxychalcone as a starting
material, yield 1.68 g, 58.7%, white solid; mp 258—
260 °C; UV (MeOH) Anax (loge): 262 (4.32), 330 (4.10)
nm; IR (KBr) vmax: 3350, 2990, 1660, 1615, 1520; 'H
NMR (600 MHz, CDCl3): ¢ 12.80 (OH-5), 10.82 (OH-
2, 7.88 (1H, dd, J=17.8, 3.0 Hz, H-6"), 7.35 (1H, dt,
J=17.8 Hz, H-4'), 7.15 (1H, s, H-3), 6.95-7.02 (2H, m,
H-3’, 5", 6.70 (1H, d, J=3.0 Hz, H-8), 6.31 (1H, d,
J =3.0 Hz, H-6), 3.87 (3H, s, OMe-7); ESI-MS (positive
mode) m/z 308.1 [M+Na]".

3.2.2. 5,7-Dimethoxy 3’,4’-methylenedioxyflavone (2).
This compound was prepared by the general method
of 2 with 2’-hydroxy 3,4-methylenedioxy 4’,6’-dimeth-
oxychalcone as a starting material, yield 1.71 g, 52.1%,
white solid, mp 160-162 °C; UV (MeOH) A,,.x (loge):
260 (4.12), 325 (3.96) nm; IR (KBr) vy.: 1655, 1610,
1495; 'TH NMR (500 MHz, CDCls): § 7.45 (1H, d,
J=3.0Hz, H-2'), 7.41 (1H, dd, J=8.0, 3.0 Hz, H-6'),
7.15 (1H, s, H-3), 6.96 (1H, d, J=8.0 Hz, H-5'), 6.82
(1H, d, J=2.5, H-8), 6.40 (1H, d, J=2.5Hz, H-6),
6.14 (2H, s, -OCH,0-), 3.89 (3H, s, OMe-7), 3.81 (3H,
s, OMe-5); ESI-MS (positive mode) m/z 350.1 [M+Na]™.

3.2.3. 7,2',5'-Trimethoxyflavone (3). This compound was
prepared by the general method of 2 with 2’-hydroxy
2,4’ 5-trimethoxychalcone as a starting material, yield
1.90 g, 60.5%, yellow amorphous powder; mp 136—
138 °C; UV (MeOH) Apnax (loge): 255 (4.24), 330 (4.13)
nm; IR (KBr) vpax: 2940, 1645, 1618, 1584; 'H NMR
(600 MHz, CDCl3): 6 8.13 (1H, d, J=9.0 Hz, H-5),
7.44 (1H, d, J=3.6 Hz, H-6'), 7.11 (1H, s, H-3), 7.03
(1H, dd, J=9.0, 3.6 Hz, H-4'), 6.98 (2H, m, H-3', 8),
6.92 (1H, d, J=2.4Hz, H-6), 3.92 (3H, s, OMe-7),
3.89 (3H, s, OMe-2’), 3.86 (3H, s, OMe-5'); ESI-MS
(positive mode) m/z 313.3 [M+H]".

3.2.4. 5,7,2' ,3'-Tetramethoxyflavone (4). This compound
was prepared by the general method of 2 with 2’-hy-
droxy 2,3,4’,6’-tetramethoxychalcone as a starting mate-
rial, yield 1.86 g, 54.0%, yellow crystals, mp 150-152 °C;
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UV (MeOH) /. (loge): 260 (3.98), 310 @'76) nm;
IR (KBr) vpac: 2930, 1656, 1612, 1575, '"H NMR
(600 MHz, CDCls): 6 7.32 (1H, dd, J=17.8, 1.2 Hz, H-
6), 7.17 (1H, t, J=7.8Hz, H-5), 7.05 (1H, dd,
J=1.8, 1.2 Hz, H-4"), 6.83 (1H, s, H-3), 6.51 (1H, d,
J=3.0Hz, H-8), 6.38 (1H, d, J=3.0 Hz, H-6), 3.96
(3H, s, OMe-5), 3.92 (3H, s, OMe-3’), 3.90 (3H, s,
OMe-7), 3.88 (3H, s, OMe-2'); ESI-MS (positive mode)
mlz 366.1 [M+Na]".

3.2.5. 5,7,2',4',6'-Pentamethoxyflavone (5). This com-
pound was prepared by the general method of 2 with
2'-hydroxy 2,4,4',6,6’-pentamethoxychalcone as a start-
ing material, yield 2.01 g, 53.7%, pale yellow solid, mp
192-194 °C; UV (MeOH) ., (loge): 256 (4.38), 304
(4.18) nm; IR (KBr) vyae: 2940, 1660, 1612, 1585; 'H
NMR (600 MHz, CDCl;): ¢ 6.44 (1H, d, J=2.4 Hz,
H-8), 6.33 (1H, d, J = 2.4 Hz, H-6), 6.22 (1H, s, H-3),
6.14 (2H, s, H-3', 5'), 3.93 (3H, s, OMe-5), 3.84 (3H,
s, OMe-4), 3.83 (3H, s, OMe-7), 3.75 (6H, s, OMe-2’,
6'); ESI-MS (positive mode) m/z 395.1 [M+Na]".

3.2.6. 5,7-Dimethoxyflavanone (6). This compound was
prepared by the general method of 2 with 2’-hydroxy
4',6'-dimethoxychalcone as a starting material, yield
1.2 g, 42.2%, white needles, mp 98-100°C; UV
(MeOH) .« (loge): 282 (4.20), 325 sh (3.85) nm; IR
(KBr) vmax: 3140, 1645, 1600, 1505cm~'; '"H NMR
(600 MHz, CDCls): 6 7.47 (2H, dd, J=9.0, 1.8 Hz,
H-2', 6'), 7.42 (2H, dt, J=9.0, 1.8 Hz, H-3', §'), 7.37
(1H, m, H-4"), 6.17 (1H, d, J=2.4Hz, H-8), 6.10
(1H, d, J=2.4Hz, H-6), 541 (1H, dd, J=13.2,
3.0 Hz, H-2), 3.90 (3H, s, OMe-7), 3.82 (3H, s, OMe-
8), 3.02 (1H, dd, J=16.2, 13.2 Hz, H-3,), 2.80 (1H,
dd, J=16.2, 3.0 Hz, H-3.y); ESI-MS (positive mode)
m/z 285.1 [M+H]".

3.2.7. 5,7-Dimethoxy 3’,4’-methylenedioxyflavanone (7).
This compound was obtained together with compound
2 in the same reaction as colorless needles, yield
090g, 27.4%; IR (KBr) vpa: 3090, 1665, 1620,
1575ecm™'; 'H NMR (600 MHz, CDCly): & 7.05
(IH, d, J=18Hz, H-2'), 696 (1H, dd, J=284,
1.8 Hz, H-6'), 6.86 (1 H, d, J=8.4Hz, H-5), 6.20
(IH, d, J=2.4Hz, H-8), 6.13 (1H, d, J=2.4Hz, H-
6), 6.10 (2H, s, -OCH,0-), 5.39 (1H, dd, J=13.2,
3.0Hz, H-2), 391 (3H, s, OMe-7), 3.84 (3H, s,
OMe-5), 3.03 (1H, dd, J=15.6, 13.2 Hz, H-3.y), 2.78
(1H, dd, J=15.6, 3.0 Hz, H-3.4); ESI-MS (positive
mode) m/z 329.1 [M+H]".

3.2.8. 5,7,2',3'-Tetramethoxyflavanone (8). This com-
pound was obtained together with compound 4 in the
same reaction as colorless needles, yield 1.21g,
35.1%; mp 164-166 °C; UV (MeOH) /.« (loge): 264
(4.20), 335 sh (3.85) nm; IR (KBr) vy, 1665, 1610,
1595cm™"; '"H NMR (600 MHz, CDCls): é 7.13 (2H,
m, H-5', 6'), 6.92 (1H, dd, J=7.8, 1.8 Hz, H-4'), 6.12
(1H, d, J=2.4Hz, H-8), 6.08 (1H, d, J=24Hz, H-
6), 5.75 (1H, dd, J=13.2, 3.0 Hz, H-2), 3.89 (3H, s,
OMe-5'), 3.87 (3H, s, OMe-5), 3.84 (3H, s, OMe-3'),
3.80 (3H, s, OMe-7), 2.96 (1H, dd, J=16.2, 13.2 Hz,
H-3,4), 2.76 (1H, dd, J=16.2, 3.0 Hz, H-3.,); ESI-
MS (positive mode) m/z 368.1 [M+Na]".

3.3. General procedure for the preparation of compounds
9 and 10'®

A mixture of substituted 5-methoxyflavonoid derivative
(0.1 mmol) and anhydrous aluminium chloride
(0.4 mmol) in acetonitrile (5 mL) was refluxed for 1 h.
After standing at room temperature for 2 h, the mixture
was poured into ice water and then neutralized with di-
lute HCI. The aqueous phase was extracted with EtOAc
(3 x50 mL). The combined organic layer was washed
with a saturated NaCl, dried, filtered, and concentrated.
The residue was purified by column chromatography
over silica gel, eluting with a gradient of n-hexane/
EtOAc to yield the corresponding substituted flavonoids
9 and 10 (Fig. 1).

3.3.1. 5-Hydroxy 7,2',3'-trimethoxyflavone (9). This
compound was prepared by the general method of 3
with 5,7,2',3'-tetramethoxyflavone (4) as a starting
material, yield 0.30 g, 88.7%, yellow amorphous solid,
mp 190-192 °C; UV (MeOH) .. (loge): 245 (3.68),
330 (3.00) nm; IR (KBr) vpax: 3160, 2920, 1656, 1610;
IH NMR (600 MHz, CDCly): 6 12.77 (1H, s, OH-5),
7.32 (1H, dd, J=7.8, 1.2Hz, H-6), 7.17 (1H, t,
J=78Hz, H-5), 7.06 (1H, dd, J=7.8, 1.2 Hz, H-4"),
6.86 (1H, s, H-3), 6.43 (1H, d, J=2.4 Hz, H-8), 6.36
(1H, d, J=2.4Hz, H-6), 3.91 (3H, s, OMe-2'), 3.87
(3H, s, OMe-7), 3.85 (3H, s, OMe-3’); ESI-MS (positive
mode) m/z 352.1 [M+Na]".

3.3.2. 5-Hydroxy 7,2',3'-trimethoxyflavanone (10). This
compound was prepared by the general method of 3
with 5,7,2'3'-tetramethoxyflavanone (8) as a starting
material, yield 0.31 g, 90.1%, colorless solid, mp 148—
150°C; IR (KBr) vpax: 3390, 2910, 1655, 1628,
1585cm™'; '"H NMR (600 MHz, CDCl;): 6 12.07 (1H,
s, OH-5), 7.13 (2H, d, J=9.0 Hz, H-4’, 6¢'), 6.92 (1H,
t, J=9.0 Hz, H-5'), 6.06 (1H, d, J = 2.4 Hz, H-8), 6.03
(IH, d, J=24Hz, H-6), 574 (1H, dd, J=13.2,
3.0 Hz, H-2), 3.87 (3H, s, OMe-2'), 3.86 (3H, s, OMe-
7), 3.79 (3H, s, OMe-3’), 3.03 (1H, dd, J=16.2,
13.2 Hz, H-3,), 2.79 (1H, dd, J = 16.2, 3.0 Hz, H-3,);
ESI-MS (positive mode) m/z 329.1 [M+H]".

3.4. Biological data

3.4.1. Chemicals. Compounds were dissolved in dimeth-
ylsulfoxide just before the experiments; calculated
amounts of drug solution were added to the growth
medium containing cells to a final solvent concentration
of 0.5%, which had no discernible effect on cell killing.
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide and L-glutamine were obtained from Sigma
Chemical Co., St. Louis, USA.

3.4.2. Cell culture. Jurkat, PC-3, Colon 205, and HepG?2
cell lines were obtained from ATCC (Rockville, MD).
Blood was collected from healthy volunteers and periph-
eral blood mononuclear cells (PBMCs) were isolated by
Ficoll-Hypaque (Pharmacia) density gradient centrifu-
gation.?® The cell numbers were determined with a
hemocytometer, and viabilities were assessed by Trypan
blue dye exclusion. Cell lines were maintained in
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logarithmic phase at 37 °C in a 5% carbon dioxide atmo-
sphere using the RPMI-1640 medium containing 10%
fetal calf serum (Biochrom-Seromed GmbH&Co., Ber-
lin, Germany) and supplemented with 25 mM Hepes
buffer, rL-glutamine, and with antibiotics penicillin
(50 U/mL) and streptomycin (50 U/mL).

3.4.3. Cytotoxic assay. The growth inhibitory effect on
tumor, as well as normal cell lines were evaluated by
means of MTT (tetrazolium salt reduction) assay.?’
Briefly, between 4 and 6 x 1072 cells, dependent upon
the growth characteristics of the cell line, were seeded
in 96-well microplates in growth medium (100 pL) and
then incubated at 37 °C in a 5% carbon dioxide atmo-
sphere. After 24 h, the medium was removed and re-
placed with a fresh one containing the compound to
be studied at the appropriate concentrations (0—
200 uM). Quadruplicate cultures were established for
each treatment. Forty-eight hours later, each well was
treated with 10 pL of a 5 mg/mL MTT saline solution,
and after 5 h of incubation, 100 pL of acid-isopropanol
was added. After an overnight incubation, the inhibition
of cell growth induced by the tested compounds was
detected by measuring the optical density (OD) with a
microplate reader (Bio-Rad, model 3550, USA) at
570 nm (ODs79_620). Mean absorbance for each drug
dose was expressed as a percentage of the control
untreated well absorbance and plotted versus drug con-
centration. ICsy values represent drug concentrations
that reduced the mean absorbance at 570 nm of 50%
of those in the untreated control wells.

3.4.4. Cell cycle analysis. Cells were treated with test
compounds 1-10 for 24 h and then harvested by trypsin-
ization. After centrifugation, cells were fixed in 70% eth-
anol at 4°C and then resuspended in 20 pg/mL
propidium iodide in 0.1% Triton X-100 and 0.1 mM
EDTA for 15 min before analysis by a flow cytometry.?®
Flow cytometric analysis was performed with a FAC-
Scalibur flow cytometer (Becton—Dickinson, San Jose,
CA) with an excitation at 488 nm and an emission at
630 nm. The percentage of cell cycle distribution in the
GO0/G1, S, and G2/M phases was determined using the
MODFIT software (Becton—Dickinson).

3.5. Statistics

All experimental data are shown as means = SD and
were accompanied by a number of experiments. For
in vitro data, statistical analysis was performed using a
one-way ANOVA, followed by Dunnetts post hoc test,
and the significant difference was set at *p <0.05;
**p <0.01; ***p <0.001.
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Abstract—The antifungal activity of polygodial against Saccharomyces cerevisiae involves multifunctions. Polygodial first acts as a
surface-active agent (surfactant) and then becomes involved in biochemical processes. The ability to form a pyrrole derivative with a
primary amine group of phosphatidylethanolamine (PE) and phosphatidylserine (PS) in the outer monolayer of the plasma mem-
brane is likely, in part, an initial step in the antifungal action of polygodial. In the lipid fraction derived from cells treated with
polygodial, no PE and PS were detected, indicating a disturbance in the balance of the plasma membrane. The primary antifungal
action of polygodial comes from its ability to act as a surfactant that nonspecifically disrupts the lipid—protein interface of integral
proteins, denaturing their functioned conformation. Once polygodial enters the cytoplasm by destroying the membrane barrier, it
reacts with L-cystein-containing cytoplasmic materials, such as a small molecule, glutathione, and a protein, alcohol dehydrogenase,

to potentiate the antifungal action.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

A bicyclic sesquiterpene dialdehyde, polygodial (1) (see
Fig. 1 for its structure), was first isolated as a pungent
compound from the sprout of Polygonum hydropiper L
(Polygonaceae), also known as ‘tade,” which is used as
spice in Japan. In addition, isotadeonal (2) was simulta-
neously isolated from the same source in minute
amounts.! The difference between these dialdehydes is
only in terms of the orientation (configuration) of the
aldehyde group at C-9, though they show markedly
different biological activities. For example, polygodial
shows a potent fungicidal activity, particularly against
yeasts, such as Candida albicans and Saccharomyces
cerevisiae,> whereas isotadeonal (also known as epipo-
lygodial) does not exhibit any antifungal activity.? In
addition, polygodial induces membrane damage in
human neuroblastoma cells, while isotadeonal does

Keywords: Antifungal activity; Saccharomyces cerevisiae; Polygodial;

Surfactant; Pyrrole formation.

* Corresponding author. Tel.: +1 510 643 6303; fax: +1 510 643
0215; e-mail: ikubo@berkeley.edu

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

doi:10.1016/j.bmc.2005.07.023

CHO

CHO CHO

R1=R2=H, Polygodial (1)
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Figure 1. Chemical structures of polygodial and related compounds.

not.* The discrepancy in these observations remains to
be clarified.

Opportunistic fungal infections in humans have become
serious and increasingly common problems due to the
advent of broad-spectrum antibiotics. Only a relatively
few drugs are available for the treatment of systemic
fungal diseases, necessitating a greater need for effective
antifungal agents. On account of the increase in drug
resistance and prevalence of opportunistic infections,
there is a need for using effective antifungal agents with
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new modes of action.” Antifungal agents that primarily
act as surfactants have the potential to answer this
requirement, since they target extracytoplasmic regions
without entering fungal cells, thereby avoiding most cel-
lular-pump-based resistance mechanisms. Primary dis-
cussion in this paper is centered on S. cerevisiae, but
the same surfactant concept can be applied to design
antifungal agents against C. albicans. In fact, polygodial
is now available as a commercial anti-Candida agent.
The potent antifungal activity of polygodial has recently
been described to result from its multiple functions,® but
the primary antifungal action comes from the ability of
polygodial to act as a nonionic surface-active agent (sur-
factant). This surfactant nonspecifically disrupts the
lipid—protein interface of integral proteins thereby dena-
turing their functional conformation. However, the pri-
mary binding site of polygodial on the plasma
membrane has not yet been established.

2. Results and discussion

During studies on the mode of the antifungal action of
polygodial, we found that this sesquiterpene dialdehyde
loses its antifungal activity in certain media. The result
seems to provide a clue as to the location of the binding
site of polygodial. So a further study was conducted to
gain new insights into its antifungal action. Polygodial
and two aliphatic aldehydes, (2E)-undecenal and unde-
canal, were tested for their antifungal activities against
S. cerevisiae in three different media for comparison.
As shown in Table 1, polygodial lost its antifungal activ-
ity in YPD medium, while both aliphatic aldehydes did
not. The result indicates that any constituents in YPD
medium probably react with the highly reactive dialde-
hyde moieties of polygodial and inactivate it, but not
(2E)-alkenals. Amino acids including L-lysine are abun-
dant in YPD medium. So various amine compounds
were tested to determine if they also similarly inactivate
the antifungal activity of polygodial. This postulate was
confirmed by the observation that p-aminobenzoic acid
in a minimum synthetic medium’ also suppresses the
activity of polygodial, as does ethanolamine. On the
basis of the results obtained, it may be reasonable to
presume that the binding sites of polygodial are, at least
in part, primary amine groups in living systems.

Various lipids are the major components of plasma
membranes that form continuous barriers between the
outside environment and the cytoplasm. Among them,
both phosphatidylethanolamine (PE) and phosphatidyl-

Table 1. Antifungal activity (MIC, pg/mL) of aldehydes against
Saccharomyces cerevisiae in different media

Aldehyde tested ME RPMI11640 YPD
Polygodial 1.56 1.56 >100
(2E)-Undecenal 6.25 6.25 12.5
Undecanal 25 25 50

The yeast cells were incubated in ME, RPMI1640, and YPD broth
with each drug at 30 °C for 48 h. After incubation, MFC was estimated
as described in Section 4.

Table 2. Inactivation of antifungal activity of polygodial by amine-
related compounds

Compound IC* (uM)
L-Glycine 31
L-Arginine 16
L-Lysine 8
L-Asparagine 62
Thiamine >500
p-Aminobeozoic acid 45
Ethanolamine® 25
PC*® >70
PE° 9
PS¢ 9

#Each chemical was mixed with polygodial in DMF:50 mM MOPS
buffer (pH 7.0) (1:1, v/v), except for PC, PE, and PS (see footnote ‘¢’
of this table), and then incubated for 24 h at 30 °C. After preincu-
bation, the MIC was determined using the mixed solution. Each
inactivation concentration (IC) was calculated to double MIC of
polygodial against S. cerevisiae.

®Ethanolamine was also incubated with polygodial using 50 mM
MOPS buffer (pHs 3, 5, 7, and 9).

°PC (dipalmitoyl-pL-0-PC) was dissolved in tetrahydrofuran/ethanol
(1:1, v/v). PE (dipalmitoyl-pL-a-PE) and PS (dipalmitoyl-pDL-0-PS)
were dissolved in the above-mentioned solvent with 1/400 vol of 10 N
NaOH.

serine (PS) contain a primary amine group. Polygodial
may form a pyrrole with the amine groups of PE and
PS in the outer leaflet of the plasma membrane, thereby
disturbing the balance of the plasma membrane. This
effect may be related, in part, to the antifungal action
of polygodial. Although phosphatidylcholine (PC) at
70 uM did not affect the MIC of polygodial, both PE
and PS at 9 uM (close to the MIC of polygodial)
increased the MIC by 2-fold (Table 2), showing the inac-
tivation of the antifungal activity. 2.4,6-Trinitroben-
zenesulfonic acid (TNBS) is used as a specific reagent
for the detection of primary amines including mainly
PE and PS on the cell surface since this acid cannot
penetrate inside the cell. ® TNBS itself showed a weak
fungicidal activity under acidic conditions (data not
shown), indicating the reaction between the sulfonic acid
and a primary amine on the cell surface under such
conditions. The fungicidal effect of polygodial was also
measured using yeast cells pretreated with TNBS. In
the pretreated cells, to impart the same fungicidal effect,
a 2-fold concentration of polygodial was needed. In the
cells surface-coated by TNBS, polygodial was found to
hardly attack the cell surface that was partly protected
by TNBS. The results obtained indicate that polygodial
forms the corresponding pyrroles with primary amines
mainly related to PE and PS in the outer monolayer,
but not with PC. This is consistent with a previous
report that polygodial forms a pyrrole derivative with
compounds possessing a primary amine group.’ It ap-
pears that the antifungal actions of polygodial differ to
some extent from those of (2E)-alkenals since these alke-
nals cannot form a pyrrole but still exhibit antifungal
activity. It should be noted that polygodial forms a pyr-
role with a primary amine in the outer monolayer,
although PE and PS are mainly located in the inner
monolayer of eukaryotes. Once a pyrrole is formed,
the hydrophobic decalin portion may enter the lipid
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bilayer and alter the fluidity of the plasma membrane or
disrupt the balance, thereby facilitating pyrrole forma-
tion of the primary amine in the inner monolayer and
then causing fungal lysis and the subsequent fatal loss
of intercellular materials. This has been corroborated
by previous reports of the decrease in the fluidity of plas-
ma membrane,'? the leakage of cellular components, '
and the disruption of membrane-bound enzymes, such
as H"-ATPase (P-type).'> The difference in the ability
to form a pyrrole may reveal why polygodial induces
the leakage of 260 nm-absorbing materials from S. cere-
visiae cells, while (2E)-alkenals do not (data not shown).

In contrast to the potent antifungal activity of polygo-
dial, its congeners, isotadeonal (3) and mukaadial (4),
did not exhibit any activity up to 400 pg/mL. Isotadeo-
nal was previously reported not to form a pyrrole °
but react with L-cystein.>!3!% In the current experiment,
mukaadial showed a weak fungistatic activity (>200
pg/mL) up to 24-h incubation, but this activity disap-
peared after 48-h incubation. It appears that mukaadial
did not form the corresponding pyrrole. We also tested
the potency of the binding of polygodial or mukaadial
to the cell surface of S. cerevisiae. After the cells were
pretreated with each drug and then washed with a buff-
er, they were treated with TNBS. Polygodial apparently
prevented the cells from being surface-coated with
TNBS, as shown in Figure 2. On the other hand,
mukaadial did not affect the coating. This result suggests
that polygodial binds to the cell surface, whereas
mukaadial does not. The above findings are consistent
with the observations that mukaadial neither induced
the leakage of cellular components nor inhibited glu-
cose-induced acidification (data not shown).

To investigate further the effect of the reactivity of
polygodial toward primary amines on its antifungal

250
200
3
g 150
§ 100 |
IS
=
50
2 0
% [+ ++ ++ -+ -+ 1]
> 0 6.25 125 25 50
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Figure 2. Protection from cell surface coating of TNBS by polygodial
and mukaadial. Yeast cells (10° cells/mL) were preincubated with
polygodial (open) or mukaadial (closed) in 50 mM MOPS buffer (pH
6.0). After preincubation, the washed cells were subjected to TNBS
treatment and viability was estimated; 30 pL of the cell suspension
collected after incubation was transferred to a fresh ME medium. The
culture was incubated at 30 °C for 48 h prior to checking the viability.
+, Growth; —, no growth. Intensity of transmittance was directly
proportional to the increase in potency of the cell surface coating of
TNBS. Data are presented as means = SD (n = 3).

activity, we prepared the fluorescamine-coated sphero-
plasts of S. cerevisiae. This reagent with no fluorescence
reacts directly with primary amines to form the same
fluorophors. As it is difficult to penetrate a plasma mem-
brane on account of its hydrophilicity, it is useful to esti-
mate the abundance of primary amines in the outer
leaflet of plasma membrane. As shown in Figure 3, the
polygodial-treated cells reduced the arbitrary units of
fluorescamine-derived fluorescence dose-dependently
and the reduction was 86% of the DMF control when
treated at 3.13 pg/mL. This result indicates the high pos-
sibility of the reactivity of polygodial to primary amines.
In addition, the viabilities of the yeast cells treated with
1.56 and 3.13 pg/mL polygodial were 81% and 0.8% of
control after 60-min treatment, respectively, as shown
in Figure 4. The treatment with at least 3.13 pg/mL
polygodial was needed for an antifungal activity.
Although the 1.56 pg/mL-treatment did not significantly
show any antifungal activity, a reduction in the arbitrary
units of fluorescamine-derived fluorescence was ob-
served. Therefore, the antifungal activity of polygodial
was thought to be associated with other factors, except,
the reactivity of this aldehyde to primary amines.

On the other hand, warburganal (3), which can react
with L-cystein,'® has a- and B-unsaturated dialdehydes,
as well as polygodial. However, its reactivity with pri-
mary amines seems to be weaker than that of polygodial
on account of steric hindrance due to it having an extra
hydroxyl group at the C-4 position, similar to mukaa-
dial. Interestingly, the rate of its reduction was lower
than that of polygodial and not dose-dependent but con-
stant as shown in Figure 3. Its antifungal activity was
also slightly weaker than that of polygodial (Fig. 4).
Therefore, these results suggest that a slight difference
in antifungal potency between polygodial and warburg-
anal depends on the presence of a hydroxyl group and
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Figure 3. Fluorescamine labeling of outer leaflet of plasma membrane
in spheroplasts of Saccharomyces cerevisiae. Yeast cells were incubated
at 30 °C for 60 min in SD broth with or without the drug indicated.
After incubation, spheroplasts were prepared and fluorescamine
labeling was then performed. The arbitrary units were based directly
on the fluorescence intensity of the fluorophors formed from the
reaction of fluoroscamine with primary amines on the cell surface.
DMF (control); W0.7, W1.5, and W3.1, (warburganal: 0.7, 1.5, and
3.1 pg/ml); P0.7, P1.5, and P3.1 (polygodial: 0.7, 1.5, and 3.1 pg/ml).
Data are presented as means + SD (n = 3).
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Figure 4. Effects of polygodial and warburganal on cell viability of S.
cerevisiae. Exponentially growing S. cerevisiae cells were incubated at
30 °C without shaking in SD broth with or without the drug indicated.
No drug added (e); polygodial: 1.56 (A) and 3.13 (B) pg/mL;
warburganal: 1.56 (A) and 3.13 (OJ) pg/mL.

the difference in their reactivity toward primary amines.
On the other hand, the activity of mukaadial seemed to
decrease on account of two additional hydroxyl groups,
with these groups in mukaadial probably impeding pyr-
role formation (Fig. 2).

In previous reports, polygodial and warbarganal were
described to promote the leakage of both K* ions and
260-nm absorbing materials from S. cerevisiae cells. In
contrast, both isotadeonal and mukaadial did not
promote the leakage at all.'> In contrast to polygodial,
(2E)-alkenals did not promote the leakage (data not
shown), but still exhibited an antifungal activity. The
potency of antifungal activity increased with each addi-
tional CH, group up to (2E)-undecenal, suggesting that
the activity can be enhanced by increasing the volume of
the hydrophobic portion. Namely, a more bulky hydro-
phobic group may form large pores and increase the
activity. From the data obtained, the hydrophilic alde-
hyde group can be replaced by any hydrophilic group
as long as the ‘head and tail’ structure similar to that
of a surfactant is balanced. This concept is also applied
to the case of a polygodial structure. In mukaadial, two
additional hydroxyl groups position on opposite sites
within the molecule indicating a nonsurfactant-like
structure, indicating the importance of a surfactant-like
structure in addition to pyrrole formation for the anti-
fungal activity. This prompted us to search for novel
antifungal surfactants by synthetic optimization. For
example, nonyl gallate promotes the leakage of K™ ions
from S. cerevisiae cells, but not that of 260-nm absorb-
ing materials.'® The leakage of K* ions induced by non-
yl gallate was observed within 30 min of treatment
accompanied by significant loss of cell viability, suggest-
ing that nonyl gallate quickly affects the plasma mem-
brane of S. cerevisiae cells, forming rather smaller size
pores than the case of polygodial. Introduction of
branching or unsaturation into the hydrophobic group
increases the solubility of the surfactant in water.
Branched-chain surfactants are generally more soluble
in water and show a lower viscosity in aqueous media

PE —> ¥

PP > w @

PS —»

pc—> W ¥
WitToutWTth

Polygodial treatment

Figure 5. Effects of polygodial on phospholipid composition extracted
from Saccharomyces cerevisiae cells. The TLC plate was developed in a
solution of chloroform, methylacatate, 2-propanol, methanol, and
0.25% KCI (28:25:25:10:7, v/v).

than straight-chain materials.!” The antifungal action
of alkyl gallates is due to their surfactant properties
and the binding of alkyl gallates can only involve rela-
tively weak head group interactions, such as hydrogen
bonding. It seems that the intermolecular hydrogen
bonding alone is not sufficiently strong to form large
pores. The ability to form a pyrrole derivative is proba-
bly specific to a- and B-unsaturated dialdehydes, polyg-
odial, forming large pores in the plasma membrane.

If PE and PS in the membranes react with polygodial, the
ratio of PE to PS to the total phospholipids should be
affected. Therefore, we compared the phospholipid con-
tent between the cells treated with or without polygodial.
Interestingly, in the lipid fraction derived from polygo-
dial-treated cells for 2 h, no PE and PS were detected
(Fig. 5). This result indicates the possibility that extra-
ordinary phospholipids produced are deprived by phos-
pholipases via unknown mechanisms. In addition, this
result indirectly proves that polygodial reacts with PE
and PS of the inner leaflet of the plasma membrane. The
lack of PE and PS strongly supports the disruption of
numerous membrane functions induced by polygodial.

3. Conclusion

The binding of polygodial to primary amines on a cell
surface by itself cannot explain its antifungal mechanism
but should be considered to be a large part of it. Polyg-
odial may also enter the cells through pores derived
from membrane damage by forming the aforementioned
pyrrole. Similarly, polygodial acts, in part, as a nonionic
surfactant, disrupting membrane functions.®!? It is also
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conceivable that polygodial permeates across the plasma
membrane by passive diffusion. Once inside the cells,
polygodial may react with various intercellular
components forming pyrroles with primary amines, for
example, in PE and PS mainly located in the inner
monolayer. More importantly, sulfhydryl groups in pro-
teins and lower-molecular-weight compounds, such as
glutathione, play an important role in living cells.!® An
o,B-unsaturated aldehyde group reacts with sulfhydryl
groups mainly by 1,4-addition under physiological con-
ditions.'8 Polygodial also inhibits alcoholic fermentation
by inhibiting alcohol dehydrogenase competitively'* and
produces reactive oxygen species by depleting glutathi-
one (GSH)."” Many studies have defined the role of
GSH as a cellular protectant against oxidative-stress-in-
duced xenobiotics.?° In addition, polygodial has recently
been found to inhibit mitochondrial ATPase (F-type),
but not the respiratory process.?!"?2 S. cerevisiae is a fac-
ultative anaerobic organism that is able to survive with-
out a functional respiratory chain. Maltose is the main
carbon source in the malt extract broth used in this
study, hence, S. cerevisiae cells acquire energy using gly-
colysis and grow anaerobically.?? If S. cerevisiae were
grown under fermentative conditions, the polygodial
fungicidal activity cannot then be explained by the inhi-
bition of mitochondrial ATPase as this inhibition does
not affect the growth of S. cerevisiae cells. In summary,
polygodial first acts as a surfactant and only then inhib-
its various cellular functions. As polygodial is thought
to affect the various essential functions described above
in humans, it is important to reduce its toxicity for ther-
apeutic use by combining it with other chemicals, such
as trans-cinnamic acid,>* trans-anethole,”>2° and
EDTA,?” which have been reported to show a synergis-
tic effect.

4. Experimental
4.1. Chemicals

Mukaadial, polygodial, and warburganal®® were avail-
able from our previous work. (2E)-Undecenal, undeca-
nal, 2,4,6-trinitrobenzenesulfonic acid (TNBS), p-
aminobenzoic acid, fluorescamine, dimethylsulfoxide
(DMSO), dipalmitoyl-pL-a-phosphatidylcholine (PC),
dipalmitoyl-pL-0-phosphatidylethanolamine (PE), dipalm-
itoyl-DL-a-phosphatidylserine (PS), and RPMI1640 were
purchased from Sigma Chemical (St. Louis, MO). N,N-
Dimethylformamide (DMF) was obtained from EM
Science (Gibbstown, NJ). 3-(N-Morpholino) propanesulf-
onic acid (MOPS) was purchased from Fisher Biotech
(FairLain, NJ).

4.2. Test strain

The test strains, Saccharomyces cerevisiae ATCC 7754,
were purchased from the American Type Culture
Collection (Manassas, VA).

4.3. Media

Saccharomyces cerevisiae was maintained at —80 °C in
yeast nitrogen broth (Difco Lab, Detroit, MI) contain-

ing 25% glycerol and subcultured at 30 °C in Sabou-
raud’s dextrose agar medium (bactopeptone 1%,
dextrose 4%, and bacto-agar 1.8%). A fresh culture of
S. cerevisiae was preincubated with shaking for 5h at
30 °C in 2.5% malt extract (ME) broth (BBL) medium.

4.4. Antifungal assay

The maximum extent and rate of activity are known to
vary with the seed culture media, physiological age of
culture, and type of culture medium. All antifungal
susceptibility tests in this study were performed under
standard conditions using fresh inoculum from a 5-h
shaking culture in malt extract medium, final inoculum
size of 10° CFU/mL, and 48-h stationary incubation in
malt extract medium, unless otherwise specified.

Broth macrodilution minimum inhibitory concentration
(MIC) was determined, as previously described.® Briefly,
serial 2-fold dilutions of the test compounds were pre-
pared in DMF and 30 pL of 100 X concentrated solution
was added to 3 mL ME media. They were then inoculat-
ed with 30 pL seed culture to give a final inoculum of 10°
colony-forming units (CFU)/mL. The assay tubes were
incubated without shaking at 30 °C for 48 h. The MIC
is the lowest concentration of test compound that dem-
onstrated no visible growth. The minimum fungicidal
concentration (MFC) was examined as follows: After
determining the MIC, a 30 pL of aliquot was taken from
each clear tube and added into 3 mL of drug-free fresh
medium. After 48-h incubation, the MFC was deter-
mined as the lowest concentration of the test com-
pounds in which no recovery of microorganism was
observed.

4.5. Inhibition of TNBS cell coating by polygodial

Precultured cells were washed twice with 50 mM MOPS
buffer (pH 6.0). One milliliter of the washed cell suspen-
sion (10® cells/mL) was incubated in 50 mM MOPS buff-
er (pH 6.0) with or without polygodial and mukaadial at
30 °C for 24 h. After incubation, a 30 pL of aliquot was
withdrawn from each culture and added into 3 mL of a
drug-free ME broth to check for cell viability. The rest
of the polygodial-treated cells were washed twice with
50 mM MOPS buffer (pH 6.0). The washed cells were
incubated in 1 mL of 50 mM MOPS buffer (pH 6.0) with
0.5% TNBS at 30 °C for 24 h in the dark. The TNBS-
coated cells were washed twice with 50 mM MOPS buff-
er (pH 6.0) and then once with 50 mM MOPS buffer
(pH 9.0). The washed cells were collected in a 1.5 mL
Eppendorf tube by centrifugation. To estimate the
strength of yellow color derived from TNBS coated on
the cell surface, digital images were taken as RGB image
files by FinePix 1500 (Fuji film, Tokyo, Japan) under
fluorescence light (2000 1x) and then analyzed as follows:
A digital image was transferred to a CNYK image from
the RGB one and the image containing only a yellow
(Y) component was extracted from the CNYK image
using Adobe Photoshop (Adobe Systems Inc., Moun-
tain View, CA). Transmissivity in the image was esti-
mated using the public domain NIH image (developed
at the U.S. National Institutes of Health and available
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from the Internet by an anonymous FTP at zippy.
nimh.nih.gov, Springfield, Virginia, Part Number
PB95-500195GEI).

4.6. Fluorescamine labeling

For the labeling of total aminophospholipids of the outer
leaflet of the plasma membrane in yeast cells, the
fluorescamine labeling of spheroplasts was performed,
as described below. Fluorescamine reacts directly with
primary amines to form the same fluorophors.?® As it is
difficult to penetrate the plasma membrane on account
of its hydrophilicity, it is useful to estimate the abundance
of primary amines in the outer leaflet of the plasma mem-
brane. Exponentially growing yeast cells were harvested
by centrifuging at 2000g for 3 min, washed once with
SD broth (1% glucose and Difco yeast nitrogen base with-
out amino acids), and resuspended in the same broth with
or without the drug indicated at 4.7 x 10° CFU/mL. The
cell suspension was incubated at 30 °C without shaking
for 60 min. After incubation, the cells were washed once
with 20 mM potassium phosphate buffer (pH 7.4) con-
taining 1.2 M sorbitol and then resuspended in the same
buffer with 25 pg/mL zymolyase (KIRIN Brewery Co.,
Ltd.). After gentle swirling for 45 min at 30 °C, the spher-
oplasts were collected by centrifugation and washed twice
with 50 mM potassium phosphate buffer (pH 9.0) con-
taining 1.2 M sorbitol. The washed cells were collected
in a 1.5 mL Eppendorf tube by centrifugation. The cell
suspension was cooled to 10 °C by gentle swirling for
10 min in a water bath maintained at 10 °C. A solution
0f 0.8 M fluorescamine in dry DMSO was added dropwise
with constant swirling over 30 s. The reaction was stopped
by the addition of equal volumes of 1 M ammonia solu-
tionin 1.2 M sorbitol. The spheroplasts were washed with
100 pL of 20 mM potassium phosphate buffer (pH 9.0)
containing 1.2 M sorbitol. To estimate the abundance of
primary amines in the outer leaflet of the plasma mem-
brane, the fluorescence intensity of the cell suspension
was read with a Cytofluor 2300 fluorescence spectropho-
tometer (Millipore Co.) with excitation at 390 nm and
emission at 475 nm. The arbitrary units were based direct-
ly on fluorescence intensity.

4.7. Effect of polygodial on cellular phospholipids

Exponentially growing cells were harvested by centrifu-
gation, washed once with 50 mM succinate buffer (pH
6.0), and then resuspended in the same buffer to give a
cell density of 107 cells/mL. The cell suspensions (200
mL) were incubated at 30 °C for 2 h with or without
25 pg/mL polygodial and then washed once with the
same buffer. The cells were harvested and cellular lipids
were then extracted according to the method of Bligh
and Dyer.?® An aliquot from each extract was spotted
onto a silica gel plate (Silica Gel 60; Merck) and lipids
were then separated in a solution of chloroform, methy-
lacetate, 2-propanol, methanol, and 0.25% KCI
(28:25:25:10:7, v/v). Phospholipids were detected using
the Dittmer—Lester reagent.’!
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Abstract—Numerical values of the testosterone binding globulin affinity have been modeled as a mathematical function of molec-
ular structure in two versions of molecular structure elucidation: first, by hydrogen-filled molecular graphs (HFG); second, by the
so-called graphs of atomic orbitals (GAO). Increased orders of Morgan extended connectivity in the HFG and GAO have been
examined as local invariants. Using optimisation of the correlation weights of the above-mentioned invariants, quantitative struc-
ture—activity relationships (QSAR) have been obtained. Best statistical characteristics of these QSARs are derived in the case of the
Morgan extended connectivity of first order in the GAO. They are as follows: n = 11, 2 = 0.6540, s = 0.824, F = 17 (training set);

n=29, r*=0.8791, s = 0.388, F =51 (test set).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Testosterone binding globulin (TeBG) affinity is an
important biological parameter from the point of view
of endocrinology.' Singh and co-workers have report-
ed results of QSAR (quantitative structure—activity rela-
tionships) analysis based on quantum chemical data
(absolute hardness and electronegativity?).

Recently, the so-called optimization of correlation
weights of local graph invariants (OCWLI) has been
tested as a tool of the QSAR analysis.*> The OCWLI
may be based on the hydrogen-filled molecular graphs
(HFG), as well as on the graph of atomic orbitals
(GAO).%7

The aim of the present study was to carry out a com-
parative QSAR analysis of the data taken from Ref. 3,
based on the OCWLI of the HFG and the GAO.

Keywords: QSAR; Testosterone binding globulin affinity; Graph of
atomic orbitals.
* Corresponding author. E-mail: aatoropov@yahoo.com

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

doi:10.1016/j.bmc.2005.07.059

2. Methods

Descriptors used in this QSAR study are defined as

DCW(G,x) = zn:CW(Vk) "CW(ECy), (1)

k=1

where G is the type of molecular graph, that is, the
HFG or the GAO; x is the order of Morgan
extended connectivity (EC); V), are atoms in the
case of HFG (H,C,0) and atomic orbitals in the
case of the GAO (Is', 2s?, 2p% etc.); and CW(V})
and CW(*EC,) are correlation weights of V) and
*ECy, respectively.

The GAO can be obtained from the HFG by the follow-
ing scheme:

First, each atom in the HFG should be replaced by a
group of atomic orbitals (AO), according to the descrip-
tion given in Table 1.

Second, the (0,1)-adjacency matrix should be construct-
ed according to the following rules: (a) size of the matrix
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Table 1. AO groups on the chemical elements that take place in is defined as the number of AO present in the given
compounds under consideration structure; the (i) element of the matrix is defined as 1
Chemical element AO group of the chemical element if (and only if) ith and jth AO are from different atoms
H 1! in the HFG and if (and only if) these atoms are connect-
C 152,282 2p ed each to other in the HFG; otherwise, the (i,j) element
o 1s%,2s%,2p* is defined as 0.
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Figure 1. Molecular structure of 21 compounds under consideration.
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A detailed description of the conversion HFG into GAO
has been reported in Refs. 6 and 7.

3. Results and discussion

In analyzing biological interactions, sterecochemistry is
a very important component. However, this investiga-
tion is based on molecular topology together with the
information on chemical elements that are involved in
molecular systems. In other words, molecular geome-
try (3D) has not been taken into account. Molecular
structures of the derivatives of testosterone used in
the present QSAR analysis are shown in Figure 1.

Table 2. Statistical characteristics of QSARs based on different descriptors

L Raska, Jr. A. Toropov | Bioorg. Med. Chem. 13 (2005) 6830-6835

Probably, the above-mentioned geometrical features
of the etiocholanolone (ID 16 in Fig. 1) define the
uniqueness of this substance, because there is no
other model that is able to predict reasonably well
the TeBG value on this compound. It should be not-
ed that androsterone (ID 5), being identical to etio-
cholanolone from a topology point of view, is not
an outlier in the models under consideration. Results
discussed below are obtained for 20 testosterone
derivatives without an etiocholanolone. Six com-
pounds (ID 4, 5, 13, 15, 16, 18, and 20) were outliers
in a two-variable modeling, based on the geometry
and quantum chemical features of molecules. This
model was described in Ref. 3.

Descriptor Probe C, Co Training set, n = 11 Test set, n=9
r s F ” K} F
DCW (HFG,’EC) 1 0.206 —15.840 0.6137 0.870 14 0.8458 0.471 38
2 0.173 —15.889 0.6137 0.870 14 0.8454 0.472 38
3 0.211 —15.816 0.6137 0.870 14 0.8455 0.471 38
DCW (HFG,'EC) 1 0.357 —37.609 0.9813 0.191 474 0.1716 1.967 1
2 0.322 —36.723 0.9765 0.214 375 0.2179 1.905 2
3 0.261 —36.067 0.9682 0.250 274 0.2892 1.879 3
DCW (GAO,’EC) 1 0.039 —14.807 0.6540 0.824 17 0.8791 0.389 51
2 0.016 —14.784 0.6539 0.824 17 0.8810 0.385 52
3 0.003 —14.552 0.6538 0.824 17 0.8854 0.373 54
DCW (GAO,'EC) 1 0.142 —27.483 1.0000 0.006 528409 0.8431 1.029 38
2 0.103 —-21.975 0.9999 0.012 113353 0.7870 1.077 26
3 0.152 —24.923 1.0000 0.009 217044 0.7606 1.296 22

n is the number of compounds in the set; r, s, and F are correlation coefficient, standard error estimation, and Fischer F-ratio, respectively.

Table 3. Training and test sets of testosterone derivatives, numerical values of DCW (GAO0,0), and experimental and calculated values of the TeBG

No 1D* Structures DCW (GAO,’EC) TeBGeypr TeBG e expr. — calc.
Training set
1 1 Aldosterone 245.096 —5.320 —5.385 0.065
2 3 Androstenediol 168.996 —9.170 —8.330 —0.840
3 4 Androstenedione 174.338 —7.460 —8.123 0.663
4 5 Androsterone 158.300 —7.140 —8.744 1.604
5 11 Deoxycortisol 211.046 —7.200 —6.703 —0.497
6 12 Dihydrotestosterone 158.300 —9.740 —8.744 —0.996
7 13 Estradiol 146.695 —8.830 —9.193 0.363
8 14 Estriol 201.317 —6.630 —7.079 0.449
9 18 17-Hydroxypregnenolone 200.290 —6.360 —7.119 0.759
10 19 Progesterone 203.543 —6.940 —6.993 0.053
11 21 Testosterone 171.667 —9.200 —8.226 —0.974
Test set
1 2 Androstanediol 155.629 -9.110 —8.787 —0.323
2 6 Corticosterone 208.376 —6.340 —6.746 0.406
3 7 Cortisol 207.794 —6.200 —6.768 0.568
4 8 Cortisone 207.794 —6.410 —6.768 0.358
5 9 Dehydroepiandrosterone 171.667 —7.810 —8.166 0.356
6 10 Dehydroxycorticosterone 191.185 —7.380 —7.411 0.031
7 15 Estrone 186.798 —8.170 —7.581 —0.589
8 17 Pregnenolone 200.872 —7.140 —7.036 —0.104
9 20 17-Hydroxyprogesterone 202.961 —6.990 —6.955 —0.035

#Identifying number of the compound in Figure 1.
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Separation into the training and test sets was done in a
random manner. The only limitation is as follows: all
invariants must take part in the training set. Variations
of this separation produce different statistical charac-
teristics of the models. However, in fact, statistical
quality is stable if all invariants take part in training
procedures.

Correlations of biological parameters with different
descriptors, as a rule, are not high. Mainly, they are
caused by the existence of a large number of conditions
that are able to influence the biochemical process. The
TeBG is not an exception. Under such circumstances,
statistical characteristics of models based on the
DCW(HFG,0) and DCW(GAO, 0), which are listed in
Table 2, should be estimated as reasonably good ones,
whereas models based on the DCW(HFG,1) and
DCW(GAO,1) are examples of overtraining (overfit-
ting); i.e., it is a situation when good enough statistical
characteristics of models on training set are accompa-
nied by low correlations on the test set. In other words,
overtraining is a situation when too many parameters
are involved in optimization, and, as a result, the model
is too sensitive to all fragments of the architecture of
molecules from the training set. In fact, some of these
fragments are not images of significant agents of the
TeBG.

The best model of the TeBG is as follows:

TeBG = —14.807 4+ 0.0387 - DCW(GAO0,0) (2)
n =11, = 0.6540,s = 0.824, F = 17(training set)
n=9,r”=0.8791,s = 0.388, F = 51(test set)
Calculation of the TeBG with Eq. 2 is given in Table 3.
Correlation weights of the first OCWLI probe have
been used here. A graphical presentation of this model

is shown in Figure 2 (training set) and Figure 3 (test
set).

-10 -9 -8 -7 -6 -5

expr.

-10

calc.

Figure 2. Plot of experimental versus calculated values of the TeBG on
the training set.

-10 -9 -8 -7 -6 -5

expr.

-10

calc.

Figure 3. Plot of experimental versus calculated values of the TeBG on
the test set.

In Table 4, numerical values of correlation weights, over
all three probes of the OCWLI for the DCW(GAO,0),
obtained by the Monte Carlo method optimization pro-
cedure are listed. An example of the calculation of the
DCW(GAO,0) for testosterone (ID 21) is shown in
Table 5.

4. Conclusions

Optimization of the correlation weights of local graph
invariants gives a reasonably good prediction for the
testosterone binding globulin affinity, in the case of
Morgan extended connectivity of zero order (in other
words, it is the ‘classical’ vertex degree in molecular
graph). Even in the case of an extended connectivity of
first order, overtraining takes place. The best accuracy
of prediction takes place for optimization of correlation
weights in the graph of atomic orbitals. Thus, informa-
tion on the structure of chemical elements (atoms) is use-

Table 4. Correlation weights on three probes of the OCWLI based on
the DCW (GAO,0)

GAO invariant

Optimization of correlation weights of
local graph invariants in the GAO

Probe 1 Probe 2 Probe 3
AO;
Is! —0.00773 —0.00731 —0.00547
1s 4.64259 17.13569 87.34067
2s2 5.82442 11.06097 43.24330
2p? 4.39740 5.71119 9.05563
2p* 0.54829 0.42205 0.13249
’EG;
3 1.77528 1.70519 1.75346
4 0.03433 0.05714 0.14885
6 0.84709 0.93121 1.07359
7 2.00007 2.16696 2.35576
8 —0.00968 —0.00507 —0.00886
9 0.00904 0.00574 —0.00385
10 1.12133 1.19979 1.25657
12 1.05675 1.12095 1.12907






6834 L Raska, Jr. A. Toropov | Bioorg. Med. Chem. 13 (2005) 6830-6835

Table 5. Calculation of the DCW(GAO,0) on testosterone (ID 21) with correlation weights of the first OCWLI probe (Table 4)
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Atom (Ay) k %EC, AO; j °EC; CW(AO) CW(°EC)
C 1 4 15 1 12 4.64259 1.05675
2s? 2 12 5.82442 1.05675
2p? 3 12 4.39740 1.05675
C 2 4 1s? 4 8 4.64259 —0.00968
2¢° 5 8 5.82442 —0.00968
2p? 6 8 4.39740 —0.00968
C 3 4 1s? 7 8 4.64259 —0.00968
2s? 8 8 5.82442 —0.00968
2p? 9 8 4.39740 —0.00968
C 4 4 1s? 10 10 4.64259 1.12133
2s? 11 10 5.82442 1.12133
2p? 12 10 4.39740 1.12133
H 5 1 1s! 13 3 —0.00773 1.77528
H 6 1 1s! 14 3 —0.00773 1.77528
H 7 1 1s! 15 3 —0.00773 1.77528
H 8 1 1s! 16 3 —0.00773 1.77528
H 9 1 Is! 17 3 —0.00773 1.77528
C 10 4 1s 18 10 4.64259 1.12133
2¢° 19 10 5.82442 1.12133
2p? 20 10 4.39740 1.12133
C 11 4 1§ 21 10 4.64259 1.12133
2¢? 22 10 5.82442 1.12133
2p? 23 10 4.39740 1.12133
C 12 4 1§ 24 8 4.64259 —0.00968
252 25 8 5.82442 —0.00968
2p° 26 8 4.39740 —0.00968
C 13 4 1s? 27 8 4.64259 —0.00968
2§? 28 8 5.82442 —0.00968
2p? 29 8 4.39740 —0.00968
H 14 1 Is! 30 3 —0.00773 1.77528
H 15 1 1s! 31 3 —0.00773 1.77528
H 16 1 1s! 32 3 —0.00773 1.77528
H 17 1 1s! 33 3 —0.00773 1.77528
H 18 1 Is! 34 3 —0.00773 1.77528
H 19 1 1s! 35 3 —0.00773 1.77528
e} 20 2 1s 36 4 4.64259 0.03433
2s? 37 4 5.82442 0.03433
2p* 38 4 0.54829 0.03433
H 21 1 1s! 39 3 —0.00773 1.77528
C 22 3 1s? 40 9 4.64259 0.00904
2s? 41 9 5.82442 0.00904
2p* 42 9 4.39740 0.00904
C 23 4 1s? 43 8 4.64259 —0.00968
2s? 44 8 5.82442 —0.00968
2p? 45 8 4.39740 —0.00968
C 24 4 1s? 46 8 4.64259 —0.00968
2s? 47 8 5.82442 —0.00968
2p? 48 8 4.39740 —0.00968
C 25 4 1s 49 10 4.64259 1.12133
2s° 50 10 5.82442 1.12133
2p? 51 10 4.39740 1.12133
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Table 5 (continued)
Atom (Ag) k YECy AO; Jj °EC; CW(AO) CW(°EC)
H 26 1 1s! 52 3 —0.00773 1.77528
H 27 1 1s' 53 3 —0.00773 1.77528
H 28 1 1s' 54 3 —0.00773 1.77528
H 29 1 1s! 55 3 —0.00773 1.77528
H 30 1 1s! 56 3 —0.00773 1.77528
C 31 4 1s? 57 8 4.64259 —0.00968
2¢? 58 8 5.82442 —0.00968
2p2 59 8 4.39740 —0.00968
C 32 4 1s? 60 12 4.64259 1.05675
2s? 61 12 5.82442 1.05675
2p2 62 12 4.39740 1.05675
C 33 3 1s? 63 7 4.64259 2.00007
2¢? 64 7 5.82442 2.00007
2p2 65 7 4.39740 2.00007
C 34 3 1s? 66 9 4.64259 0.00904
2¢° 67 9 5.82442 0.00904
2p2 68 9 4.39740 0.00904
C 35 4 1s? 69 8 4.64259 —0.00968
252 70 8 5.82442 —0.00968
2p2 71 8 4.39740 —0.00968
H 36 1 1s! 72 3 —0.00773 1.77528
H 37 1 1s! 73 3 —0.00773 1.77528
H 38 1 1s! 74 3 —0.00773 1.77528
H 39 1 1s! 75 3 —0.00773 1.77528
0 40 1 1s? 76 3 4.64259 1.77528
2¢? 77 3 5.82442 1.77528
2p* 78 3 0.54829 1.77528
H 41 1 Is! 79 3 —0.00773 1.77528
C 42 4 1s? 80 6 4.64259 0.84709
2s? 81 6 5.82442 0.84709
2p2 82 6 4.39740 0.84709
H 43 1 1s! 83 3 —0.00773 1.77528
H 44 1 Is! 84 3 —0.00773 1.77528
H 45 1 1s! 85 3 —0.00773 1.77528
C 46 4 1s? 86 6 4.64259 0.84709
2¢? 87 6 5.82442 0.84709
2p2 88 6 4.39740 0.84709
H 47 1 1s! 89 3 —0.00773 1.77528
H 48 1 Is! 90 3 —0.00773 1.77528
H 49 1 1s! 91 3 —0.00773 1.77528
DCW(GAO,0) = 171.66722.
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Abstract—A series of dihydropyrido[2,3-d]pyrimidines have been synthesized and screened for its in vitro antileishmanial activity
profile in promastigote and amastigote models. Compounds 2a-2l have shown 83-100% inhibition against promastigotes and
79-100% inhibition against amastigotes at a concentration of 50 pg/mL.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Leishmaniasis is caused by different species belonging to
the genus Leishmania, a protozoan which is transmitted
to humans by the bite of an insect vector, phlebotomine
sandfly. Leishmaniasis has an overwhelming impact on
global public health and is endemic in many tropical
and subtropical regions of the world. It affects around
12 million people of the world and 350 million are esti-
mated to be prone to the diseases, of which around 1.7
million people will be infected each year.! Infection
by various strains of Leishmania causes a wide spectrum
of disease in humans, with many different clinical man-
ifestations, i.e., cutaneous, mucocutaneous and visceral.
The visceral form of Leishmaniasis, commonly known
as kala-azar, is caused by the parasite Leishmania dono-
vani, which affects 61 out of the 88 countries worldwide.
It attacks the phagocytic cells of the spleen, liver and
bone marrow, and is fatal in more than 90% of the
untreated cases. The parasitic protozoan is digenetic
and has two distinct stages in its life cycle. The motile
flagellated promastigote stage lives in the alimentary
canal of the sandfly vector, which, by inoculation,
transmits the promastigotes into the mammalian host,
where they enter macrophages differentiating and multi-
plying into non-motile amastigotes.*

Keywords: Lieshmania; Dihydrofolate reductase; Dihydropyrido[2,3-

d]pyrimidine; Uracil.

* Corresponding author. Fax: +91-522-2623405; e-mail addresses:
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There is still no effective vaccine for Kala-azar and chemo-
therapy remains the most effective control measure. The
drugs for the treatment of leishmaniasis are sodium stib-
ogluconate (Pentostam) and meglumine antimonate
(Glucantime), despite the fact that they exhibit renal
and cardiac toxicity. Although new drugs, i.e., amphoter-
icin B and its lipid complex, are quite effective, they are
expensive and out of reach of poor people.?> Newly intro-
duced first orally active drug miltefosine, a phosphocho-
line analogue, is quite effective in presenting severe
gastrointestinal problems and also shows teratogenic
effects and cannot be used in pregnant women.®’ The
search for new drugs continues, with bisphosphonates,
for example, risedronate and pamidronate. It is also
known that these drugs also contribute to increased co-in-
fections leishmaniasis-AIDS. No treatment has proven to
be effective in achieving radical cure of visceral leishman-
1asis when it is associated with HIV infection. Therefore,
development of more effective and safer chemotherapeu-
tic agents for treating Leishmaniasis seems to be desir-
able.® The pharmaceutical industry has shown little
interest in drug discovery for parasitic disease due to a
lack of financial incentive. There is also lack of interest
among researchers in the developed nations as it is a dis-
ease of the developing countries.

Compounds of both synthetic and natural origin com-
prising a diverse group of chemical structures have
been reported as antileishmanial agents. These include
mostly the nitrogen heterocycles as quinolines,’
acridines,'® phenothiazines,!' pyrimidines,'? purines,'3
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bis-benzamidines,'* pyrazolo[3,4-b]pyridine,'> benzothia-
zoles,'® and imidazolidine.!” Other classes of compounds
include buparvaquone-oxime,'® bisbenzamidines,'® chal-
cones,?” quinines,”! amino acid esters and amides,?> amino
alcohols,?? alkyl phospholipids,?* ether phospholipids,?’
sulfanilamides,?® artemisinin?’ and certain platinum
complexes.?®

Uracil derivatives are versatile building blocks for the
synthesis of nitrogen-containing heteroaromatic species
of biological importance.?’ Pyrazolopyridines,*° pyrimi-
dopyrimidines,3!  pyridopurines,>>  pyrazolo-pyrimi-
dines®* and xanthine derivatives’ have all been
prepared by the functionalization of these important
heterocyclic building blocks, the structures of which
are interesting in their own right, as well as being biolog-
ically active pyrimidine nucleosides. The diverse range
of biological activities of uracil derivatives in parasitic
chemotherapy has stimulated considerable interest in
their synthesis.

Dihydrofolate reductase (DHFR) is an important target
site in most of the parasitic diseases. Most of the clini-
cally used DHFR inhibitors show less selectivity for
leishmanial enzymes.?® This is due to the fact that the
gene for pteridine reductase (PTR1) is amplified in some
leishmanial mutants. PTR1 can reduce pterins and
folates, and therefore act as a bypass for DHFR
inhibition. This implies that antifolate drugs must simul-
taneously target both DHFR and PTR1 to be successful
antileishmanials.?¢

A number of compounds having pteridine, quinazoline
and pyrimidine moieties are reported to be potent inhib-
itors of PTR1 in Leishmania.>’ Based on these observa-
tions we hypothesized to synthesize pyrido[2,3-
dpyrimidines in which one N atom of pteridine was re-
placed by carbon and in comparison to quinazoline it
has one carbon atom replaced by a nitrogen atom which
could also act as a PTR1 inhibitor. Earlier reports have
shown that pyrido[2,3-d]pyrimidine is a potent inhibitor
of dihydrofolate reductase.>® Due to the same reason,
the synthesized compounds can act as inhibitors of
PTR1, as well as inhibitors of DHFR, and thus could
be potential antileishmanial agents.

1% RCHO o R
Me-
m CH4C(0)CH,COCH, Mel)hCOCHa
o [I\] NH, AcOH, Heat, 8h Io '}‘ '?‘ CHs
Me Me H
1 2

Scheme 1.

As part of our ongoing program devoted to the synthesis
of diverse heterocycles of biological interest,> we con-
centrated our investigations on dihydropyrido[2,3-d]py-
rimidines*® due to their broad range of biological
activities. In this communication, we have reported the
antileishmanial activity of these synthesized compounds.

2. Chemistry

Dihydropyrido[2,3-d]pyrimidines (2a-r) are synthesized
in high yields by heating a mixture of 6-amino-1,3-di-
methyl uracil, different aldehydes and acetyl acetone in
acetic acid (Scheme 1), at 110 °C for 8 h.

Initially after 8 h high yields of dihydropyrido[2,3-d]-
pyrimidines (2) are obtained and oxidized products (3
and 4) are either not formed or are formed in a very
negligible amount in some cases. As the reaction time is
increased, oxidation of the dihydropyrido[2,3-d]pyrimi-
dine (2) takes place with the formation of dearylated
product (4) and normal dehydrogenated product (3),
The amount of 3 and 4 goes on increasing with time
(Scheme 2). All the synthesized compounds are well-char-
acterized by spectroscopic method, such as IR, mass,
NMR, and elemental analysis.

2.1. Results and discussion

The in vitro biological activity of dihydropyrido[2,3-
dlpyrimidines has shown encouraging results (Table 1)
against L. donovani. Compounds showed a good corre-
lation of activity with the structure and logP values.
Four compounds (2d, 2g, 2h and 2i) showed 100% inhi-
bition against promastigotes, whereas two compounds
(2d, 2g) exhibited 100% inhibition in amastigotes at a
concentration of 50 ug/mL. When the R group was
phenyl, the compound 2a showed 89% and 72% inhibi-
tion of promastigotes, and 71% and 56% inhibition of
amastigotes at a concentration of 50 and 10 pg/mL,
respectively. Substitution of the phenyl ring with a
methyl group at the para position, compound 2b showed
an increase in activity exhibiting 97% and 74% inhibi-
tion for promastigotes, and 80% and 62% for amastig-
otes. Substitution of another methyl group at meta
position, compound 2¢ showed a further increase in
activity. On substitution of the phenyl ring with an
isopropyl group at the para position, compound 2d
exhibited 100% activity in both promastigotes and
amastigotes at a concentration of 50 pg/mL, and 84%
and 94% inhibition at a concentration of 10 pg/mL.
Activity of compounds gradually increased on substitut-
ing the phenyl ring with methyl, dimethyl and isopropyl
groups as with the increase in logP value. Substituting

R R
Me COCH;, Me COCH; Me COCH
—_— +
)\ Heat 071\ Z )\ Z
o7 NN Nemg NN e 07 NN e
Me H Me M

2 3

Scheme 2.
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Table 1. Antileishmanial in vitro activity against luciferase-promastigote and luciferase-amastigote systems

Compounds R logP % inhibition

Promastigotes Amastigotes

concentration (pg/mL) concentration (pg/mL)

50 10 50 10
2a CgHs 0.25 89.2 72.4 71.4 55.6
2b 4-Me-CgHy 0.74 96.8 74.2 80.1 61.9
2c 3,4-diMe-C¢Hj; 1.23 98.2 78.4 89.9 72.8
2d 4-CH(CHj;),-CsHy 1.49 100 84.2 100 94.2
2e 4-F-C¢Hy 0.41 96.7 86.3 89.4 66.2
2f 4-Cl-C¢H,4 0.81 99.3 89.2 93.2 68.9
2g 3,4-diCI-C¢H; 1.37 100 92.4 100 80.3
2h 4-CN-C¢Hy 0.29 100 99.1 97.4 76.1
2i 3-NO,-C¢Hy 1.91 100 93.8 81.6 68.5
2§ 4-NO,-C¢Hy 1.91 100 92.6 88.9 75.7
2k 3-OCH;-C¢Hy 0.13 84.2 64.1 81.2 46.6
21 4-OCH;-C¢Hy 0.13 83.2 68.1 79.6 524
2m 3,4-diOCH;3-C¢Hj3 0.0 69.2 56.8 54.6 42.5
2n 3,4,5-TriOCH3-C¢H, -0.13 52.6 42.4 38.6 NI
20 4-OH-C¢H4 —0.14 59.8 48.4 53.6 42.1
2p 4-COOH-C¢H,4 —-0.19 54.6 452 NI NI
2q 2-Furan —1.20 56.9 324 35 22
2r CH; —0.94 59.4 45.7 42.4 26.4
3f 4-Cl-C¢Hy4 2.53 55.6 384 324 ND
31 4-OCH;-CHy 1.84 433 28.6 12.4 ND
3h 4-CN-C¢Hy 2.00 45.6 ND 28.5 ND
4 — 0.29 38.6 ND 22.1 ND

SSG® a — 21 ND
Pentamidine® b — 90-99 30

a: SSG (sodium stilbogluconate) shows 40-50% inhibition at 500 pg/mL.

b: Pentamidine shows 85-90% inhibition at 0.5 pg/mL.
ND, not determined; NI, no inhibition.

the phenyl ring with groups as fluoro, the compound 2e
showed ~97% and ~86% inhibition in promastigotes at
a concentration of 50 and 10 pg/mL, respectively. Com-
pound 2e showed ~89% and ~66% inhibition in
amastigotes at a concentration of 50 and 10 pg/mL,
respectively. Replacement of the fluoro group with
chloro group the compound 2f exhibited a further in-
crease in activity in both promastigotes and amastigotes.
On disubstituting the phenyl ring with chloro group at 3
and 4 positions, the compound 2g showed 100% inhibi-
tion in both promastigotes and amastigotes at a concen-
tration of 50 pg/mL and inhibited 92% and 80% growth
at a concentration of 10 pg/mL. In case of compounds
having groups as fluoro and chloro, the activity in-
creased on going from fluoro to chloro and increased
further on disubstitution with the increase in logP value.
On substituting the phenyl ring with a cyano group at
the para position the compound 2h showed 100% and
99% inhibition against promastigotes, and 88% and
76% inhibition against amastigotes at a concentration
of 50 and 10 pg/mL. Substituting the phenyl ring with
the nitro group at meta or para positions, the com-
pounds 2i and 2j have shown 100% inhibition in pro-
mastigotes, and 82% and 89% inhibition against
amastigotes at a concentration of 50 pg/mL. At a con-
centration of 10 pg/mL, the compounds 2i and 2j
showed 92% and 93% inhibition against promastigotes,
and 68% and 76% inhibition against amastigotes.
Substituting the phenyl ring with methoxy group at

the meta (2k) or para position (2lI) reduced the activity
against both promastigotes and amastigotes. Di or tri
substitution of the methoxy group in the phenyl ring
(2m and 2n) reduced the activity further and the activity
decreased with an increase in substitution. Substitution
of the methoxy group on the phenyl ring reduced the
logP value of the compounds, thus reducing the activity.
Di or tri substitution of the methoxy group decreased
further the logP value, showing a decrease in activity.
Substitution of the phenyl ring with hydroxyl (20) or
carboxyl group (2p) reduced the logP value of com-
pounds, reducing the activity. Replacement of the phen-
yl ring with heterocyclic ring as furan (2q) or with
methyl group (2r), the logP value of compounds de-
creased to a greater amount, showing a lower activity.
When the dihydropyridine rings of the compounds 2f,
21 and 2h were oxidized to the corresponding pyridine
rings the activity of compounds 3f, 31 and 3h was re-
duced to a great extent. The results emphasize that, in
general, the activity increased when chloro, cyano, nitro
and methyl are in the aromatic ring. Compounds exhib-
ited a lower activity when methoxy, hydroxy, or carboxy
groups are present in the aromatic ring. The activity
increased or decreased on di or tri substituting the
groups, which increase or decrease the activity. The
dihydro pyridine moiety plays an important role in activ-
ity as when the dihydro ring was oxidized to the corre-
sponding pyridine ring the activity was reduced to a
great extent.
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3. Conclusion

Leishmania is a disease of developing countries. The
majority of antileishmanial chemotherapy relies on
antimonials and benzamidines, which are highly toxic.
Therefore, development of more effective and safer
chemotherapeutic agents for treating Leishmaniasis re-
mains desirable. There is also lack of interest among those
in the pharmaceutical industry in the discovery of a new
antileishmanial agent due to a lack of financial incentives.
The synthesized dihydropyrido[2,3-d]pyrimidines have
shown good in vitro activity. These compounds are new
leads in antileishmanial chemotherapy and are very useful
for further optimization work on the same.

4. Experimental section

IR spectra were recorded on Beckman Aculab-10,
Perkin Elmer 881 and FTIR 8210 PC, Shimadzu spec-
trophotometers either on KBr discs or in neat. Nuclear
magnetic resonance (NMR) spectra were recorded on
either Bruker Avance DRX-300 MHz or Bruker DPX
200 FT spectrometers using TMS as an internal refer-
ence. FAB mass spectra were recorded on JEOL SX
102/DA 6000 mass spectrometer using argon/xenon
(6 kV, 10 mA) as the FAB gas. Chemical analysis was
carried out on a Carlo-Erba-1108 instrument. The
melting points were recorded on an electrically heated
melting point apparatus and are uncorrected.

4.1. Antileishmanial activity

Luciferase transfected L. donovani promastigotes
(MHOM/IN/80/Dd-8, obtained from Imperial College,
London), which are more stable under the influence of G
418'8, were maintained at 25 + 1 °C in Medium 199 (SIG-
MA Chemical, USA) supplemented with 10% Fetal Calf
Serum (Gibco). The in vitro effect of compounds on the
growth of promastigotes was assessed by monitoring the
luciferase activity of viable cells after treatment. The trans-
genic 5promastigotes of late log phase were seeded at
5x10°/100 pL medium 199/well in 96-well flat-bottomed
microtitre (MT) plates (CELLSTAR) and incubated for
72 h in medium alone or in the presence of serial dilutions
of drugs (250 ng/mL to 10 pg/mL) in DMSO.!8 Parallel
dilutions of DMSO were used as controls. After incuba-
tion, an aliquot (50 uL) of promastigote suspension was
aspirated from each well of a 96-well plate and mixed with
an equal volume of Steady Glo® reagent (Promega) and
luminescence was measured in luminometer. The values
were expressed as RLU (relative luminescence unit).

For assessing the activity of compounds against amasti-
gote stage of the parasite, mouse macrophage cell line
(J-774A.1) infected with promastigotes expressing lucifer-
ase firefly reporter gene was used. Cells were seeded in a
96-well plate (5x 10* cells/100 uL/well) in RPMI-1640
containing 10% foetal calf serum and the plates were incu-
bated at 37 °Cina CO, incubator. After 24 h, the medium
was replaced with fresh medium containing stationary-
phase promastigotes (2.5 x 10°/100 pL/well). Promasti-
gotes invade the macrophage and are transformed into

amastigotes. The test material in appropriate concentra-
tions (50 and 10 pg/mL) in complete medium was added
after replacing the previous medium and the plates were
incubated at 37 °C in a CO, incubator for 24 h or more.
After incubation, the drug containing medium was
decanted and 50 uL PBS was added to each well and
mixed with an equal volume of the steady Glo reagent.
After gentle shaking for 1-2 min, the reading was taken
in a luminometer.

4.2. General procedure for the synthesis of 6-acetyl-5-(aryl/
alkyl)-1,3,7-trimethyl-5,8-dihydro-1 H-pyrido|2,3-d|pyrimi-
dine-2,4-dione (2a-2r)

6-Amino-1,3-dimethyl uracil (I) (0.3 mmol), acetyl ace-
tone (0.35 mmol), and aromatic or aliphatic aldehyde
(0.35 mmol) were heated in acetic acid (15 ml) for 8 h
to obtain dihydropyrido[2,3-d]pyrimidines (2a-r). The
mixture was allowed to cool and water (50 mL) was add-
ed. The precipitated solid was washed with water and
dried. Recrystallization from ethanol gave light yellow
or white crystals of the desired compound.

4.2.1. 6-Acetyl-5-phenyl-1,3,7-trimethyl-5,8-dihydro-1H-
pyrido|2,3-d]pyrimidine-2,4-dione (2a). MS: 326 (M+1);
IR (KBr) 3005, 2953, 1708, 1676, 1619, 1514,
1388 cm™'; 'TH NMR (CDCls, 200 MHz) & (ppm) 7.26
(s, 1H), 7.24 (d, 2H, J=6.8Hz), 7.16 (d, 2H,
J=6.8 Hz), 6.05 (s, 1H, NH), 5.02 (s, 1H), 3.44 (s, 3H,
NMe), 3.28 (s, 3H, NMe), 2.45 (s, 3H), 2.15 (s, 3H); 13C
(CDCl;, 50 MHz) 199.6, 161.4, 150.7, 142.1, 141.8,
137.2, 1354, 127.8, 127.1, 124.6, 91.6, 37.5, 29.9, 28.7,
28.1, 19.8; Anal. Calcd for C;gH;9N3O3: C, 66.45; H,
5.89; N, 12.91. Found: C, 66.25; H, 6.12; N, 12.84.

4.2.2. 6-Acetyl-1,3,7-trimethyl-5-p-tolyl-5,8-dihydro-1H-
pyrido|2,3-d]pyrimidine-2,4-dione (2b). MS: 340 (M+1);
IR (KBr) 3006, 2955, 1704, 1661, 1556, 1559, 1514,
1482 cm™';'"H NMR (CDCl;, 200 MHz) & (ppm) 7.27
(d, 2H, J=79Hz), 7.09 (d, 2H, J=7.9 Hz), 6.01 (s,
1H, NH), 5.09 (s, 1H), 3.44 (s, 3H, NMe), 3.28 (s, 3H,
NMe), 2.44 (s, 3H), 2.28 (s, 3H), 2.14 (s, 3H); '*C (CDCl;,
50 MHz) 199.4, 161.4, 150.6, 141.9, 141.7, 137.1, 130.6,
128.1, 126.8, 91.5, 37.4, 34.5, 29.8, 28.7, 28.2, 20.7, 19.8;
Anal. Caled for C;oH;N3O3: C, 67.24; H, 6.24; N,
12.38. Found: C, 67.52; H, 6.34; N, 12.04.

4.2.3. 6-Acetyl-5-(3,4-dimethyl-phenyl)-1,3,7-trimethyl-
5,8-dihydro-1 H-pyrido[2,3-d]pyrimidine-2,4-dione  (2c).
MS: 354 (M+1); IR (KBr) 3015, 2945, 1708, 1665, 1548,
1556, 1519, 1472 cm™'; '"H NMR (CDCls, 200 MHz) 6
(ppm) 7.09 (d, 1H, J = 7.7 Hz), 7.04 (s, 1H), 6.99 (d, 1H
J=1.7Hz), 6.01 (s, 1H, NH), 5.09 (s, 1H), 3.44 (s, 3H,
NMe), 3.28 (s, 3H, NMe), 2.45 (s, 3H), 2.14 (s, 3H), 2.08
(s, 6H, 2CHs); *C (CDCl;, 50 MHz) 199.3, 161.4,
134.9, 150.6, 141.8, 141.5, 136.9, 136.2, 133.8, 130.2,
129.3, 125.6, 91.6, 38.3, 29.7, 28.6, 28.2, 20.6, 20.3, 19.8;
Anal. Calcd for C,0H»3N305: C, 67.97; H, 6.56; N,
11.89. Found: C, 67.72; H, 6.34; N, 12.04.

4.2.4. 6-Acetyl-5-(4-isopropyl-phenyl)-1,3,7-trimethyl-5,8-
dihydro-1H-pyrido|2,3-d]pyrimidine-2,4-dione (2d). MS:
368 (M+1); IR (KBr) 3020, 2930, 1709, 1675, 1554, 1541,
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1517, 1460 cm™'; 'TH NMR (CDCls, 200 MHz) § (ppm)
7.38(d, 2H, J = 7.6 Hz), 7.16 (d, 2H, J = 7.6 Hz), 5.98 (s,
1H, NH), 5.11 (s, 1H), 3.44 (s, 3H, NMe), 3.28 (s, 3H,
NMe), 3.18-3.23 (m, 1H), 2.43 (s, 3H, COCH3), 2.26 (s,
3H, CH;), 1.24 (s, 6H, 2CH;); '*C (CDCl;, 50 MHz)
199.5, 161.5, 150.8, 147.5, 142.1, 1414, 137.1, 127.5,
126.5, 113.9, 91.4, 38.0, 33.7, 29.8, 28.8, 28.2, 23.9, 19.8;
Anal. Calcd for C,;H,5N305: C, 68.64; H, 6.86; N, 11.44.
Found: C, 68.52; H, 6.54; N, 11.04.

4.2.5. 6-Acetyl-5-(4-fluoro-phenyl)-1,3,7-trimethyl-5,8-dihy-
dro-1H-pyrido|2,3-d]pyrimidine-2,4-dione (2e¢). MS: 344
(M+1); IR (KBr) 3030, 2912, 1705, 1664, 1628, 1514,
1358 cm™!'; '"H NMR (CDCl;, 200 MHz) 6 (ppm) 7.37
(d, 2H, J=84Hz), 699 (d, 2H, J=8.4Hz), 591 (s,
1H, NH), 5.12 (s, 1H), 3.48(s, 3H, NMe), 3.29 (s, 3H,
NMe), 2.46 (s, 3H), 2.14 (s, 3H); *C (CDCls, 50 MHz)
199.3, 161.4, 158.5, 150.7, 141.8, 141.6, 137.2, 133.1,
128.9, 115.6, 91.5, 37.6, 29.8, 28.7, 28.1, 19.8; Anal. Calcd
for C;sH;sFN3O5: C, 62.97; H, 5.28; N, 12.24. Found: C,
62.72; H, 5. 44; N, 12.46.

4.2.6. 6-Acetyl-5-(4-chloro-phenyl)-1,3,7-trimethyl-5,8-dihy-
dro-1H-pyrido|2,3-d|pyrimidine-2,4-dione (2f). MS: 360
(M+1); IR (KBr) 3015, 2946, 1708, 1678, 1623, 1508,
1376 cm™'; "H NMR (CDCl;, 200 MHz) & (ppm) 7.33
(d, 2H, J=83Hz), 7.25 (d, 2H, J=8.3Hz), 6.12 (s,
1H, NH), 5.09 (s, 1H), 3.45 (s, 3H, NMe), 3.28 (s, 3H,
NMe), 2.43 (s, 3H), 2.14 (s, 3H); °C (CDCls, 50 MHz)
199.5, 161.5, 150.8, 141.8, 141.6, 137.2, 134.4, 130.5,
129.2, 127.6, 91.6, 37.5, 29.8, 28.7, 28.1, 19.8; Anal. Calcd
for C,gH,5CIN;O5: C, 60.09; H, 5.04; N, 11.68. Found: C,
60.32; H, 5.24; N, 11.84.

4.2.7. 6-Acetyl-5-(3,4-dichloro-phenyl)-1,3,7-trimethyl-5,8-
dihydro-1H-pyrido|2,3-d]pyrimidine-2,4-dione (2g). MS:
394 (M+1); IR (KBr) 3015, 2946, 1708, 1678, 1623, 1508,
1376 cm™'; '"H NMR (CDCls, 200 MHz) & (ppm) 7.38
(d, 1H, J=7.8Hz), 7.30 (d, 1H, J=7.8 Hz), 7.26 (s,
1H), 5.95 (s, 1H, NH), 5.12 (s, 1H), 3.44 (s, 3H, NMe),
3.28 (s, 3H, NMe), 2.44 (s, 3H), 2.14 (s, 3H); >C (CDCl,,
50 MHz) 199.5, 161.6, 150.7, 141.9, 141.8, 137.2, 135.4,
132.8, 130.8, 127.2, 129.8, 128.7, 91.6, 37.4, 29.7, 28.6,
28.2, 19.8; Anal. Calcd for C;gH;7Cl,N;05: C, 54.84; H,
4.35; N, 10.66. Found: C, 54.62; H, 4.44; N, 10.34.

4.2.8. 6-Acetyl-1,3,7-trimethyl-2,4-dioxo-1,2,3,4,5,8-hexa-
hydro-pyrido|2,3-d]pyrimidine-5-yl-benzonitrile (2h). MS:
351 (M+1); IR (KBr) 3026, 2958, 2155, 1706, 1686,
1619, 1508, 1384 cm™'; 'H NMR (CDCls, 200 MHz) 6
(ppm) 7.34 (d, 2H, J=84Hz), 7.12 (d, 2H,
J=84Hz), 6.10 (s, 1H, NH), 5.10 (s, 1H), 3.45 (s, 3H,
NMe), 3.28 (s, 3H, NMe), 2.45 (s, 3H), 2.16 (s, 3H);
13C (CDCl;, 50 MHz) 199.5, 161.5, 150.8, 142.1, 141.8,
140.6, 137.2, 129.8, 127.9, 115.5, 118.2, 91.5, 37.5,
29.8, 28.7, 28.2, 19.8; Anal. Calcd for C,oH;sN4O5: C,
65.13; H, 5.18; N, 15.99. Found: C, 65.42; H, 5.34; N,
16.14.

4.2.9. 6-Acetyl-1,3,7-trimethyl-5-(3-nitro-phenyl)-5,8-dihy-
dro-1H-pyrido|2,3-d]pyrimidine-2,4-dione (2i). MS: 371
(M+1); IR (KBr) 3026, 2958, 2155, 1706, 1686, 1619,
1550, 1508, 1384, 1350cm™'; 'H NMR (CDCl;,

200 MHz) 6 (ppm) 8.09 (d, 1H, J=8.3Hz), 8.03 (s,
1H), 7.87 (d, 1H J=8.3 Hz), 7.49 (t, 1H, J=4.8 Hz),
6.25 (s, 1H, NH), 5.26 (s, 1H), 3.51 (s, 3H, NMe), 3.28
(s, 3H, NMe), 2.49 (s, 3H), 2.16 (s, 3H); "*C (CDCl,,
50 MHz) 199.4, 161.5, 150.8, 146.2, 142.0, 141.8, 137.3,
134.8, 128.6, 124.2, 140.2, 119.6, 91.7, 37.8, 29.9, 28.7,
28.2, 19.8; Anal. Calcd for C;gH;sN4Os: C, 58.37; H,
4.90; N, 15.13. Found: C, 58.52; H, 4.64; N, 15.04.

4.2.10. 6-Acetyl-1,3,7-trimethyl-5-(4-nitro-phenyl-5,8-dihy-
dro-1H-pyrido|2,3-d|pyrimidine-2,4-dione (2j). MS: 371
(M+1); IR (KBr) 3028, 2960, 2150, 1709, 1685, 1610,
1508, 1382, 1354 cm™'; '"H NMR (CDCls, 200 MHz) 6
(ppm) 8.07 (d, 2H, J = 8.4Hz), 7.77 (d, 2H, J = 8.4 Hz),
6.15 (s, 1H, NH), 5.18 (s, 1H), 3.48 (s, 3H, NMe), 3.28
(s, 3H, NMe), 2.49 (s, 3H), 2.14 (s, 3H); *C (CDCl,,
50 MHz) 1994, 161.5, 150.7, 143.2, 142.1, 141.8, 137.6,
137.2,119.8,121.5,91.4, 37.4,29.8, 28.7, 28.3, 19.9; Anal.
Caled for C;gH;sN4Os: C, 58.37; H, 4.90; N, 15.13.
Found: C, 58.62; H, 4.84; N, 15.04.

4.2.11. 6-Acetyl-5-(3-methoxy-phenyl)-1,3,7-trimethyl-5,8-
dihydro-1H-pyrido|2,3-d|pyrimidine-2,4-dione (2k). MS:
356 (M+1); IR (KBr) 3014, 2928, 1710, 1667, 1615,
1515, 1379 cm™'; '"H NMR (CDCl;, 200 MHz) § (ppm)
7.16 (d, 1H, J=8.4Hz), 7.00 (s, 1H), 693 (d, 1H,
J=8.5Hz), 6.72 (t, 1H, J=5.2 Hz), 6.10 (s, 1H, NH),
5.12 (s, 1H), 3.81 (s, 3H, OMe), 3.45 (s, 3H, NMe),
3.29 (s, 3H, NMe), 2.45 (s, 3H), 2.15 (s, 3H). '*C (CDCl,,
50 MHz): 199.5, 161.5, 158.5, 150.8, 142.0, 141.8, 137.1,
128.6, 128.4, 122.2, 114.2, 111.9, 91.5, 55.1, 37.4, 29.8,
28.7, 28.2, 19.8; Anal. Calcd for C19H,;N3O4: C, 64.21;
H, 5.96; N, 11.82. Found: C, 63.98; H, 5.74; N, 11.99.

4.2.12. 6-Acetyl-5-(4-methoxy-phenyl)-1,3,7-trimethyl-5,8-
dihydro-1H-pyrido|2,3-d]pyrimidine-2,4-dione (21). MS:
356 (M+1); IR (KBr) 3025, 2953, 1705, 1682, 1619, 1502,
1388 cm™'; '"H NMR (CDCl;, 200 MHz) 6 (ppm) 7.30
(d, 2H, J=8.6 Hz), 6.81 (d, 2H, J = 8.6 Hz), 6.10 (s, 1H,
NH), 5.07 (s, 1H), 3.74 (s, 3H, OMe), 3.44 (s, 3H, NMe),
3.28 (s, 3H, NMe), 2.43 (s, 3H), 2.14 (s, 3H). '*C (CDCl,,
50 MHz): 199.5, 161.5, 158.5, 150.8, 142.0, 141.8, 137.1,
128.8, 128.4, 113.9,91.5, 55.1, 37.4, 29.8, 28.7, 28.2, 19.8;
Anal. Caled for C19H,1N3O04: C, 64.21; H, 5.96; N, 11.82.
Found: C, 64.05; H, 6.24; N, 11.94.

4.2.13. 6-Acetyl-5-(3,4-dimethoxy-phenyl)-1,3,7-trimethyl-
5,8-dihydro-1 H-pyrido|2,3-d]pyrimidine-2,4-dione (2m). MS:
386 (M+1); IR (KBr) 3025, 2953, 1705, 1682, 1619, 1502,
1388 cm™'; '"H NMR (CDCl;, 200 MHz) 6 (ppm) 7.02
(d, 1H, J=7.8Hz), 692 (d, 1H, J=7.8Hz), 6.84 (s,
1H), 6.10 (s, IH, NH), 5.06 (s, 1H), 3.74 (s, 6H, 20Me),
3.44 (s, 3H, NMe), 3.28 (s, 3H, NMe), 2.43 (s, 3H), 2.15
(s, 3H); '*C (CDCl;, 50 MHz): 199.5, 161.4, 150.8, 146.3,
142.5, 141.8, 141.6, 137.2, 129.4, 121.8, 115.4, 114.7, 91.7,
549, 37.6, 29.8, 28.8, 282, 19.9; Anal. Calcd for
Cyo0H»3N30s5: C, 62.33; H, 6.01; N, 10.90. Found: C,
62.45; H, 6.23; N, 10.84.

4.2.14. 6-Acetyl-1,3,7-trimethyl-5-(3,4,5-trimethoxy-phen-
yl)-5,8-dihydro-1 H-pyrido|2,3-d]pyrimidine-2,4-dione (2n).
MS: 416 (M+1); IR (KBr) 3025, 2953, 1705, 1682, 1619,
1502, 1388 cm™'; 'TH NMR (CDCls, 200 MHz) 6 (ppm)
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6.62 (s, 2H), 5.99 (s, 1H, NH), 5.10 (s, 1H), 3.82 (s, 6H,
20Me), 3.79 (s, 3H, OMe), 3.45 (s, 3H, NMe), 3.31 (s,
3H, NMe), 2.46 (s, 3H), 2.17 (s, 3H); '*C (CDCl,,
50 MHz) 199.5, 161.5, 149.2, 150.8, 142.0, 141.8, 137.1,
130.2, 128.4, 105.4, 91.5, 61.4, 56.8, 37.4, 29.8, 28.7,
28.2, 19.8. Anal. Calcd for C,;H,5N30¢: C, 60.71; H,
6.07; N, 10.11. Found: C, 60.39; H, 5.84; N, 10.34.

4.2.15. 6-Acetyl-5-(4-hydroxy-phenyl)-1,3,7-trimethyl-5,8-
dihydro-1H-pyrido|2,3-d]pyrimidine-2,4-dione (20). MS:
342 (M+1); IR (KBr) 3420, 2953, 1709, 1682, 1502,
1388 cm™'; '"H NMR (CDCl;, 200 MHz) 6 (ppm) 7.19
(d, 2H, J=8.5Hz), 6.74 (d, 2H, J=8.5Hz), 5.00 (s,
1H), 3.48 (s, 3H), 3.21 (s, 3H), 2.43 (s, 3H), 2.15 (s, 3H);
13C (CDCl5, 50 MHz) 199.5, 161.5, 158.5, 150.8, 142.0,
141.8, 137.1, 128.6, 128.2, 113.7, 91.5, 37.4, 29.8, 28.7,
28.2, 19.8. Anal. Calcd for C;sH;9N3;O4: C, 63.33; H,
5.61; N, 12.31. Found: C, 63.61; H, 5.82; N, 12.58.

4.2.16. 4-(6-Acetyl-1,3,7-trimethyl-2,4-dioxo-1,2,3,4,5,8-
hexa-hydro-pyrido|2,3-d]pyrimidin-5-yl)-benzoic acid (2p).
MS: 370 (M+1); IR (KBr) 3446, 2923, 1704, 1678, 1509,
1382 cm™'; 'TH NMR (CDCls, 200 MHz) é (ppm) 7.97 (d,
2H, J=8.9 Hz), 7.46 (d, 2H, J=8.9 Hz), 5.18 (s, 1H),
3.54 (s, 3H), 3.27 (s, 3H), 2.45 (s, 3H), 2.13 (s, 3H); '*C
(CDCl;, 50 MHz) 199.5, 161.5, 150.8, 144.5, 142.0,
141.8, 137.1, 134.5, 131.8, 126.4, 91.5, 37.4, 29.8, 28.7,
28.2, 19.8; Anal. Calcd for C;9oH;9N3Os: C, 61.78; H,
5.18; N, 11.38. Found: C, 61.56; H, 5.34; N, 11.62.

4.2.17. 6-Acetyl-5-furan-2-yl-1,3,7-trimethyl-5,8-dihydro-
1H-pyrido[2,3-d|pyrimidine-2,4-dione (2q). MS: 316
(M+1); IR (KBr) 2948, 2936, 1704, 1656, 1532, 1512,
1432, 1373 cm™'; "H NMR (CDCls, 200 MHz) & (ppm)
7.24 (d, 1H, J=4.8 Hz), 6.34 (t, 1H, J=3.2Hz), 6.22 (d,
1H, J=4.5Hz), 6.07 (s, 1H, NH), 5.25 (s, 1H), 3.49 (s,
3H, NMe), 3.34 (s, 3H, NMe), 2.40 (s, 3H), 2.28 (s, 3H).
13C (CDCl;, 50 MHz): 199.2, 161.4, 152.5, 150.8, 142.0,
141.8, 137.1, 141.2, 110.2, 105.6, 91.5, 55.1, 37.4, 29.8,
28.7, 28.2, 19.8. Anal. Calcd for C;¢H7N304: C, 60.94;
H, 5.43; N, 13.33. Found: C, 60.67; H, 5.24; N, 13.11.

4.2.18. 6-Acetyl-1,3,5,7-tetramethyl-5,8-dihydro-1H-pyri-
do|2,3-d|pyrimidine-2,4-dione (2r). MS: 264 (M+1); IR
(KBr) 2963, 2924, 1708, 1665, 1544, 1502, 1428,
1368 cm™'; 'TH NMR (CDCls, 200 MHz) & (ppm) 5.97 (s,
1H, NH), 4.02 (dd, 1H, J = 6.8 Hz), 3.49 (s, 3H, NMe),
3.34 (s, 3H, NMe), 2.34 (s, 3H), 2.28 (s, 3H), 1.13 (s, 3H);
13C (CDCls, 50 MHz) 199.7, 161.6, 150.9, 141.9, 141.1,
139.6, 95.5, 30.4, 29.9, 28.8, 28.2, 19.8, 15.2; Anal. Calcd
for C;3H7N305: C, 59.30; H, 6.51; N, 15.96. Found: C,
59.53; H, 6.34; N, 15.74.

4.3. General procedure for the synthesis of 6-acetyl-5-(aryl)-
1,3,7-trimethyl-1 H-pyrido|2,3-d]pyrimidine-2,4-dione (3) and
6-acetyl-1,3,7-trimethyl-1 H-pyrido|2,3-d]pyrimidine-2,4-dione
“@

6-Amino-1,3-dimethyl uracil (I) (0.3 mmol), acetyl ace-
tone (0.35 mmol) and aryl aldehyde (0.35 mmol) were
heated in acetic acid (15 mL) for 48 h. The mixture
was allowed to cool and water (50 mL) was added.
The reaction mixture was extracted with chloroform

and dried over sodium sulfate to give the crude product,
which was purified by column chromatography (hexane/
ethyl acetate; 7:3) to give 2, 3, and 4.

4.3.1. 6-Acetyl-5-(4-chloro-phenyl)-1,3,7-trimethyl-1 H-pyri-
do[2,3-dlpyrimidine-2,4-dione (3f). MS: 358 (M+1); IR
(KBr) 3015, 2962, 1712, 1652, 1558, 1541, 1508,
1482 cm™'; '"H NMR (CDCls, 200 MHz) 6 (ppm) 7.54 (d,
2H, J=82Hz), 743 (d, 2H, J=8.2Hz), 3.74 (s, 3H,
NMe), 3.32 (s, 3H, NMe), 2.55 (s, 3H, COCHj3), 1.82 (s,
3H, CH;); *C (CDCl;, 50 MHz) 204.4, 160.3, 159.6,
151.2, 150.4, 149.5, 139.7, 132.4, 130.2, 127.4, 120.9, 105.5,
31.7, 29.9, 28.3, 23.5; Anal. Calcd for C;gH;csN3O;5: C,
60.42; H, 4.51; N, 11.74. Found: C, 60.52; H, 4.44; N, 12.04.

4.3.2. 4-(6-Acetyl-1,3,7-trimethyl-2,4-dioxo-1,2,3,4-tetra-
hydro-pyrido|2,3-d]pyrimidin-5-yl)-benzonitrile (3h). MS:
349 (M+1); IR (KBr) 3008, 2948, 2150, 1708, 1675,
1546, 1553, 1514, 1484 cm™'; 'H NMR (CDCl;,
200 MHz) 6 (ppm) 7.18 (d, 2H, J=7.9 Hz), 7.01 (d,
2H, J=79Hz), 3.72 (s, 3H, NMe), 3.38 (s, 3H,
NMe), 2.52 (s, 3H), 1.86 (s, 3H); *C (CDCls,
50 MHz) 204.5, 160.4, 159.6, 151.2, 150.6, 149.6, 146.7,
130.2, 129.3, 120.4, 115.4, 111.5, 105.5, 31.8, 29.9,
28.4, 23.6; Anal. Calcd for C;oH4N4O3: C, 65.51; H,
4.63; N, 16.08. Found: C, 65.72; H, 4.34; N, 16.24.

4.3.3. 6-Acetyl-5-(4-methoxy-phenyl)-1,3,7-trimethyl-1H-
pyrido|2,3-d]pyrimidine-2,4-dione (31). MS: 354 (M+1);
IR (KBr) 3005, 2957, 1706, 1665, 1558, 1558, 1513,
1480 cm™';"H NMR (CDCl;, 200 MHz) 6 (ppm) 7.14
(d, 2H, J=8.6Hz), 6.97 (d, 2H, J=8.6 Hz), 3.85 (s,
3H, OMe), 3.76 (s, 3H, NMe), 3.35 (s, 3H, NMe), 2.53
(s, 3H, COCHs), 1.85 (s, 3H, CHs); "*C (CDCls,
50 MHz) 204.4, 160.3, 159.8, 158.4, 151.2, 150.8, 149.9,
136.7, 129.6, 120.7, 105.2, 113.4, 55.3, 31.7, 29.9, 28.3,
23.5; Anal. Caled for C19H[9N3O4: C, 64.58; H, 5.42;
N, 11.89. Found: C, 64.82; H, 5.34; N, 12.04.

4.3.4. 6-Acetyl-1,3,7-trimethyl-1 H-pyrido|2,3-d]-pyrimidine-
2,4-dione (4). MS: 248 (M+1); IR (KBr) 2960, 2928, 1702,
1663, 1564, 1509, 1440, 1371 cm™'; 'TH NMR (CDCl;,
200 MHz) 6 (ppm) 6.81 (s, 1H), 3.68 (s, 3H), 3.43 (s,
3H), 2.76 (s, 3H), 2.52 (s, 3H); "*C (CDCl;, 50 MHz)
162.8, 162.3, 153.4, 151.8, 122.2, 107.2, 30.2, 28.5, 25.0,
22.6; Anal. Calcd for C;,H3N305: C, 58.29; H, 5.30; N,
17.00. Found: C, 58.48; H, 5.12; N, 17.24.
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Abstract—The conformations of 3-methyluridine and 3-methylpseudouridine are determined using a combination of sugar proton
coupling constants from 1D NMR spectra and 1D NOE difference spectroscopy. Both C,’-endo and Cs’-endo conformations are
observed for 3-methyluridine (59:41, 37 °C, D,0) and 3-methylpseudouridine (51:49, 37 °C, D,0). 3-Methyluridine preferentially
adopts an anti conformation in solution, whereas 3-methylpseudouridine is primarily in a syn conformation. anti/syn-Relationships

are deduced by 1D NOE difference spectroscopy.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Modified nucleosides are important in biological sys-
tems because they offer novel chemical structures that
can alter function, stability, or structures of small oligo-
nucleotides or large, naturally occurring RNAs. Nucleo-
side modifications range in complexity; however, the
simplest and most common type of modification is base
methylation. In DNA, methylation is most commonly
observed at the 5-position of cytosines.! In contrast,
methylation sites in RNAs are arrayed over a large num-
ber of sequences and are found in many of the major
classes of RNA.?

Ribose methylation at the 2'-O-position is a prominent
type of modification that is postulated to increase
RNA stability. For example, thermophiles, organisms
that thrive at high temperatures, contain a large number
of 2’-O-methyl nucleosides compared to other bacterial
species.’> Other types of ribonucleoside methylation
include base modification. Site-specific methylation of
the purine and pyrimidine bases is observed in over 50
different ribonucleosides.”®* These aromatic methyla-
tions lead to increased hydrophobicity and stacking
ability of the nucleoside, and alter the hydrogen-bond-
ing capacity and charge distribution within the purine
or pyrimidine ring.*

Keywords: 3-Methylpseudouridine; Conformation; Methylation.
* Corresponding author. Tel.: +1 313 577 2594; fax: +1 313 577
8822; e-mail: csc@chem.wayne.edu

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

doi:10.1016/j.bmc.2005.07.061

In this study, the solution conformations of two natural-
ly occurring nucleosides, 3-methyluridine (m*U) and its
isomer 3-methylpseudouridine (m*¥) (Fig. 1), were
determined. The first reported isolation of m*U was in
1963,° and it has been detected in 23S rRNA of archaea,
16S and 23S rRNA of eubacteria, and 18S, 25S, and 28S
of eukaryotic ribosomal RNAs.® Its isomer, m>¥, was
detected much later in 23S rRNA of Escherichia coli
(E. coli).” To date, the location of m*¥ appears to be
limited to the rRNAs of eubacteria and chloroplasts,
and has been observed at position 1915 (E. coli number-
ing) of the large subunit rRNAs from E. coli, Bacillus
subtilis, Deinococcus radiodurans, and Zea mays chloro-
plasts.® RluD is a specific pseudouridine synthase that
isomerizes uridine to pseudouridine post-transcription-
ally at position 1915 in 23S rRNA.° In contrast, the
mechanism and enzyme responsible for methylation at
N3 of ¥ 1915 remains unknown. The m*¥ residue at

i g
_CH _CH
| Vi HN” N3
NJ§O N0
HO o HO o
HO OH HO OH

Figure 1. The structures of 3-methyluridine (left) and 3-methylpseudo-
uridine (right) are shown.
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position 1915 is located at the top of the loop region of
helix 69 (H69), which plays an important role in forming
one of the intersubunit bridges of the ribosome on
account of its close proximity to tRNAs and helix 44.1°

Helix 69 is postulated to participate in a ‘ratchet’-like
motion during ribosomal protein synthesis.'%!! A re-
cent three-dimensional cryo-electron microscopic map
shows that specific amino acid residues of a rrbosome
recycling factor make specific contacts with m*¥ at
position 1915!22 qr the backbone of H69.!?® These re-
sults imply that m*¥ is important for RNA-protein con-
tacts and may be necessary for proper recycling of
deacetylated tRNAs.

To begin understanding the biological roles of m*¥ in
the ribosome, it is important to know its solutlon con-
forrnatron In this study, the two isomers, m°U and
m>¥, were examined and compared using a combina-
tion of circular dichroism and 1D "H NMR spectrosco-
py. The recent development of a convenient synthetic
route to m*¥ allows for the production of sufficient
quantities of this modified nucleoside for structure
studies.'® Previous studres also provide an efficient
synthetic route to m*U.'4

2. Results and discussion

NMR spectroscopy was used to determine the solution
conformations of m*U and m*¥. Nucleoside conforma-
tion is often characterized by a dominant sugar pucker
and preferred glycosidic bond angle.!> In 1D 'H NMR
experiments, NOEs are useful in the assignments of pro-
tons in close proximity and for conformer determina-
tion.'® Since the magnitude of an NOE signal is
inversely proportional to its distance (d) (magnitude of
NOE = 1/d®), relative proton—proton distances can be
deduced. The relative distances between purine H8 or
pyrimidine H6 to sugar H1’, H2’, and H3' protons can
be used to approximate syn or anti conformer prefer-
ence. It is known from the work of Rosemeyer et al. that
when a syn conformer dominates, irradiation at H6/HS
will result in a strong NOE to H1'.!7 In contrast, when
an anti conformer predominates, irradiation at H6/H8
will result in strong NOEs at both H2' and H3'.'7 In
an anti conformation, the aromatic H6/HS lies in close

proximity to both H2' and H3'. Therefore, the overall
magnitude of the combined sum of the NOEs of H2’
and H3’ compared to the NOE magnitude obtained at
H1’ (from H6/HS8 irradiation) is used to characterize
antilsyn relationships.!” Based on our observations, irra-
diation of H6 of 3-methyluridine results in stronger
NOEs at H2" and H3' (8.2% combined) at 25 °C (Table
1). This observation is supported by a reverse experi-
ment, in which irradiations of H2’ and H3’ both result
in NOEs at H6 (5.1% and 2.2%, respectively). Further-
more, the NOE trend does not change significantly be-
tween 4 and 37 °C. This result demonstrates that m*U
has a hlgher population of the anti conformation. In
contrast, m>¥ exhibits a dominant NOE at H1’ (6.1%)
and much weaker NOEs at H2' and H3’ (2.7% com-
bined) when H6 is irradiated at 25 °C (Table 1). Similar-
ly, this experiment is supported by a reverse experiment
in which a strong NOE at H6 (5.0%) is observed when
H1’ is irradiated. This observation reveals that m*¥ ex-
ists predominantly in a syn conformation in solution.
NOE studies of its precursor, pseudouridine, also show
that the syn conformation predominates in solution.'®
NOE methods were employed to study the anlz/syn rela-
tionship for m*U and m>¥, and this process is standard
for examining other nucleosides.!”!° For example, when
cytidine H6 is irradiated, a weak NOE at H1’ (3.6%) and
stronger ones at H2" and H3’ (8.5% combined) are ob-
served.!” This result is indicative of a predominantly anti
conformation for cytidine.!”

The ribose moieties of RNA typically adopt either a C;'-
endo (south) or Cs’-endo (north) conformation. Altona
and Sundaralingam defined the major sugar puckers
based on Jyi.u» and Jyz.ps coupling constants.”
The percentages of C;'-endo versus C,'-endo are summa-
rized from the equations: % C,'-endo =100 X Jy: o/
Jia + Jy ) and % Cs'-endo = 100~ % G end020 Tables
2 and 3 list these parameters for m*U and m*¥. For
m’U, a slrght preference for the Cs'-endo (55-60%) con-
formation is observed at 4, 25, and 37 °C. In contrast,
m>¥ exists in a near equal distribution of C,’- and
C;'-endo conformations (50-54 % and 46-50%, respec-
tively), which may indicate a slightly lower rotational
energy barrier between the conversion of the two sugar
puckers. Figure 2 illustrates the proposed conformations
of the isomers based on the aforementioned NMR
studies.

Table 1. Irradiation and NOE data for 3-methyluridine and 3-methylpseudouridine at 4, 25, and 37 °C

Compound Irradiated proton NOEs
4°C 25°C 37°C
m>U H6 H1’ (4.6) HI1’ (5.0) H1’ (3.5)
H2' + H3' (10.7) H2’' + H3' (8.2) H2’ + H3' (6.1)
HI1' H6 (7.0) H6 (4.9) H6 (3.5)
H2' H6 (7.2) H6 (5.1) H6 (4.6)
H3' H6 (3.4) H6 (2.2) H6 (2.9)
m’y H6 H1’ (5.8) H1’ (6.1) H1’ (4.7)
H2' + H3' (3.6) H2' + H3' (2.7) H2’' + H3' (2.1)
H1' H6 (5.8) H6 (5.0) H6 (4.2)
H2' H6 (2.7) H6 (2.0) H6 (1.6)
H3’ H6 (1.3) H6 (1.1) H6 (0.9)
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Table 2. 'H-'H coupling constants for 3-methyluridine and 3-methyl-
pseudouridine at 4, 25, and 37 °C

Temp Jvo Iy Sy Jys Jas
'"H-"H coupling constants

for MU

4°C 4.0 5.0 6.0 3.0 4.2
25°C 4.5 5.0 5.5 3.0 4.2
37°C 4.0 4.5 5.8 32 4.5
"H-"H coupling constants

for m*¥

4°C 5.0 5.2 5.8 2.5 4.8
25°C 5.5 5.5 5.5 32 4.8
37°C 5.5 5.2 5.8 3.0 5.0

Table 3. Percentages of Cs'-endo (N) versus C,'-endo (S) conformers
and equilibrium constants (N/S) for 3-methyluridine and 3-methyl-
pseudouridine at 4, 25, and 37 °C

Compound  Temperature % Cs'-endo % C)'-endo  Keq

°0) (N) (S) (N1S)
m>U 4 60 40 1.5
25 55 45 1.2
37 59 41 14
m’y 4 54 46 1.2
25 50 50 1.0
37 51 49 1.0

3-methyluridine

3-methylpseudouridine

Figure 2. The preferred conformations of 3-methyluridine (anti) and 3-
methylpseudouridine (syn) are determined by 1D NOE experiments.
Thick arrows represent strong NOEs whereas smaller ones represent
weak NOEs. At 37 °C the percent Cs'-endo is 59% for 3-methyluridine
and 51% for 3-methylpseudouridine.

Circular dichroism (CD) spectroscopy determines the
differential absorption of a left or right circularly polar-
ized light by a molecule.”’ The CD spectrum of m° U
exhibits a minimum at 234 nm and a maximum at
284 nm (Fig. 3). In contrast, m*¥ exhibits a very dlfferent
CD spectrum, which is almost a mirror image of the m*U
spectrum (Fig. 3). Specifically, a minimum at 282 nm and
a max1mum at 240 nm are observed in the m*¥ spec-
trum. For m*¥, the long-wavelength Cotton effect is neg-
ative, in agreement with earlier studies on Ap¥?> The
observable optically active groups, the pyrimidines, differ
1n orlentatlon and their electronic dipole moments for
m>U and m*¥ because of their glycosidic bonds (C—-N
vs C-C) to the ribose. Therefore, the contrasting CD
spectra suggest that the two isomeric compounds, m*U
and m>, exhibit very different transition moments due

1500 A

1000

500 4

As (M em!)

-1000

-1500 T T 1
200 250 300 350

‘Wavelength (nm)

Figure 3. CD spectra of 3-methyluridine and 3-methylpseudouridine
in ddH,O at room temperature are shown. The molar ellipticities
were normalized from concentrations of 1.1 and 0.6 mM for m*U and
m>¥P, based on an extinction coefficient of 1.0 x 10*cm™' M~ and
8.1x10° em™! M1, respectively. Each curve represents the average of
four scans.

to differences in position of the uracil residue, relative
to the ribose moiety. The C-C nucleosides typically favor
a higher population of C,'-endo conformers than C-N
nucleosides due to a decreased anomeric effect.>’ As
such, C—C nucleosides have enhanced rotational freedom
about the C—C glycosidic bond.?? Although the electron-
ic and anomeric effects are modest, the conformations of
m>U and m*V¥ are in agreement with the conformational
data observed for other C—C and C-N nucleosides.

Although pseudouridine as a free nucleoside preferen-
tially adopts a syn conformation, pseudouridine has
been observed only in the anti conformation within the
confines of an oligonucleotide.?* In both single- and
double-stranded RNAs, NMR?#¢25 X_ray crystal
structures”®, and molecular dynamics simulations®” have
shown that a water molecule fits appropriately between
the N1-H of pseudouridine and the phosphate back-
bone. Water-mediated hydrogen bonding conformation-
ally constrains the pseudouridine in RNA such that
increases in RNA stability occur when compared to uri-
dine.?® However, a previous work has shown that single-
stranded loop pseudouridines of H69 (¥ 1915 and W
1917) are slightly destabilizing.>*® Although we do not
completely understand the structural significance of
these destabilizing pseudouridines, one possibility is that
different conformations are present. Recent NMR data
from our laboratory suggest that ¥ 1915N1, ¥
1915N3, and ¥ 1917N3 imino protons contribute differ-
ently to the loop structure of H69 compared to uridine
imino protons (unpublished results). Therefore, it is
important to determine what conformation(s) m*¥ at
position 1915 will adopt within the H69 RNA hairpin.

Nature uses methylation as the simplest and most
common type of derivatization for the major classes of
RNA. Non-methylated nucleotides in 16S rRNA of
reconstituted ribosomes reduce ribosomal efficiency to
about 50%.%° Therefore, methylation appears to be
important for optimizing the overall efficiency of ribo-
somal protein synthesis. In tRNAs, methylation has been
shown to be important for tRNA stabilization and
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efficient tRNA-ribosome contacts, which may be impor-
tant for proper gene readout.>® More recently, ribosomal
recycling factor has been shown to make contacts with
m>W¥ at position 1915 of E. coli.'? In this system, methyl-
ation may play a role in directing RNA-protein complex
formation. Therefore, perturbation by methylation in
RNA can alter its chemical properties, and hence adjust
the biological role of the overall macromolecule.

3. Conclusions

In conclusion, we have determined the solution confor-
mations of the modified isomeric nucleosides, m*U and
m’¥. The uridine analogue, m*U, exhibits a slightly
higher proportion of Cs’-endo sugar pucker and its base
is positioned in the anti conformation. In contrast, its C-
glycosidic isomer, m*¥, exhibits near equal populations
of both C,’- and Cs’-endo conformations and its base is
oriented in a syn conformation. It remains to be deter-
mined how these modified nucleosides behave within
the context of an oligonucleotide. We are currently
assessing the conformational impact of m*¥ and other
pseudouridine derivatives within the context of ~20-
nucleotide model rRNAs.

4. Experimental section

The modified nucleosides, m*U and m>¥, were synthe-
sized as previously described.!>'4c "H NMR data were
acquired on a unity 500 MHz NMR spectrometer.
NOE experiments were performed in 99.99% D,O. Each
proton was irradiated for 1D NOE differences at 4, 25,
and 37 °C, and the intensity of irradiated signal for near-
by protons was measured. CD spectra were acquired in
ddH,O between 200 and 350 nm on a Jasco J600 spec-
tropolarimeter at ambient temperature. The concentra-
tions of the nucleotides were calculated from the
extinction coefficient for uridine (1.0 x 10°cm ' M™!
at pH 7.0) and pseudouridine (8.1x10°cm™' M~" at
pH 7.0).3! With these concentrations, the measured
CD spectra were converted to molar ellipticity (Ag).

5. Supporting information

NMR spectra for 3-methyluridine and 3-methylpseudo-
uridine are available.
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Abstract—In this paper, we describe the synthesis of a series of endomorphin-2 analogs containing N-methylated amino acids, con-
secutively in each position. The p-opioid receptor binding affinities of the new analogs were determined in the displacement exper-
iments. Their in vivo antinociceptive activity was assessed in the hot-plate test in mice after central (icv) and peripheral (ip)
administration. [Sar’Jendomorphin-2, which had the highest p-receptor affinity, also showed the strongest analgesic effect when
administered centrally and was the only analog that retained activity after peripheral injection.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Centrally acting opiates, such as morphine, are the most
frequently used analgesics for the relief of severe pain,
though they are known to bring about a number of
well-known side-effects, including tolerance, physical
dependence, respiratory depression, and adverse gastro-
intestinal effects.!:? It is well-established that morphine
and related alkaloids elicit their analgesic effects when
bound to the p-opioid receptor.® Even though 8- and
k-selective endogenous opioid peptides were discovered
almost three decades ago,*> no endogenous p-selective
opioids have been known until recently. Two opioid
peptides, endomorphin-1 and endomorphin-2, isolated
in 1997 first from bovine® and later from human brain
cortex’ revealed high affinity for the p-opioid receptor.®
These peptides have been shown to displace [PH]DAM-
GO in the binding assay and inhibit electrically stimu-

Keywords: Antinociceptive activity; Binding studies; p-Opioid receptor

agonists.

* Corresponding author. Tel./fax: +4842 6784277; e-mail: ajanecka@
zdn.am.lodz.pl

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

doi:10.1016/j.bmc.2005.07.051

lated contractions of guinea pig ileum, which is
consistent with the action of p-opioid receptor agonists.’
In behavioral experiments, intracerebroventricular (icv)
or intrathecal (it) administration of endomorphin-1
and -2 produces potent analgesia which is blocked by
concomitant treatment with a nonspecific opioid antag-
onist, naloxone, or a selective p-opioid receptor antago-
nist, PB-funaltrexamine.!® In the p-opioid receptor
knock-out mice, neither endomorphin-1 nor -2 produces
any significant antinociceptive effects.!! These findings
strongly indicate that the p-opioid receptor plays an
essential role in mediating endomorphin-1 and -2-in-
duced antinociception.

Strong analgesic activity of endomorphins opens up the
possibility of developing a novel class of painkillers
based on their structure. Unfortunately, exogenous
application of native opioid peptides is generally not
successful, on account of their biological instability.
Endomorphins are easily degraded by peptidases. Stone
et al.!? observed short lasting antinociceptive effects of
these peptides. Spetea et al.'> described the binding
characteristics of [*H]endomorphin-2 in a rat brain
membrane preparation and used peptidase inhibitors
in a radioligand binding assay. In the absence of pepti-
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dase inhibitors, 40% of the radioligand gets destroyed
after incubation for 45 min at 25 °C.

The cerebrospinal fluid and central nervous system con-
tain amino-, endo-, and carboxypeptidases capable of
degrading opioid peptides.'* The stability of native pep-
tides can be increased by introducing different structural
modifications into their structure. One approach is to
synthesize analogs containing D-amino acids. A series
of endomorphin-1 and endomorphin-2 analogs contain-
ing enantiomers of all amino acids present in their se-
quence has been synthesized. These analogs, however,
exhibited only poor affinities toward p-opioid recep-
tors.!>!® The results obtained by Cardillo et al.!” who
introduced B-amino acids into the sequence of endomor-
phin-1, have indicated that the presence of B-proline in
position 2 is sufficient to confer good resistance against
hydrolysis of a biologically important Pro-Trp bond. In
the present study, we synthesized a series of endomor-
phin-2 analogs, containing N-methylated amino acids,
to study the effect of these structural changes on the
binding affinity at the p-opioid receptor and the in vivo
antinociceptive activity in mice in the hot-plate test after
icv and ip administration.

2. Results
2.1. Structure-activity relationships

Systematic investigation of the effect of N-methylation of
all amino acid residues in the structure of endomorphin-2
was 2performed in this study. [NMeTyr'lendomorphin-2,
[Sar“lendomorphin-2, [NMePhe’lendomorphin-2, and
[NMePhe*lendomorphin-2 were synthesized using stan-
dard solid-phase procedures and Fmoc-protected amino
acids. The physicochemical data of the analogs are given
in Table 1.

Table 1. Physicochemical data of endomorphin-2 N-methylated analogs

The ability of the obtained peptides to bind to the p-opi-
oid receptor was assessed using [°H]naloxone in compet-
itive radioligand binding experiments and their
equilibrium inhibition constants (ICsy) were determined.
The binding affinity of the new analogs was compared to
that of endomorphin-2 and the data are given in Table
2. Substitution of NMeTyr in position 1 and NMePhe
in position 3 (analogs 2 and 4, respectively) produced
about a 4-fold decrease in ICs, values compared to the
parent compound (8.91 £ 1.23 and 8.13 £ 0.56, respec-
tively, compared to those of 1.95 %+ 0.46 nM for endo-
morphin-2). Analog 3 with Sar (NMeGly) in position
2 was almost equipotent with endomorphin-2 (ICs
2.29 £ 0.51 nM). Analog 5 containing NMePhe in posi-
tion 4 was 40-fold less potent than endomorphin-2 (ICs,
77.6 £ 6.65 nM).

2.2. Antinociceptive activity

It has been proposed that the hot-plate analgesia in mice
is mainly due to the activation of supraspinal p-opioid
receptors, whereas tail flick analgesia at the spinal levels
appears to mainly involve &-opioid receptor activa-
tion.?>?* In our experiments, antinociceptive activity
was assessed in the hot-plate test after icv and ip injec-
tion of the peptides.

The results of the hot-plate test after icv administration
of endomorphin-2 analogs are shown in Table 3.
Groups of mice were injected icv with 10 pg of analogs
and the hot-plate responses were measured 5 min after
injection. In our earlier studies, we have established that
after this time period the antinociceptive effect was most
pronounced.'® %MPE obtained for the N-methylated
analogs were compared with the data for endomor-
phin-2. Analog 4 was equipotent, while analogs 2 and
3 were slightly better than endomorphin-2. The least po-
tent analog 5 showed only about 1% of endomorphin-2

Peptide No. Sequence HPLC? () FAB-MS
Formula MW [M+H]"
1 Tyr-Pro-Phe-Phe-NH, (endomorphin-2) 16.21 C;,H37N505 571 572
2 NMeTyr-Pro-Phe-Phe-NH, 16.74 C33H39N505 585 586
3 Tyr-Sar-Phe-Phe-NH2 16.31 C31H36N505 558 559
4 Tyr-Pro-NMePhe—Phe—NHz 17.20 C33H39N505 585 586
5 Tyr-Pro-Phe-NMePhe-NH, 21.28 C33H39N;505 585 586

#HPLC elution on a Vydac Cig column (1 cm x 25 cm) using the solvent system of 0.1% TFA in water (A) and 80% acetonitrile in water containing

0.1% TFA (B) and a linear gradient of 20-70% B over 30 min.

Table 2. Opioid receptor binding data of endomorphin-2 N-methylated analogs

Peptide No. Sequence ICs59 = SEM (nM)
T Relative potency
1 Tyr-Pro-Phe-Phe-NH, (endomorphin-2) 1.95 +0.46 1.00
2 NMeTyr-Pro-Phe-Phe-NH, 891 £1.23 0.22
3 Tyr-Sar-Phe-Phe-NH, 2.29 +0.51 0.85
4 Tyr-Pro-NMePhe-Phe-NH, 8.13£0.56 0.24
5 Tyr-Pro-Phe-NMePhe-NH, 77.6 £ 6.65 0.03

2 Displacement of [*H]naloxone.
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Table 3. The effects of endomorphin-2 N-methylated analogs in the mouse hot plate test (n = 10)

6715

Peptide No.  Sequence Latencies (%MPE) to
Paw licking Relative Rearing Relative  Jumping Relative potency
potency potency
1 Tyr-Pro-Phe-Phe-NH, (endomorphin-2) 13.73 £2.27 1.00 2478 +3.04 1.00 64.68 £ 8.03 1.00
2 NMeTyr-Pro-Phe-Phe-NH, 16.57 + 2.86 1.21 30.16 £ 3.54 1.22 77.64 = 7.44 1.20
3 Tyr-Sar-Phe-Phe-NH, 18.04 + 4.26 1.31 3520 £ 3.88 1.42 67.78 £7.99 1.05
4 Tyr-Pro-NMePhe-Phe-NH, 12.13+2.19 0.88 23.18+3.93 0.94 61.54+£9.32 0.95
5 Tyr-Pro-Phe-NMePhe-NH, 0.88 £0.19 <0.01 1.24£0.31 <0.01 1.85£0.35 <0.01
activity (Table 3). For endomorphin-2 and analogs 2, 3, A ,
and 4, dose-response curves were obtained (Fig. 1). —8- endomorphin-2
100 ~ —A— analog 2
The results of the hot-plate test after ip administration of —#— analog 3
endomorphin-2 analogs are shown in Figure 2. In con- 801 —»— analog 4
trast to the analgesic profile seen with icv administration,
ip injection of endomorphin-2 did not produce any signif- w 60 1
icant analgesic activity. Among the N-methylated ana- s
logs, only 3 showed significant antinociceptive activity. > 404
20 -
3. Discussion M
0 , : , , ,
The majority of opioid peptides undergo rapid enzymat- 0 2 4 6 8 10
ic degradation, particularly in blood, by exo- and endo- Dose [ug]
peptidases. Due to this reason and due to their low per-
meation across the blood-brain barrier, they cannot B —&— endomorphin-2
reach the central nervous system using up an amount 100 - —A— analog 2
sufficient to elicit analgesia following peripheral admin- —&— analog 3
istration.’* Endomorphins appear to be vulnerable to 80 1 —— analog 4
rapid degradation by peptidases.?’ Stabilization against
peptidases in vivo leads to prolonging the half-life, 60 1
which may allow the peptide to reach the brain. It has §
been shown that small peptides can slowly cross the S

blood-brain barrier by simple diffusion or by saturable
transport systems.?® Recently, Hau et al.?” have reported
that cationization of endomorphin-2 by guanidine addi-
tion increased the peptide’s half-life, blood—brain barrier
transport, and analgesic profile. Therefore, appropriate
structural modifications to endomorphins may modify
their pharmacological properties following peripheral
administration. For example, an analog of endomor-
phin-1, Tyr-B-Pro-Trp-Phe-NH,, was reported to be
an effective antinociceptive agent in the tail-flick test
after sc injection in mice.?® This analog is among the first
endomorphin-1 analogs showing antinociceptive activity
after systemic administration.

In continuance of our structure-activity relationship
studies of p-selective opioid peptides, we have synthe-
sized a series of N-methylated analogs of endomor-
phin-2. In each analog, one amino acid in the
sequence of endomorphin-2 was changed. Tyrosine in
position 1 and phenylalanine in positions 3 and 4 were
replaced by their N-methylated equivalents, while N-
methylglycine (sarcosine) was substituted for proline.
The highest p-receptor binding affinity, almost equal
to that of the native endomorphin-2, was found for
[Sar’lendomorphin-2, while [NMePhe*Jendomorphin-2
had the lowest p-affinity. The binding data were in

Dose [ug]
C -
—B— endomorphin-2
100 - —~A— analog 2
—— analog 3
80 - —>— analog 4
w
o
=
X

Dose [ug]

Figure 1. Dose-response curves for the hot-plate inhibition of paw
licking (A), rearing (B), and jumping (C) induced by icv injection of
endomorphin-2 and N-methylated analogs.
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Elendomorphin-2
B analog 3

35 4
30 A
25 4

20 -

%MPE

15 4

10 -

0 30
Time [min]

Figure 2. Time-course of the changes in the hot-plate inhibition of
jumping induced by ip administration of endomorphin-2 and
[Sar[*|Jlendomorphin-2.

agreement with those obtained in the hot-plate test of
analgesia, which is consistent with the action of p-opioid
receptor agonists. Antinociceptive effect of [Sar’Jendo-
morphin-2 after icv injection resulted in a dose-depen-
dent increase of the pain threshold. The effect
observed after ip injection of this analog was slightly less
pronounced.

In conclusion, the N-methylated analogs of endomor-
phin-2 described in this paper can be viewed as interest-
ing models for the study of ligand-receptor interactions.
n-Opioid receptor affinity of [Sar’Jendomorphin-2 was
comparable to that of the parent endomorphin-2. This
analog was also equipotent with endomorphin-2 in trig-
gering analgesia in mice after icv administration. When
injected peripherally (ip) pain threshold was significantly
increased, as compared with endomorphin-2 parent
compound.

4. Experimental
4.1. Peptide synthesis

Peptides were synthesized by standard solid-phase pro-
cedures, as described before,'® using techniques for
Fmoc-protected amino acids on MBHA Rink peptide
resin (100-200 mesh, 0.8 mM/g, Novabiochem). Piperi-
dine (20%) in dimethylformamide was used for depro-
tection of Fmoc-groups and 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU)
was employed to facilitate coupling. Simultaneous
deprotection and cleavage from the resin was accom-
plished by treatment with trifluoroacetic acid/triisoprop-
ylsilane/water (95:2.5:2.5) for 3 h at room temperature.
Crude peptides were purified by RP HPLC on a Vydac
Cig column (1 x 25 cm) using the solvent system of 0.1%
TFA in water (A)/80% acetonitrile in water containing

0.1% TFA (B) and a linear gradient. Calculated values
for protonated molecular ions were in agreement with
those obtained using FAB mass spectrometry.

4.2. Opioid receptor binding assays

Receptor binding assay was performed, as described
previously.!” Crude membrane preparations, isolated
from Wistar rat brains, were incubated at 25°C for
120 min with 0.5 nM [H]naloxone in a total volume
of 1 ml of 50 mM Tris/HCI (pH 7.4) containing bovine
serum albumin (BSA) (1 mg/ml), bacitracin (50 pg/ml),
bestatin (30 pM), and captopril (10 uM). All reactions
were carried out in duplicate, at 10 pM peptide concen-
tration. Incubations were terminated by rapid filtration
through GF/B Whatman glass fiber strips, using Brandel
24 Sample Semi-Auto Harvester. The filters were
washed with 4 ml ice-cold saline solution and the bound
radioactivity was measured in the liquid scintillation
counter LS 5000 TA (Beckman). Nonspecific binding
was determined in the presence of naltrexone hydrochlo-
ride (10 mM). The data were analyzed by a nonlinear
least-squares regression analysis computer program
Prism Graph Pad.

4.3. Nociceptive tests

Male Swiss albino mice (CD1, Charles River), weighing
20-22 g, and male mice (Balb/c) were used throughout
the study. The animals were housed 30 per Makrolon
box (L: 40, W: 25, H: 18 cm), with free access to stan-
dard semi-synthetic laboratory diet and tap water ad libi-
tum, under controlled environmental conditions
(temperature: 22 = 1 °C, 7 am to 7 pm light-dark cycle).
Mice were tested only once and sacrificed immediately
thereafter by decapitation. To assess the antinociceptive
effects of the opioids, the hot-plate test was used.

Icv injections (10 pl) were performed in the left brain
ventricle of manually immobilized mice with a Hamilton
microsyringe (50 pl) connected to a needle (diameter
0.5mm), as described by Haley and Mc Cormick.?°
Intraperitoneal (ip) injections were carried out
conventionally.'”

The hot-plate test was performed according to the meth-
od of Eddy and Leimbach.?! A transparent plastic cylin-
der (14 cm diameter, 20 cm height) was used to confine
the mouse on the heated (55 £ 0.5 °C) surface of the
plate. The animals were placed on the hot-plate 5 min.
after icv injection of saline or peptides and the latencies
to paw licking, rearing, and jumping were measured. A
cut-off time of 240 s was used to avoid tissue injury.

The data are expressed as means + SEM. Differences be-
tween groups were assessed by an analysis of variance
(ANOVA). Antagonist effects of peptides in the combi-
nation experiments were analyzed using two-way analy-
sis of variance (ANOVA) and a post hoc multiple
comparisons Student-Newman-Keuls test was used
for multiple comparisons between groups. A probability
level of 0.05 or smaller was used to indicate statistical
significance.
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To evaluate the hot-plate test responses detailed below,
the control latencies (#y) and test latencies (#) were
determined after injection of saline and a peptide,
respectively. The percentage of maximal possible effect
(“%MPE) was calculated as %MPE = (z; — 1)/
(to — to) X 100, where the cutoff time (z,) was 240 s.

The median antinociceptive dose (EDsg) was calculated,

according to the method of Litchfield and Wilcox.??
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Abstract—The interaction between cromolyn sodium (CS) and human serum albumin (HSA) was investigated using tryptophan
fluorescence quenching. In the discussion of the mechanism, it was proved that the fluorescence quenching of HSA by CS is a result
of the formation of a CS-HSA complex. Quenching constants were determined using the Sterns—Volmer equation to provide a mea-
sure of the binding affinity between CS and HSA. The thermodynamic parameters AG, AH, and AS at different temperatures were
calculated. The distance r between donor (Trp*'*) and acceptor (CS) was obtained according to fluorescence resonance energy trans-
fer (FRET). Furthermore, synchronous fluorescence spectroscopy data and UV-vis absorbance spectra have suggested that the
association between CS and HSA changed the molecular conformation of HSA and the electrostatic interactions play a major role

in CS-HSA association.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Protein—drug binding greatly influences absorption, dis-
tribution, metabolism, and excretion properties of typi-
cal drugs.! Human serum albumin (HSA) is the most
abundant protein in the systemic circulation, with
HSA comprising 60% in plasma.? Its principal function
is to transport fatty acids, it is also capable of binding an
extraordinarily broad range of drugs,® and much of the
clinical and pharmaceutical interest in the protein de-
rives from its effects on drug pharmacokinetics.* The
crystallographic analyses of HSA have revealed that
the protein, a 585 amino acid residue monomer, con-
tains three homologous a-helical domains (I —IIT) and
a single tryptophan (Trp>'#).> Serum albumin often
increases the apparent solubility of hydrophobic drugs
in plasma and modulates their delivery to cells in vivo
and in vitro; they can play a dominant role in drug dis-
position and efficacy.®

Keywords: Cromolyn sodium; Human serum albumin; Fluorescence

quenching; Thermodynamic parameters; Fluorescence resonance

energy transfer.

* Corresponding author. Tel.: +86 27 87218284; fax: +86 27
68754067; e-mail: yjhu@263.net

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

doi:10.1016/j.bmc.2005.07.039

This paper investigates the association of HSA with
cromolyn sodium (CS); CS (molecular structure:
Fig. 1; formula: C,3H4Na>O; CAS Registry Number:
15826-37-6; molecular weight: 512.33), which is a mast
cell stabilizer and inhibits chemotaxis, activation,
degranulation, and cytotoxicity of neutrophils, eosino-
phils, and monocytes, has been shown to prevent the re-
lease of mediators that are involved in the process of
inflammation.”-® Furthermore, as an anti-inflammatory
agent, CS has been used in the prophylactic treatment
of bronchial asthma®'? and allergic rhinitis,!'"'* and
its activity both in vitro and ex vivo is associated with
a very low toxicity.'# It is widely accepted in the phar-
maceutical industry that the overall distribution, metab-
olism, and efficacy of many drugs can be altered based
on their affinity to serum albumin. In addition, many
promising new drugs have been rendered ineffective on

NaO | | ONa

OH

NN

Figure 1. Molecular structure of cromolyn sodium.
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account of their unusually high affinity for this abun-
dant protein.'> Obviously, an understanding of the
chemistry of the various classes of pharmaceutical inter-
actions with albumin can suggest new approaches to
drug therapy and design. Hence, it is important to
understand and predict ligand/drug displacement inter-
actions for a variety of endogenous and exogenous li-
gands/drugs. However, detailed investigations of the
interaction of HSA with CS are scanty. Because of
its medically important nature, our work should be
valuable.

Fluorescence quenching is the decrease of quantum
yield of fluorescence from a fluorophore induced by
a variety of molecular interactions with the quencher
molecule. Application of the fluorescence quenching
technique can reveal the reactivity of chemical and
biological systems in low concentration under physio-
logical conditions, and there have been several studies
on fluorescence quenching of albumin induced by
drugs or other bioactive small molecules.!®2° In this
paper, quenching of the intrinsic tryptophan fluores-
cence of HSA has been used as a tool to study the
interaction of CS with this transport protein in an
attempt to characterize the chemical association taking
place.

2. Materials and methods
2.1. Materials

HSA and CS were obtained from Sigma. The Tris buffer
had a purity of no less than 99.5% and NaCl, HCI, etc.,
were all of analytical purity. The samples were dissolved
in Tris-sHCl buffer solution (0.05molL~"' Tris,
0.15mol L™! NaCl, pH 7.4 £0.1). All solutions were
used with doubly distilled water.

2.2. Equipment

All fluorescence spectra were recorded on a F-2500
Spectrofluorimeter (Hitachi, Japan) equipped with
1.0 cm quartz cells and a thermostat bath. The UV spec-
trum was recorded at room temperature on a TU-1901
spectrophotometer (Puxi Analytic Instrument Ltd. of
Beijing, China) equipped with 1.0 cm quartz cells. Sam-
ple masses were accurately weighted using a microbal-
ance (Sartorius, ME215S) with a resolution of 0.1 mg.

2.3. Spectroscopic measurements

The absorption spectroscopy of CS was performed at
room temperature. The fluorescence measurements were
performed at different temperatures (298, 304, and
310 K). The widths of both the excitation slit and the
emission slit were set to 2.5 nm. An excitation wave-
length of 295 nm was chosen since it provides no excita-
tion of tyrosine residues and therefore neither emission
nor energy transfer to the lone indole side chain would
be non-negligible. Appropriate blanks corresponding
to the buffer were subtracted to correct background of
fluorescence.

2.4. Principles of fluorescence quenching

Fluorescence quenching is described by the well-known
Stern—Volmer equation?!

= 1 + Ksv[Q], (1)

where F, and F denote the steady-state fluorescence
intensities in the absence and in the presence of quencher
(CS), respectively, Kgy is the Stern—Volmer quenching
constant, and [Q] is the concentration of the quencher.
Hence, Eq. 1 was applied to determine Ksy by linear
regression of a plot of Fy/F against [Q].

3. Results and discussions

3.1. Effect of cromolyn sodium on human serum albumin
spectra

A variety of molecular interactions can result in quench-
ing, including excited-state reactions, molecular rear-
rangements, energy transfer, ground-state complex
formation, and collisional quenching. The different
mechanisms of quenching are usually classified as either
dynamic quenching or static quenching. Dynamic and
static quenching can be distinguished by their differing
dependence on temperature and viscosity.?! Dynamic
quenching depends upon diffusion. Since higher temper-
atures result in larger diffusion coefficients, the bimolec-
ular quenching constants are expected to increase with
increasing temperature. In contrast, increased tempera-
ture is likely to result in decreased stability of complexes,
and thus lower values of the static quenching constants.

To discuss the results within the linear concentration
range, we selected to carry out the experiment within
the linear part of Stern—Volmer dependence (Fo/F
against [Q]). In this experiment, the concentrations of
HSA solution were stabilized at 1.0x 107> mol L™},
and the concentration of CS varied from 0 to
6.4x 107> mol L' at increments of 0.8 x 10> mol L.
The effect of CS on HSA fluorescence intensity is shown
in Figure 2. As can be seen from Figure 2, addition of
increasing concentrations of CS caused a progressive
reduction in fluorescence intensity, accompanied by an
increase of wavelength emission maximum A, in the
albumin spectrum. Thus, the fluorescence was strongly
quenched, whereas A, was increased from 337.5 to
349.5 nm by addition of 6.4 x 10> mol L' CS, a shift
that can be reasonably attributed to an increased polar-
ity (or a decreased hydrophobicity) of the region sur-
rounding the Trp?'* site.?* The inset in Figure 2 shows
that within the investigated concentration range, the
results agree with the Stern—Volmer equation.

The calculation of Kgy from Stern—Volmer plots (Fig. 3)
demonstrated that varying temperatures have a moder-
ate effect on fluorescence quenching by CS. Table 1 gives
the calculated Kgy at each temperature studied, while
the results show that the Stern—Volmer quenching con-
stant Kgy is inversely correlated with temperature, which
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Figure 2. Emission spectra of HSA in the presence of various
concentrations of CS (7'=298 K, A = 295 nm); ¢(HSA) =1.0x 107°
mol L™ ¢(CS)Y/(107° mol L™Y); A-T: 0; 0.8; 1.6; 2.4; 3.2; 4.0; 4.8; 5.6;
6.4; curve J shows the emission spectrum of CS only. The inset
corresponds to the Stern—Volmer plot.
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Figure 3. Stern—Volmer plot at three different temperatures. The inset
shows the relationship of the Stern—Volmer quenching constants Kgy
and temperature.

Table 1. Stern—Volmer quenching constants for the interaction of CS
with HSA at different temperatures

pH T (K) 10~*Kgy (L mol™h) R? SD°
298 2.034 0.9969 0.0379

74 304 1.938 0.9976 0.0317
310 1.821 0.9984 0.0242

& R is the correlation coefficient.
®SD is the standard deviation for the Kgy values.

indicates that the probable quenching mechanism of a
CS-HSA binding reaction is initiated by compound for-
mation rather than by dynamic collision. Therefore, the
quenching data were analyzed according to the modified
Stern—Volmer equation®?

Fy I 1 1

AF KR @)

In the present case, AF is the difference in fluorescence
in the absence and presence of the quencher at con-
centration [Q], f, is the fraction of accessible fluores-
cence, and K, is the effective quenching constant for
the accessible fluorophores, which are analogous to
associative binding constants for the quencher—accep-
tor system.?*

The dependence of Fy/AF on the reciprocal value of
the quencher concentration [Q] ! is linear with the
slope equaling the value of (f,K,)~'. The value S
is fixed on the ordinate. The constant K, is a quotient
of the ordinate /' and the slope (f.K,)~'. The corre-
sponding results at different temperatures are shown
in Table 2. The decreasing trend of K, with increas-
ing temperature is in accordance with Kgy’s depen-
dence on temperature as mentioned above. It shows
that the binding constant between CS and HSA is
moderate and the effect of temperature is small. Thus,
CS can be stored and carried by this protein in the
body.

3.2. The determination of the force acting between
cromolyn sodium and HSA

The interaction forces between drugs and biomolecules
may include electrostatic interactions, multiple hydro-
gen bonds, van der Waals interactions, hydrophobic,
and steric contacts within the antibody-binding site,
etc.?® To elucidate the interaction between CS and
HSA, the thermodynamic parameters were calculated
from the van’t Hoff plots.

If the enthalpy change (AH) does not vary significantly
in the temperature range studied, both the enthalpy
change (AH) and entropy change (AS) can be evaluated
from the van’t Hoff equation

AH AS

e T

(3)

where K, is analogous to the effective quenching con-
stants at the corresponding temperature and R is the
gas constant. The temperatures used were 298, 304,
and 310 K. The enthalpy change (AH) is calculated from
the slope of the van’t Hoff relationship. The free energy
change (AG) is then estimated from the following
relationship

AG = AH — TAS. (4)

Figure 4, by plotting the data in Table 2, shows that
assumption of near constant AH is justified. Table 2
shows the values of AH and AS obtained for the binding
site from the slopes and ordinates at the origin of the fit-
ted lines.

The negative values of free energy (AG), seen in Table 2,
support the assertion that the binding process is sponta-
neous. The negative enthalpy (AH) and positive entropy
(AS) values of the interaction of CS and HSA indicate
that the electrostatic interactions played a major role
in the binding reaction.?®
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Table 2. Modified Stern—Volmer association constants K, and relative thermodynamic parameters of the system of CS-HSA

T (K) 107K, (L mol™") SD* AH (kJ mol™) AG (kJ mol™) AS (Jmol 'K R®
298 1.190 0.0521 —23.249

304 1.154 0.0335 —3.932 —23.638 64.818 0.9998
310 1.119 0.1326 —24.027

28D is the standard deviation for the K, values.
® R is the correlation coefficient for the van't Hoff plot.
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Figure 4. van’t Hoff plot, pH 7.40, ¢(HSA) = 1.0 x 10> mol L%,

3.3. Energy transfer from HSA to cromolyn sodium

FRET is a non-destructive spectroscopic method that
can monitor the proximity and relative angular orienta-
tion of fluorophores, and the donor and acceptor fluoro-
phores can be entirely separate or attached to the same
macromolecule. A transfer of energy could take place
through a direct electrodynamic interaction between
the primarily excited molecule and its neighbors,?’
which will take place under conditions: (i) the donor
can produce fluorescence light; (ii) fluorescence emission
spectrum of the donor and UV-vis absorbance spectrum
of the acceptor have more overlap; and (iii) the distance
between the donor and the acceptor is approached and
is lower than 8 nm.?® Using FRET, the distance r be-
tween CS and HSA (Trp*'¥) could be calculated by the
equation®’

F RS
E=1—-—=——9%_ 5
Fo RS—I—I"G ()

where E denotes the efficiency of transfer between the
donor and the acceptor, and R, is the critical distance
when the efficiency of transfer is 50%

RS =8.79 x 107 2°K*n~*¢J . (6)

In Eq. 6, K* is the orientation factor related to the geom-
etry of the donor and acceptor of dipoles, and K> = 2/3
for random orientation as in fluid solution; n is the aver-
age refracted index of the medium in the wavelength
range where spectral overlap is significant; ¢ is the fluo-
rescence quantum yield of the donor; and J is the effect

of the spectral overlap between the emission spectrum of
the donor and the absorption spectrum of the acceptor
(Fig. 5), which could be calculated by the equation

[ F(2)e(2) A da

J =
NGO

(7)

where F(1) is the corrected fluorescence intensity of the
donor in the wavelength range from 4 to 4+ AZ4; &(4)
is the extinction coefficient of the acceptor at /.

In the present case, n = 1.36, ¢ = 0.074.>° According to
Eqgs. 5-7, we calculate that  J=1.351x
10 ¥ em? Lmol™'; E=0.134; Ry=2.356nm; and
r=3.216 nm. The average distances between a donor
fluorophore and acceptor on the 2- to 8-nm scale®
and 0.5 Ry <r < 1.5R,, 3! indicate that the energy trans-
fer from HSA to CS occurs with high probability. In
addition, other bioactive small molecules with structures
similar to that of CS may exhibit a similar UV-vis
absorbance spectrum, indicating the binding reactions
between these molecules (acceptor) and HSA (donor)
to be in accord with the conditions of energy transfer
theory mentioned above. Hence, molecules with struc-
tures similar to that of CS are likely to have a fluores-
cence quenching effect on HSA.

3.4. Conformation investigation

Trp*'%, conserved in mammalian albumins, plays an
important structural role in the formation of HSA.3
Spectroscopy is an ideal tool to observe conformation-
al changes in proteins since it allows non-intrusive
measurements of substances in low concentration

10 0.25
-
]
8 o8t 1020
>
.-0—‘
) b T
& o6l {015 '€
= <+
é =
g 04r 1010 &

0

i a 5
S o2l 4
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[

0.0 77724 .00

30 360 390 420 450
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Figure 5. Spectral overlap of CS absorption (a) with HSA fluorescence
(b). ¢(HSA) = ¢(CS)=1.0x 10~ mol L™". (T'=298 K).
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under physiological conditions. It is advantageous to
use intrinsic fluorophores for these investigations to
avoid complicated labeling with an extrinsic dye.'®
Synchronous fluorescence spectroscopy introduced by
Llody,*>* involves the simultaneous scanning of
excitation and the fluorescence monochromators of a
fluorimeter, while maintaining a fixed wavelength dif-
ference (AA) between them. The synchronous fluores-
cence spectra give information about the molecular
environment in the vicinity of the chromosphere mol-
ecules. In the synchronous spectra, the sensitivity asso-
ciated with fluorescence is maintained, while offering
several advantages: spectral simplification, spectral
bandwidth reduction, and avoiding different perturb-
ing effects. The authors** have suggested that a useful
method to study the environment of amino acid resi-
dues was to measure the possible shift in wavelength
emission maximum/,,,x, Which corresponds to changes
in polarity around the chromophore molecule. When
the D value (AJ) between excitation wavelength and
emission wavelength is stabilized at 60 nm, synchro-
nous fluorescence spectroscopy gives the characteristic
information of tryptophan residues.?> The effect of CS
on HSA synchronous fluorescence spectroscopy is
shown in Figure 6.

It is apparent from Figure 6 that the maximum emission
wavelength redshifts (from 341 to 344 nm) at the
investigated concentration range when A= 60 nm.
The redshift of the emission maximum suggests a more
polar (or less hydrophobic) environment of the Trp*'*
residue, the conclusion agreeing with the analytical
result given in Figure 2.

For reconfirming the structural change of HSA by addi-
tion of CS, we measured the UV-vis absorbance spectra
of HSA with various amounts of CS. Figure 7 displays
the UV-vis absorbance spectra of HSA at different con-
tents of CS. It is clear from the figure that the baselines
of the UV-vis absorbance spectra at 300-250 nm are
raised and the absorption spectra maximum blueshift

Fluorescence Intensity (a.u.)

L 1 L L
310 320 330 340 350 360 370

Wavelength (nm)

Figure 6. Synchronous fluorescence spectrum of HSA (7=298 K,
A =60 nm). c(HSA) = 1.0 x 107> mol L™'; ¢(CS)/(107> mol L™1); A—
1: 0; 0.8; 1.6; 2.4; 3.2; 4.0; 4.8; 5.6; 6.4.

20

Absorbance
P =
o (6)]

o
ol

0.0

A (HSA only, A, =278 nm)
1 1
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Figure 7. UV-vis absorbance spectra of HSA in the presence of CS.
A-1, ¢c(HSA)=1.0x 10> mol L™"; ¢(CS)/(10~> mol L™1): 0; 0.8; 1.6;
2.4;3.2;4.0; 4.8; 5.6; 6.4. The arrow indicates the sequence of spectral
changes upon increase in CS concentration, corresponding to an
increase in intensity, blueshift.

(from 278 to 258 nm), indicating that the HSA molecules
associate with CS to form a HSA-CS complex and
the peptide strand extended even more, while the hydro-
phobicity was decreased (or became more polar). The
conclusion agrees with the result of conformational
changes by synchronous fluorescence spectra, which
indicates that the approach of synchronous fluorescence
spectroscopy is scientific.

4. Conclusions

In this paper, we investigated the nature and magnitude
of the interaction of CS with HSA by spectroscopic
methods including fluorescence spectroscopy and UV—
vis absorption spectroscopy. The results show that the
Stern—Volmer quenching constant Kgy is inversely cor-
related with temperature, which indicates that the prob-
able quenching mechanism of the CS-HSA binding
reaction is initiated by compound formation. The max-
imum emission wavelength of synchronous fluorescence
spectra redshifts progressively at the investigated con-
centration range when A/ =60 nm, which suggests a
more polar (or less hydrophobic) environment of the
Trp*'*  residue. The thermodynamic parameters
AG<0, AH<0, and AS >0 at different temperatures
indicate that the binding process is spontaneous and
the electrostatic nature is a major factor in the
interaction.
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Abstract—A series of 17 novel tetra substituted thiophenes was designed, synthesized, and screened for anti-inflammatory activity in
carrageenin induced rat paw edema model, an acute in vivo model. The lead molecule selected was Tenidap, a dual COX/LOX
inhibitor. Compounds I (43%), III (60%), IV (60%), and VIII (64%) showed moderate to good anti-inflammatory activity. The best
candidate among the whole series was VIII, which gave 64% protection to the inflamed paw. The side chain of candidate VIII had
resemblance to that of Romazarit, a DMARD, which was withdrawn due to its toxicity profile. A probable reason for the metabolic
stability of the proposed side chain not having the possibility of generating peroxy type radicals or acrylic acid moieties, unlike
Romazarit, is discussed. The biological activity exhibited by the three designed series was in the order of methyl amino series > ethyl
amino series > carbethoxy amino series. The —(C=0)-CH,-COOR side chain at the fifth position as in candidate VIII, the methyl
amino group at the second position, and the ester at the third position of the thiophene can be considered as a three-point phar-
macophore for designing better anti-inflammatory agents. The present study is a classical example of the exploitation of an analogue
based drug design, which culminated in the development of good anti-inflammatory agents that have the potential of becoming dual
inhibitors.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The analysis of known drugs or a drug-like candidate
can provide valuable information on drug discovery
and such candidates are invaluable probes to explore liv-
ing systems and their emergent properties. By drawing
lessons from their structures, we may both gain insight
into drug discovery projects long since brought into
completion and to provide guidelines for new drug dis-
covery programs.'> The common basis by which the
various NSAIDs achieve their therapeutic effects is
through their blockade of prostaglandin synthesis by
their inhibition of cyclo-oxygenase enzyme. By interact-

Keywords: Tetra substituted thiophenes; Anti-inflammatory activity;

Drug designs.
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ing with appropriate targets, they transmit messages
aimed to rectify the disease state. However, several
structurally and functionally unrelated compounds used
in the symptomatic treatment of inflammation show
considerable side effects. Moreover, the discovery of iso-
forms of the COX enzyme, followed by the advent of
COX-2 inhibitors, which was once thought to be a pan-
acea for inflammatory disease treatment has recently
met with a measure of disrepute due to the emergence
of serious side effects in long-term clinical practice.?

In view of the polygenic nature of such disecases with a
number of pathways in series and in parallel— and with
a number of rate limiting steps, it seemed appropriate to
look for candidates acting on more than one pathway.*
In comparison with simple COX inhibitors, NSAIDs
with dual inhibitory activities against COX and 5-LO,
such as KME-4, E-5110, BF-389, and CI-1004, are
hypothesized to be superior and are studied as potential
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anti-inflammatory agents with an improved safety
profile.’

With thiophene as a molecular scaffold, Tenidap (CP-66,
248, -2) was a dual cyclo-oxygenase/lipo-oxygenase
inhibitor that also reduced the IL-1 levels in synovial
fluids and inhibited monocyte migration, proving its
potential as a cell migration inhibitor. Tenidap also
turned out to be a collagenase inhibitor that inhibited
(5-HPETE)-5-hydroperoxy eicosatetraenoic acid, which
can be converted further into leukotrienes.® However,
US FDA declined marketing permission indicating that
Pfizer’s clinical data had not sufficiently established its
utility.

Considering the interesting pharmacological profile of
Tenidap, a retro analysis of the structure was appropri-
ate for us to arrive at a probable pharmacophore, as
outlined in Scheme 1. In our previous studies on a deriv-
atives of thiophene, a 7 excessive ring as molecular scaf-
fold in designing better anti-inflammatory agents, we
observed that ‘the aliphatic oxime esters,” attached via
a ketone bridge to the fifth position of the thiophene,
were superior in enhancing the anti-inflammatory
activity compared to the aryl oxime counterparts.” We
anticipated that through careful modification of the
pharmacophore obtained as a result of the retro analysis
of Tenidap, by incorporating some aliphatic oximes or
aromatic ketones that were established anti-inflammato-
ry pharmacophores, as from our previous studies,”-
some novel potential anti-inflammatory agents could

be designed and synthesized.
O / \
/j
s

Our designed side chains, as well as overall structures,
had some structural similarity to that of the Roche
candidate (Ro-31-3948). The Roche candidate (Ro-
31-3948), Romazarit, (2-[{2-(4-chlorophenyl)-4-meth-
yl-5-oxazolyl} methoxy]-2-methyl propionic acid sodi-
um salt, exhibited interesting anti-inflammatory
activity. Though Romazarit had a desirable activity
profile in various biological test systems and animal
models, indicating its efficacy in arresting more than
one deleterious pathway in the inflammatory cascade,
it was withdrawn from the phase II clinical trials due
to the adverse effects (bladder tumor) that emerged
from chronic toxicity studies.”!> The toxicity pro-
duced by Romazarit could be due to metabolic
hydroxylation of the CH, at fifth position (Scheme
2), which could give rise to an aldehyde and o-methyl
acrylic acid. The aldehyde we presume could have led
to peroxy type of compounds in vivo, and o-methyl
acrylic acid being the probable cause of bladder tumor
formation.

The designed thiophene analogues, taking Tenidap as
the lead, are unlikely to produce the peroxy derivatives
and methyl acrylic acid as was seen with the Roche can-
didate (Ro0-31-3948), Romazarit. The present paper
deals with the design, synthesis, and pharmacological
evaluation of some thiophene derivatives with aliphatic
oximes and some aromatic ketones as the side chains,
exemplifying the importance of lead-based drug design
leading to the synthesis of potential anti-inflammatory
agents.

TN Retro analysis
+ o IS
L | 0
/ o
o/ e }\NHZ
(6]
Tenidap
M Retro analysis
o) / \
| N\
o) / \
/ R

\

CH3 ) ) — {u\ o
’ N\

R

Scheme 1. Retro analysis of Tenidap, a dual COX-LOX inhibitor. Pharmacophore generated from retro analysis of Tenidap. The pharmacphore
generated had side chain as that of Romaxarit, but hadn’t had the likelihood of generating peroxy type radicals or methyl acrylic acid moieties

probably responsible for bladder tumour formation.
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Metabolic Hydroxylation

COOH
+ HO -

H,C

\
HaC COOH

methyl acrylic acid

Scheme 2. Probable mechanism of metabolic toxicity exhibited by Romazarit. Methyl acryic acid might be the moiety responsible for the baldder

tumour.

2. Results and discussion

All the 17 compounds synthesized were evaluated for
anti-inflammatory activity in carrageenin induced rat
paw edema model. In the methyl amino series, com-
pounds I (43%), III (60%), IV (60%), and V (32%) gave
reasonable protection to the inflamed paw, eliciting
good or moderate anti-inflammatory activity. The bio-
logical activity exhibited by candidate I was in conso-
nance with the previous studies that aliphatic oximino
esters acted as good anti-inflammatory pharmaco-
phores.” In most of the selective COX-2 inhibitors, the
presence of methyl sulfonyl or sulfonyl amino substitu-
tion and the absence of the carboxylic acid group are
presumed to be important in enhancing the biological
activity and selectivity toward COX-2.'4 The better
activity exhibited by candidates IV and III might be

due to the methyl sulfonyl group, which is an established
pharmacophore in COX-2 inhibitors, such as Rofecox-
ib, and the fact that methylmercapto can rapidly under-
go in vivo oxidation to sulfone, respectively.

In the ethyl amino series, the only candidate that was
exhibiting a good biological activity was VIII (64%).
Even though VIII was devoid of an oxime moiety at
the fifth position of thiophene scaffold, the side chain
—(C=0)-CH,—COOR seemed to have good potential
as envisaged in the retro analysis of Tenidap and VIII
emerged as the best candidate among the whole series.
Unlike the aliphatic oximino esters or methyl sulfonyl
scaffolds, candidate VIII had —(C=0)-CH,—-COOR at
the fifth position of the thiophene. The side chain also
has resemblance to the side chain of Romazarit, but
was unlikely to produce the peroxy derivatives and
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methyl acrylic acid, as was envisaged with the Roche
candidate (Ro-31-3948), Romazarit.

None of the candidates in the carbethoxy amino series
exhibited good anti-inflammatory activity, indicating
that a carbamate moiety is not preferred at the second
position of the thiophene. An important outcome of this
study is the optimization of the substitution at the sec-
ond position of the thiophene in eliciting better biologi-
cal activity. This is understood when we scrutinize and
compare the activity profiles of

1. Candidates I (43%), VI (31%), and XII (27%)
2. Candidates III (60%), IX (19%), and XV (22%)
3. Candidates IV (60%), X (38%), and XVI (0%)
4. Candidates V (32%), XI (28%), and XVII (0%).

The biological activity exhibited by the three designed
series were in the order of methyl amino series > ethyl
amino series > carbethoxy amino series. The —(C=0)-
CH,—COOR side chain at the fifth position as in candi-
date VIII, the methyl amino group at the second
position, and the ester at the third position of the thio-
phene can be considered as a three-point pharmaco-
phore for designing better anti-inflammatory agents.
By utilizing the pharmacophore generated by retro anal-
ysis of Tenidap, which is a dual inhibitor as the lead
molecule and incorporating the aliphatic oximino esters

HsC 0
\CH s
_a
o) o)

| (methyl aceto acetate)

HsC COOCH

/
e -

S

Tetra substituted thiophene (I-XIl)

R, = -CO-CH,-COOCH,CH3
-CO-C(=N-OH)-COOCH,CH3
-CO-C(EN=OCH 5)-COOCH,CHs
-CO-p-SCH3-CgHy
-CO—p—SOZCH 3'C5H4
-CO-CH,-CONH-CgHs

OCHj

N

or aromatic ketones, which were already established
anti-inflammatory pharmacophores,’® these results
open up new avenues in designing candidates acting
on more than one rate-limiting step along the inflamma-
tory cascade.

3. Conclusion

A series of 17 tetra substituted thiophenes was designed
based on the pharmacophore generated by the retro
analysis of the structure of a dual inhibitor Tenidap.
The aliphatic oximino esters and aromatic ketones,
which were already established pharmacophores from
our previous studies, were incorporated in the pharma-
cophore. The side chains had similarity to that of
Romazarit, a DMARD, which was withdrawn due to
its toxicity profile. A probable mechanism of the toxic-
ity profile of Romazarit is described and a logical
reason for the metabolic stability of the designed side
chains not having the likelihood of generating peroxy
type radicals or acrylic acid moieties, unlike Romaza-
rit, is discussed. The present study discloses a novel
three-point pharmacophore for designing better anti-
inflammatory agents that is essentially generated from
a lead-based drug design methodology and is an exam-
ple of the exploitation of an analogue-based drug
design.

H3C O
W \CH3
H,oN O Il

b
s N
\Rl
HsC O
3 \/ \CH
C 3
NH, (0]

ADDUCT (IIA-IIIC)
Ry = -CHg, -CH,CH3, -COOCH ,CH3

Scheme 3. Synthesis of tetra substituted thiophenes. HVII was the only halomethylene compound used. Reagents: (a) ammonia, diethyl ether;
(b) R;-NCS, petroleum ether; (c) haloketones or halomethylene compound of the formula X-CH,-R,, acetonitrile.





A. D. Pillai et al. | Bioorg. Med. Chem. 13 (2005) 6685-6692 6689

Table 1. Structures and TUPAC nomenclature of haloketones (HI-HVI)

H IUPAC nomenclature Structure

HI (Z)-y-Chloro-B-oxo-a-hydroxyimino butyric acid, ethyl ester Cl-CH,—CO-C(=N-OH)-COO-CH,-CHj3;
HII (Z)-y-Bromo-f-oxo-o-methoxyimino butyric acid, ethyl ester Br-CH,-CO-C(=N-OCH;)-COO-CH,-CH;
HIII y-Bromo-B-oxo-butyric acid, ethyl ester Br-CH,-CO-CH,~-COOCH,CHj;

HIV 4-(0-Bromo acetyl)1-phenylmethylsulfone Br-CH,-CO-Ph-p-SO,CH3

HV 4-(a-Bromoacetyl)-thioanisole Br—CH,—CO-Ph-p—SCHj;

HVI v-Bromo-acetoacetanilide Br-CH,-CO-CH,-CO-NH-Ph

HVII (3,5-Dimethyl-4-methoxy)-2-chloromethyl pyridine See Scheme 1

Halomethylene compound HVII used for the synthesis of novel designed thiophenes.

4. Experimental
4.1. Materials and methods

Methyl isothiocyanate was a gift sample from Dr. Reddy’s
Research Laboratories, Hyderabad. Carrageenan was
purchased from Qualigen, Mumbai. Ibuprofen was a gift
sample from AVIK Pharmaceuticals, Mumbai. 2-Chloro-
methyl-3,5-dimethyl-4-methoxy pyridine was kindly pro-
vided by Dishman pharma, Ahmedabad. The designed
compounds were synthesized by the previously reported
protocol, by Rajappa et al.'>!® (Scheme 3). Isothiocya-
nates were synthesized using the modified Kaluza meth-
0d." a-Haloketones (Table 1) were synthesized using a
reported procedure.'”. The adduct of general formula
III (ITTA-IIIC) was reacted with a-haloketones, a-haloke-
toximes, and one halomethylene compound of the general
formula X-CH,-R, to yield the tetra substituted
thiophenes.

4.2. Experimental part

The melting point of the compounds was taken in open
capillaries and is uncorrected. The infrared spectrum
was recorded using KBr as the medium, utilizing Buck
Scientific M-500 Infrared spectrophotometer. The mass
of all the compounds was recorded on a Perkin Elmer
Sciex Atmospheric pressure ionization liquid chroma-
tography mass instrument. 'H NMR were recorded at
200 MHz from CDRI Lucknow. Elemental analysis
was taken on Heraeus Carlo Erba 1108 elemental ana-
lyzer at CDRI Lucknow. All the reactions were moni-
tored using thin layer chromatography (TLC) using a
glass plate coated with Silica Gel G or GF,s54. TLC
plates were developed using iodine.

4.2.1. Synthesis of thiophenes. The general procedure
for the synthesis of tetra substituted thiophenes is as
follows.?® To a stirred solution of 0.001 mol of III
in 25 parts of acetonitrile at room temperature was
added 0.001 mol of the respective halo carbonyl com-
pound (X-CH»-R,) or the halomethylene compound
(HVII, Table 1), and the solution was stirred until
the solid separated from the reaction mixture or the
TLC showed the absence of the starting material.
The solid that separated was filtered, washed with
chilled acetonitrile, and dried, yielding a yellow col-
ored product, which corresponded to the tetra substi-
tuted thiophene (I-XVII) characterized as per the
analytical data. In case where the solid did not sepa-
rate from the reaction mixture, the solvent was evap-

orated and chilled water was added and triturated
when the solid separated.

4.2.2. Characteristics of synthesized compounds

4.2.2.1. (Z)-2-Methylamino-5-(2-ethoxycarbonyl-2-
hydroxyimino-acetyl)-4-methyl-thiophene-3-carboxylic acid
methyl ester (AP58). Molecular formula: C;3H;¢N,OgS;
TLC: toluene/methanol (7:3); Rg 0.7. Yield: 62%;
mp: 150-152°C, IR (KBR, cm™') = 3370 (NH stretch-
ing at second position), 1732 (C=O0 stretching of ester),
1692 (C=O stretching), 1580 (NH bending of alkyl
amine), Mass: M+1 at m/z 329. '"H NMR (CDCls,
0, ppm) = 1.32-1.39 (t, 3H), 2.77 (s, 3H), 3.85 (s,
3H), 4.11 (s, 3H), 4.32-4.43 (q, 2H), 7.27 (s, 1H), 8.4
(s, 1H).

4.2.2.2. (Z)-2-Methylamino-5-(2-ethoxycarbonyl-2-meth-
oxyimino-acetyl)-4-methyl-thiophene-3-carboxylic acid
methyl ester (AP56). Molecular formula: C;4H;gN>OgS;
TLC: toluene/acetonitrile (7:3); Rg 0.91. Yield: 29%,
mp: 139-40 °C, IR (KBr, cm ") = 3400 (NH- at second
position), 1732 (C=0 stretching of ester), 1690 (C=0
stretching of ester), Mass: M+1 at m/z: 343. '"H NMR
(CDCls, 6, ppm) = 1.15-1.23 (t, 3H), 2.78 (s, 3H), 3.06 (s,
3H),3.80(s,3H),3.90(s,3H),4.32-4.43(q,2H), 8.4 (s, 1 H).

4.2.2.3. Synthesis of 2-methylamino-5-(p-methyl sulfo-
nyl benzoyl)-4-methyl-thiophene-3-carboxylic acid methyl
ester (AP57). Molecular formula: C;4H17NOsS,; TLC:
toluene/methanol (7:3); R 0.55. Yield: 45%, mp: 174—
75°C, IR (KBr, cm™ ") =3290 (NH stretching), 1660
(C=0 stretching of ester), 1612 (C=O0 stretching of ke-
tone), 1352 (S(=0) asymmetrical stretching), 1128
(S=(0), symmetrical stretching), Mass: M+1 at m/z
368. "H NMR (CDCls, 8, ppm) = 2.45 (s, 3H), 3.04 (s,
3H), 3.28 (s, 3H), 3.88 (s, 3H), 7.8-7.83 (d, 2H), 8.01-
8.04 (d, 2H), 8.5 (s, 1H).

4.2.2.4. 2-Methylamino-5-(4-methylmercapto-benzo-
yl)-4-methyl-thiophene-3-carboxylic acid methyl ester
(AP156). Molecular formula: C;cH;7;NO3S,; TLC: tolu-
ene/methanol g9:1); Rg: 0.42. Yield: 50%; mp: 165-66 °C,
IR (KBr, cm™") 3320 (alkyl NH stretching), 1678 (C=0
ester stretching), 1632 (C=O stretching of ketone),
Mass: M+1 at m/z 336.

4.2.2.5. 2-Methylamino-5-(3,5-dimethyl-4-methoxy-2-
pyridyl)-4-methyl-thiophene-3- carboxylic acid methyl
ester (AP53). Molecular formula: C;4H,oN>O5S; TLC:
toluene/acetonitrile (7:3); Rg 0.60. Yield: 45%; mp:
280-281 °C, IR (KBr, cm™ ") 3320 (aryl NH stretching),
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1660 (C=0 stretching of ester), Mass: M+1 at m/z 321,
'"H NMR (CDCls, 6, ppm) = 1.55 (s, 3H), 1.65 (s, 3H),
1.75 (s, 3H), 2.1 (s, 3H), 3.8 (s, 3H), 7.25 (s, 1H).

4.2.2.6. (Z)-2-Ethylamino-5-(2-ethoxycarbonyl-2-hydro-
xyimino-acetyl)-4-methyl-thiophene-3-carboxylic acid meth-
yl ester (AP61). Molecular formula: C;4H;gN>OgS;
TLC: toluene/methanol (7:3); Rg: 0.23. Yield: 14%; mp:
150-152°C, IR (KBr, cm ') 3360 (NH stretching),
1718 (C=0 stretching of ester), 1672 (C=O0 stretching),
Mass: M+1 = 343.

4.2.2.7. (Z)-2-Ethylamino-5-(2-ethoxycarbonyl-2-meth-
oxyimino-acetyl)-4-methyl-thiophene-3-carboxylic acid
methyl ester (AP62). Molecular formula: C;sH,)N>OgS;
TLC: toluene/acetonitrile (8:2); Ry 0.91. Yield: 29%; mp
130-132°C; IR (KBr, cm™ ') 3380 (NH stretching), 1736
(C=O0 stretching of ester), 1696 (C=O0 stretching), Mass:
M+1 at m/z 357, "H NMR (CDCls, §, ppm) = 1.25-1.38
(m, 6H), 2.77 (s, 3H), 3.30-3.39 (q, 2H), 3.85 (s, 3H),
4.11 (s, 3H), 4.34-4.4 (q, 2H), 8.43 (s, 1H).

4.2.2.8. 2-Ethylamino-5-(2-ethoxycarbonyl-2-acetyl)-4-
methyl-thiophene-3- carboxylic acid methyl ester (AP59).
Molecular formula: C;4H;9oNOsS; TLC: toluene/methanol
(8:2); Re: 0.85. Yield: 52%; mp: 79-82 °C; IR (KBr, cm ™)
3320 (alkyl NH stretching), 1724 (C=O0 stretching of es-
ter), 1694 (C=0 stretching), 1628 (C=O0 stretching of
B-keto ester), Mass: (M+1 at m/z 314, "H NMR (CDCl;,
o, ppm) = 1.2 (m, 6H), 2.354 (s, 3H), 3.20-3.27 (q, 2H),
3.68 (s, 2H), 3.78 (s, 3H), 4.1-4.23 (q, 2H), 8.32 (s, 1H).

4.2.2.9. 2-Ethylamino-5-(4-methylmercapto-benzoyl)-4-
methyl-thiophene-3- carboxylic acid methyl ester (AP155).
Molecular formula: Ci7H;9NO;3S,; TLC: toluene/metha-
nol (7:3); Rg 0.33. Yield 78%; mp: 147-148 °C, IR
(KBr, cm™') 3320 (alkyl NH stretching), 1676 (C=0
stretching), Mass: M+1 at m/z 350, '"H NMR (CDCl,
o, ppm) = 1.39 (t, 3H), 2.4 (s, 3H, SCH3), 2.56 (s, 3H),
3.27-3.34 (q, 2H), 3.8 (s, 3H), 7.25-7.28 (d, 2H), 7.59-
7.62 (d, 2 H), 8.4 (s, IH).

4.2.2.10. 2-Ethylamino-5-(4-methylsulfonylbenzoyl)-4-
methyl-thiophene-3-carboxylic acid methyl ester (AP60).
Molecular formula: C;7H;9NOsS,; TLC: toluene:aceto-
nitrile (7:3); Rg 0.70. Yield: 99%; mp: 115-116 °C, IR
(KBr, cm™') 3250 (alkyl NH stretching), 1680 (C=0
stretching of ester), 1612 (C=O0 stretching of ketone),
1346 (asymmetric S=O stretching), 1148 (symmetric
S=O0 stretching), Mass: M + 1 at m/z 382, '"H NMR
(CDCls, 6, ppm) = 1.32-1.39 (t, 3H), 2.43 (s, 3H), 3.24
(s, 3H), 3.30-3.38 (q, 2H), 3.84 (s, 3 H), 7.78-7.82 (d,
2H), 8.007-8.047 (d, 2H), 8.44 (s, 1H).

4.2.2.11. 2-Ethylamino-5-(3,5-dimethyl-4-methoxy-2-
pyridyl)-4-methyl-thiophene-3-carboxylic acid methyl ester
(AP63). Molecular formula: C;7H»,N>O5S; TLC: toluene/
methanol (7:3); Rg: 0.25. Yield: 31%; mp: 256 °C, IR (KBr,
cm ') 3320 (aryl NH stretching), 1650 (C=0 stretching of
ester), Mass: M+1 at m/z 335, '"H NMR (CDCl, 9,
ppm) = 1.21-1.25 (t, 3H), 1.76 (s, 3H), 1.78 (s, 3H), 1.90
(s, 3H), 2.50 (s, 3H), 3.76 (s, 3 H), 7.7 (s, 1H, pyridine),
7.8 (s, 1H).

4.2.2.12. (Z)-2-carbethoxyamino-5-(2-ethoxycarbonyl-2-
hydroxyimino-acetyl)-4- methyl-thiophene-3-carboxylic acid
methyl ester (AP11). Molecular formula: C;sH;gN,OgS;
TLC: toluene:acetonitrile (7:3); Rg 0.32. Yield: 10.36%;
mp: 140-141 °C, IR (KBr, cm~') = 3370 (NH stretch-
ing at second position), 1712 (C=O stretching of
ester), 1614 (C=O0O stretching of ester), Mass: M+1 at
mlz 387.

4.2.2.13. (Z)-2-carbethoxyamino-5-(2-ethoxycarbonyl-2-
methoxyimino-acetyl)-4- methyl-thiophene-3-carboxylic acid
methyl ester (AP10). Molecular formula: C;cH,oN,OgS,
TLC: toluene:acetonitrile (7:3); Ry 0.50. Yield: 22%; mp:
250-251 °C, IR (KBr, cm ') 3120 (NH at second posi-
tion), 1746 (C=O stretching of ester), 1716 (C=0
stretching), Mass; M+1 at m/z 401. '"H NMR (CDCl,,
0 ppm) = 1.22-1.31 (m, 6H), 2.65 (s, 3H), 3.85 (s, 3H),
4.1 (s, 3H), 4.26-4.32 (m, 4H), 7.27 (s, 1H).

4.2.2.14. 2-Carbethoxyamino-5-(2-carboxanilido-ace-
tyl)-4-methyl-thiophene-3- carboxylic acid methyl ester
(AP121). Molecular formula: C;9H,oN>O¢S, TLC: tolu-
ene/acetonitrile (7:3); Ry 0.22. Yield: 34%; mp: 170—
171 °C, IR (KBr, cm™ ") 3270 (aryl NH stretching at fifth
position), 3150 (alkyl NH stretching at second position),
1724 (C=0 stretching of ester), 1676 (C=0 stretching),
Mass: M+1 at m/z 405, 'H NMR (CDCl;, 4,
ppm) = 1.4-1.5 (m, 6H), 3.07 (s, 3H), 3.7-3.78 (q, 2H),
7.23-7.31 (m, 4H), 7.51 (s, 1H), 7.76 (s, 1H).

4.2.2.15. 2-Carbethoxyamino-5-(4-methylmercapto-ben-
zoyl)-4-methyl-thiophene-3- carboxylic acid methyl ester
(AP157). Molecular formula: C;gH;9NOsS,; TLC: tolu-
ene/methanol (9:1); Rg 0.90. Yield: 18.9%; mp: 122 °C,
IR (KBr, cm™ ) 3080 (alkyl NH stretching), 1732 (C=0
stretching of ester), 1664 (C=O stretching of ketone),
Mass: M+1 at m/z 394 'H NMR (CDCl;, 9,
ppm) = 1.29-1.34 (t, 3H), 2.38 (s, 3H), 2.52 (s, 3H),
391 (s, 3H), 4.2-4.26 (q, 2H), 7.54 (s, 1H), 7.83-7.87
(m, 4H).

4.2.2.16. 2-Carbethoxyamino-5-(4-methylsulfonylbenzoyl)-
4-methyl-thiophene-3- carboxylic acid methyl ester (AP46).
Molecular formula: C;sH9NO-S,; TLC: toluene/metha-
nol (7:3); R 0.72. Yield: 17%; mp: 176 °C, IR (KBr,
cm ') 3110 (alkyl NH stretching), 1720 (C=O stretching
of ester), 1652 (C=O stretching of ketone), 1340 (asym-
metric S=O stretching), 1150 (symmetric S=O stretch-
ing), Mass: M+1 at m/z 426. '"H NMR (CDCls, 4,
ppm) = 1.40-1.45 (t, 3H), 2.35 (s, 3H), 3.08 (s, 3H),
3.94 (s, 3 H), 4.24-4.33 (q, 2H), 7.2-8.0 (m, 4H), 10.82
(s, 1H).

4.2.2.17.  2-Carbethoxyamino-5-(3,5-dimethyl-4-meth-
oxy-2-pyridyl)-4-methyl- thiophene-3-carboxylic acid methyl
ester (AP45). Molecular formula: C;3H,,N>Os5S; TLC:
toluene/acetonitrile (7:3); Rg 0.77. Yield: 23%; mp:
174-175 °C, IR (KBr, cm ') 3320 (alkyl NH stretching),
1710 (C=0 stretching of ester), 1650 (C=O0 stretching of
ester), Mass: M+1 at m/z 379, '"H NMR (CDCl;, 9,
ppm) 1.25-1.56 (m, 6H), 2.25 (s, 3H), 2.53 (s, 3H), 2.7
(s, 3H), 3.78 (s, 3 H), 4.25-4.36 (q, 2H), 7.26 (s, 1H),
7.96 (s, 1H).
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Table 2. The biological activity exhibited by designed thiophene analogues in a carrageenin induced rat paw edema model
HsC COOCH 3
V. os
/
N
H
Compound Candidate code R R, P
o] o]
I AP58 ,\I O~ ~CH, CH; 43
~OH
o] o]
11 AP56 J\H/\LOA CH, CHj; 0
N—ocH,
10 AP156 f@*scm CHj; 60
v AP57 2—@»502% CH, 60
OCH,
v AP53 H | N CH, 0
pZ
N
o] o]
VI AP61 J\“/lL O~ CH,3 CH,CH; 31
N~on
o] o
vil AP62 /U\“)LO/\CHQ, CH,CH; 0
N~ocH,
i i CH,C 64
Vi AP59 H,CH
M 2CH,
IX AP155 >—©‘SCH3 CH,CH; 19
o
X AP60 }—O»Sozcm CH,CH; 38
CHs
XI AP63 Hs | N CH,CH, 28
7
N
o] o]
X1I AP11 )J\“)L O™ CH, COOC,H; 27
N~0oH
o] o)
X1 AP10 )‘\“)J\o/\ CH, COOCGC,H; 22
N~ocH,

(continued on next page)
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Table 2 (continued)
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Compound Candidate code R R, P
o]
XI1v AP121 M COOC;,H5 5
H
XV API57 }—@»scm COOC,H; 2
XVI AP46 (}—@‘SOzCHa COOGC,H; 0
OCH,4
Ha CH3
XVII AP45 E\f\/( COOC,H; 0
/
N
Standard Ibuprofen 60

P = Y% protection to inflammation given to the rat paw, in a carrageenin induced rat paw edema model.
The test drugs were dosed at 100 mg/kg body weight po. Ibuprofen was dosed at 100 mg/kg body weight po.
P represents the protection given by the experimental candidates to the inflamed rat paw. The test and standard drug were dosed at 100 mg/kg body

weight po.

4.3. Pharmacological activity

Carrageenin induced rat paw edema:?' Sprague-Dawley
(male/female) rats weighing 150-250 g were used for the
edema test. Animals were divided into 19 groups com-
prising six rats per group. Rats were put on fast for
18 h prior to the experiment. The standard drug, Ibu-
profen (100 mg/kg body weight), and the test drugs
(100 mg/kg body weight) were given orally as a suspen-
sion, in 0.1% sodium CMC as vehicle. One hour later,
0.1 ml of 1% carrageenin solution in saline was injected
in the subplantar region of the right hind paw of each
rat. After 3 h of the carrageenin injection, the reduction
in paw volume compared to vehicle control was mea-
sured using plethysmometer. The percentage protection
given to the inflamed paw was calculated (Table 2). The
Institutional Ethics Committee, constituted by the Min-
istry of Social Justice and Empowerment, Government
of India, approved the experimental protocol.
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Abstract—Mycobacterium tuberculosis and Mycobacterium avium infections cause the two most important mycobacterioses, leading
to increased mortality in patients with AIDS. Various 5-substituted 2’-deoxyuridines, uridines, 2’-O-methyluridine, 2’-ribofluoro-2’-
deoxyuridines, 3’-substituted-2’,3’-dideoxy uridines, 2’,3’-dideoxyuridines, and 2’,3’-didehydro-2’,3’-dideoxyuridines were synthe-
sized and evaluated for their in vitro inhibitory activity against M. bovis and M. avium. 5-(C-1 Substituted)-2’-deoxyuridine deriv-
atives emerged as potent inhibitors of M. avium (MICqy = 1-5 pg/mL range). The nature of C-5 substituents in the 2’-deoxyuridine
series appeared to be a determinant of anti-mycobacterial activity. This new class of inhibitors could serve as useful compounds for

the design and study of new anti-tuberculosis agents.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Thirty-three percent of the world’s population is infected
by Mycobacterium tuberculosis. Every year eight million
new cases appear and 2-3 million deaths occur due to
tuberculosis (TB) around the world.'"® In the beginning
of the 1900s, TB was the most common cause of death
due to an infectious disease. There was a gradual decline
in the number of cases from the early 1950s. However,
there has been a resurgence in the incidence of TB since
1984. In 1993, the World Health Organization (WHO)
declared TB as a medical emergency. A number of fac-
tors have contributed to the resurgence of TB, such as
synergy between TB and the acquired immune deficiency
syndrome (AIDS) epidemic, non-compliance due to se-
vere side effects of the available therapy, development
of multi-drug resistant clinical isolates, neglected TB
control in many countries, and socio-economic
trends.!*> Two groups of mycobacteria M. tuberculosis
and Mycobacterium avium pose a significant threat of
TB in human immunodeficiency virus (HIV) infected pa-
tients and are often responsible for their death.® Besides

Keywords: Tuberculosis; Heterocycle; Anti-microbial agent.
* Corresponding author. Tel.: +1 780 492 7545; fax: +1 780 492
7521; e-mail: rakesh.kumar@ualberta.ca

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

doi:10.1016/.bmc.2005.07.046

HIV infection, other individuals with compromised im-
mune systems are also highly susceptible to TB infection
and reactivation causing disease. Reactivation of TB can
be caused by immunodeficiency, use of immunosuppres-
sive drugs, aging, alcohol, and drug abuse.

Bacillus Calmette Guerin (BCG) is used as a vaccine;
however, it does not reduce the transmission of TB
and is not effective for TB infected patients.” BCG is
an attenuated strain of Mycobacterium bovis (M. bovis),
which is more than 98% homologous to M. tuberculosis
and therefore is closely related to M. tuberculosis. M.
bovis infections in HIV patients are also increasingly
being realized as causing TB.

Mycobacterium avium complex (MAC) infections, in
particular M. avium infections, are one of the most seri-
ous complications among patients with AIDS in many
developing as well as developed countries such as the
United States and European countries.’® M. avium
infections are disseminated rather than restricted to
the lungs. Clinical management of MAC infections is
very difficult, because many of the first-line anti-TB
drugs are ineffective against it.®? New macrolides, such
as clarithromycin and azithromycin, are used for the
treatment of MAC; however, resistance occurs at such
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a rate with macrolide therapy that single drugs are inad-
equate.'®!! Therefore, development of new antimyco-
bacterial agents with potent activity against M. avium
is urgently required.

The control and management of mycobacterial infec-
tions are highly important not only for the survival of
AIDS patients, but also for the people who are or will
be infected with multi-drug resistant bacteria, harbor
strains that develop resistance after previous drug treat-
ment, immunocompetent or immunocompromised peo-
ple in proximity of HIV patients, and patients with
MAC infection. There is an ever-increasing threat of
drug-resistant TB appearing as an epidemic in many
countries, particularly because no new classes of TB-spe-
cific c;rugs have been developed since the rifampicin in
1967.

The investigation of new classes of anti-TB agents is a
high priority. A new class of agents which work by dif-
ferent mechanisms than current drugs, and are not
cross-resistant with them, is likely the best long-term
prospect to augment current therapy, address the resis-
tance crisis, and meet the global health emergency.

In the search for new anti-tuberculosis agents, our re-
cent studies have focused on the design, synthesis, and
development of unnatural pyrimidine nucleosides as po-
tential new chemotherapeutic agents for mycobacterial
infections. In the present investigation, we have synthe-
sized and evaluated several classes of unnatural deoxyri-
bose, ribose, and dideoxyribose pyrimidine nucleoside
derivatives to determine the effect of size and electroneg-
ativity of groups at C-5, C-2’, and C-3’ on the antimyco-
bacterial activity against M. bovis and M. avium. It was
postulated that unnatural pyrimidine nucleosides can
specifically target the mycobacterial enzymes, such as
Mtbh DNA polymerase, involved in their nucleic acid
synthesis by acting as their substrates and/or inhibitors,
and inhibit the mycobacterial DNA and/or RNA
synthesis. Of the newly investigated compounds, 5-(1-
hydroxyethyl)-2’-deoxyuridine (41), 5-(1-fluoro-2-chlo-
roethyl)-2’'-deoxyuridine (42), and 5-(1-fluoro-2-bromo-
ethyl)-2'-deoxyuridine (43) were found to be selective
inhibitors of M. avium multiplication. 5-(1-Substituted
alkyl) pyrimidine nucleosides are described here for the
first time as potential antimycobacterial agents against
M. avium.

2. Chemistry

The target 5-halo derivatives of 2’-deoxyuridine (2-4)
and uridine (17,18) were synthesized by the reactions
of 2’-deoxyuridine and uridine, respectively, with N-bro-
mo (or chloro) succinimide or iodine monochloride and
sodium azide at 25-45 °C using the efficient halogena-
tion procedures reported by us earlier.!? 5-Vinyl-2'-de-
oxyuridine (10) was readily prepared by the palladium
acetate—triphenyl phosphene-catalyzed reaction of 5-
i0do-2'-deoxyuridine with vinyl acetate according to
the method of Rahim et al.!* The reaction of (E)-5-(2-
carboxyvinyl)-2’-deoxyuridine (44)'* with N-chlorosuc-

cinimide in dioxane/water (3:7, v/v) provided (E)-5-(2-
chlorovinyl)-2’-deoxyuridine (11) in 45% yield. In com-
parison, (E)-5-(2-bromovinyl)-2’-deoxyuridine (12) was
obtained in quantitative yield (98%) by the reaction of
44 with N-bromosuccinimide in THF and water, as
shown in Scheme 1. This procedure resulted in an im-
proved synthetic route for 12 over the previously report-
ed method.!> It was observed that the use of THF
resulted in the increased yield. (E)-5-(2-Iodovinyl)-2’-de-
oxyuridine (13) and (E)-5-(2-bromovinyl) uridine (21)
were prepared starting from (FE)-5-(2-carboethoxyvi-
nyl)-2’-deoxyuridine and (E)-5-(2-carboethoxyvinyl) uri-
dine, respectively.'®

Nucleoside 12 was converted to the corresponding 3’,5'-
di-O-acetylated derivative (14) by the reaction of acetic
anhydride in pyridine, in 99% yield (Scheme 1). Howev-
er, difficulties were encountered in obtaining good
amounts of 3',5'-di-O-acetyl-(E)-5-(2-iodovinyl)-2’-de-
oxyuridine (15) by direct acetylation of 13. Therefore,
an alternative procedure was used for the synthesis of
target compound 15. The reaction of (E)-5-(2-carboxyvi-
nyl)-2'-deoxyuridine (44) with acetic anhydride in pyri-
dine yielded the corresponding acylated derivative (45),
which was subsequently reacted with N-iodosuccinimide
and potassium acetate in dry N,N-dimethylformamide
at room temperature to provide the desired 3',5'-di-O-
acetyl-(E)-5-(2-iodovinyl)-2’-deoxyuridine (15) in 55%
yield (Scheme 1).

1-(2’-Fluoro-2’-deoxy-B-p-ribofuranosyl) uracil (23) and
1-(2’-Fluoro-2’-deoxy-B-p-ribofuranosyl) thymine (26)
were prepared, according to the published procedure.!”
The 2’-5-difluoro analog (24) was obtained by the electro-
philic reaction of 23 with nitrogen-diluted fluorine in ace-
tic acid.'® The reaction of 23 with iodine monochloride
in methanol iodinated the uracil ring at C-5, providing
5-iodo-2’-ribofluoro-2’-deoxyuridine (25) in 60% yield."”
(E)-5-(2-Iodovinyl)-2'-ribofluoro-2’-deoxyuridine (27)%°
was synthesized from (E)-5-(2-carboxyvinyl)-2’-riboflu-
oro-2’-deoxyuridine by treatment with N-iodosuccini-

o 0
CH=CH-COOH H=CHX
bl 3y
N —I> &\N
H o) HO o 11, X =Cl
12, X =Br
13, X =1
o M HO

iii l i
o o]
CH=CH-COOH CH=CH-X
HN
W HN)‘\l/(
o ) o~

N iii N
14, X =Br

15, X =1
oAc OAcC

Scheme 1. Reagents and conditions: (i) N-chlorosuccinimide, dioxane/
H,0 (3:7), glacial acetic acid 25 °C (11); N-bromosuccinimide, THF/
H,0, 25°C (12); (ii) acetic anhydride, pyridine, 25°C; (iii) N-
iodosuccinimide, dry DMF, potassium acetate 25 °C.
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mide in N,N-dimethylformamide; that itself was obtained
from (E)-5-(2-carboethoxyvinyl)-2'-ribofluoro-2’-deoxy-
uridine by alkaline hydrolysis.?° The latter was prepared
by the reaction of 25 with ethyl acrylate in acetonitrile
in the presence of palladium (II) acetate, triphenyl phos-
phine, and triethylamine.'®

3’-Azido-2',3’-dideoxyuridine (28) and 3’-fluoro-2’,3'-
dideoxyuridine (30) were synthesized using the method
of Lin and Mancini?' Previously published methods of
Herdewijn and co-workers?? and Balzarini et al.?* were
used to synthesize 3’-azido-2’,3’-dideoxythymidine
(29), 3'-fluoro-2',3’-dideoxythymidine (31), 2’,3’-didehy-
dro-2’,3’-dideoxythymidine (39), 5-chloro-3’-fluoro-2’,
3’-dideoxyuridine (32), 5-bromo-3’-fluoro-2’,3’-dideoxy-
uridine (33), and 5-fluoro-3’-fluoro-2’,3’-dideoxyuridine
(34).

A variety of methods have been developed for the prep-
aration of 2’,3’-didehydro-2’,3’-dideoxy nucleoside ana-
logs. Van Aerschot et al.?* reported the synthesis of
5-chloro-2',3’-didehydro-2’,3’-dideoxyuridine (46) by
chlorination at the C-5 position of 5'-acylated-2’,3'-
didehydro-2’,3’-dideoxyuridine with N-chlorosuccini-
mide in pyridine at 100 °C. In contrast, iodination of
2',3’-didehydro-2’,3’-dideoxyuridine (47) using iodine
in the presence of the oxidizing agent, iodic acid, affor-
ded low yields of desired 5-iodo-2’,3’-didehydro-2’,3'-
dideoxyuridine (40). Efficient iodination of pyrimidine
nucleosides at the C-5 position of the uracil ring has
been described by Robins and Barr?® using iodine
monochloride in organic solvents. However, similar
reactions employing 2’,3’-didehydro-2',3’-dideoxyuri-
dine afforded 40 as a minor compound with 5-iodouracil
as the major product.

2’.3’-Didehydro-2’,3’-dideoxythymidine (39) was readily
prepared by the reaction of 3’-O-mesyl-5'-O-tritylthymi-
dine with tetrabutylammonium fluoride (TBAF) in THF
at room temperature.?? In contrast, employing similar
reaction conditions with 3’-O-mesyl-5-O-trityl-5-iodo-
uridine (49) did not provide the desired 2’,3’-dihydro-
2'.3’-dideoxy-5'-O-trityl-5-iodouridine  (50), whereas
2,3’-anhydro-5-iodo-5’-O-trityl-2’-deoxyuridine (51)
was obtained in 67% yield. The structure of compound
51 was confirmed further by comparing the '"H NMR
spectrum of the authentic sample, prepared by the reac-
tion of 49 with sodium hydroxide in ethanol (method B).

We now report the synthesis of 2’,3’-didehydro-2’,
3’-dideoxy-5-iodouridine (40) in excellent yield by a con-
venient route using 3’,5’-di-O-mesyl-5-i0do-2'-deoxyuri-
dine (52) that was obtained in 83% yield by the reaction
of 5-iodo-2’-deoxyuridine (4) and methanesulfonylchlo-
ride in pyridine at 0 °C. The reaction of 52 with sodium
hydroxide in H,O at reflux yielded 3’,5’-anhydro-5-iodo-
2’-deoxyuridine (53) in 30% yield, which on treatment
with potassium terz-butoxide in dry DMSO at room tem-
perature provided 2’,3’-didehydro-2’,3’-dideoxy-5-iodo-
uridine (40) in 75% yield (Scheme 2).

5-(1-Hydroxyethyl)-2’-deoxyuridine (41) was obtained
by the treatment of 10 with aqueous hydrochloric acid.?®

The 5-(1-fluoro-2-chloroethyl)-(42) and 5-(1-fluoro-
2-bromoethyl)-3’,5'-di-O-acetyl-2’-deoxyuridine (43)
were prepared from the respective 5-(1-hydroxy-2-chlo-
roethyl)- and 5-(1-hydroxy-2-bromoethyl)-3’,5’-di-O-ac-
etyl-2’-deoxyuridines upon treatment with DAST in
dichloromethane.?” The latter were synthesized by the
regiospecific reaction of 5-vinyl-3’,5’-di-O-acetyl-2'-
deoxyuridine with HOX (X = Cl, Br).?’

3. Results and discussion

All the test compounds were evaluated in vitro against M.
bovis and M. avium by the microplate alamar blue assay
(MABA)? at 1-100 pg/mL concentrations. Rifampicin
and clarithromycin were used as reference standards.
The results are given in Table 1. The 5-substituted pyrim-
idine nucleoside derivatives, modified in the sugar and/or
base moiety, evaluated here for their antimycobacterial
effect can mainly be divided into four different structural
classes: (i) 2’-deoxyribose analogs, (ii) ribose analogs,
(iii) 2’-ribofluoro-2'-deoxyuridine analogs, and (iv)
2',3’-dideoxyuridine analogs. Among the compounds 1—
43 tested, nucleosides possessing 2'-deoxyribose moiety
viz., 5-fluoro-2’-deoxyuridine (1), 5-chloro-2’-deoxyuri-
dine (2), 5-(1-hydroxyethyl)-2’-deoxyuridine (41), 5-(1-
fluoro-2-chloroethyl)-3’,5’-di-O-acetyl-2'-deoxyuridine
(42), and 5-(1-fluoro-2-bromothyl)-3’,5’-di-O-acetyl-2'-
deoxyuridine (43) were found to exhibit moderate to
significant inhibitory activity against M. bovis and/or
M. avium (Table 1). The most potent compounds of the
2’-deoxyuridine series 41-43 inhibited the growth of
M. avium (MICyy = 1-5 pg/mL range) at concentrations
which compared favorably with that of reference drug
rifampicin or clarithromycin (MICgy = 1-2 pg/mL).
Compounds 41-43 exhibited superior antimycobacterial
activity compared to those of 5-fluoro-2’-deoxyuridine
(1) and 5-chloro-2’-deoxyuridine (2), where 1 showed
80% inhibition at 50 pg/mL and 2 was not inhibitory to
M. avium up to a concentration of 100 pg/mL. The anti-
mycobacterial activity of 41-43 against M. bovis was sig-
nificantly lower than that observed against M. avium. The
5-bromo- (3), 5-iodo- (4), 5-hydroxy- (5) and 5-hydroxy-
methyl- (6), 5-hydroxyethyl- (7), 5S-methoxymethyl- (8),
5-ethyl- (9), 5-vinyl- (10), (E)-5-(2-chlorovinyl)- (11),
and (E)-5-(2-bromovinyl)- (12) derivatives of 2’-deoxyur-
idine were devoid of antimycobacterial activity against
both M. bovis and M. avium. These studies suggest that
the hydroxyl and fluoro groups at the C-1 of the 5-ethyl
side chain are important for potent antimycobacterial
activity. In addition, C-1 substituents with or without
the halogen atoms at the C-2 of the 5-side chain collective-
ly influence the anti-mycobacterial activity. The 3’,5'-di-
O-acetyl derivatives of (E)-5-(2-bromovinyl)-2’-deoxyur-
idine (14) and (E)-5-(2-iodovinyl)-2’-deoxyuridine (15)
did not exhibit any anti-mycobacterial activity in contrast
to the potent anti-mycobacterial activity of 42 and 43.
These results further suggest that 5-(C-1 substituted alkyl)
side chains contribute to anti-mycobacterial activity in
compounds 42 and 43. Removal of acetyl groups from
compounds 42 and 43 under acidic or basic conditions
provided decomposed products. However, treatment
with porcine liver esterase at 37 °C, followed by character-
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Scheme 2. Reagents and conditions: (i) tritylchloride, pyridine, 45 °C; (ii) mesylchloride, pyridine, 25 °C; (iii) (Bu)4NF, THF, 25 °C (method A);
(iv) NaOH, C,H;sOH, refluxing (method B); (v) methanesulfonylchloride, pyridine, 0 °C; (vi) NaOH, H,0, reflux; (vii) ~-BuOK, DMSO, 25 °C.

ization of the obtained compounds by HRMS, suggested
that they could be converted to deacylated analogs in bio-
logical milieu.

The 5-halo- (16-18), 5-methyl-(19), 5-hydroxy-(20), and
(E)-5-(2-bromovinyl)-(21) substituted ribose derivatives,
as well as their 2'-deoxyribose analogs, were not inhibi-
tory against M. bovis or M. avium. Similarly, 5-substi-
tuted 2’-ribofluoro-2’'-deoxyuridine analogs (23-25, 27)
were inactive against both mycobacteria, except for 5-
methyl-2'-ribofluoro-2’'-deoxyuridine (26), which exhib-
ited moderate inhibition of M. bovis multiplication at
50 pg/mL (50%).

Within the 2’,3’-dideoxyuridine analogs, none of the 3'-
azido derivatives viz., 3’-azido-2’,3’-dideoxyuridine (28)
and 3’-azido-2',3’-dideoxythymidine (29); 3’-fluoro ana-
logs viz., 3'-fluoro-2’,3’-dideoxyuridine (30), 3’-fluoro-
2’,3’-dideoxythymidine (31), and 5-halo-3’-fluoro-2’,3’-
dideoxyuridine (32-34); 2’,3’-dideoxy derivatives viz.,
2',3'-dideoxyuridine (35), 5'-O-acetyl-2’,3’-dideoxyuri-
dine (36), 2',3’-dideoxythymidine (37), and 5-iodo-
2',3'-dideoxyuridine (38) showed inhibitory effect
against both M. bovis and M. avium. However, 2',3'-
didehydro-2’,3’-dideoxythymidine (39) exhibited moder-
ate activity only against M. avium at 100 (50%) and 50
(25%) ng/mL concentrations, whereas related 5-iodo-
2',3'-didehydro-2’,3’-dideoxyuridine (40) was devoid of
activity.

The complete genome sequence of M. tuberculosis has
been deciphered.?® It encodes many of the enzymes re-
quired for DNA and RNA synthesis, and pyrimidine
and purine nucleoside biosynthesis. Thymidine mono-
phosphate kinase from M. tuberculosis (TMPKmt)
has recently been investigated as a new target for the
drug design against mycobacteria.’® It plays a signifi-
cant role in DNA synthesis, lies in the junction of sal-
vage and de novo pathway of pyrimidine biosynthesis,
and is only 22% homologous to human TMP kinase.
TMPKmt phosphorylates thymidine monophosphate

to the thymidine diphosphate. However, it has been
shown that this enzyme has high affinity for thymidine
and other nucleosides as well.3! In the search for selec-
tive inhibitors of TMPKmt, several base and sugar
modified pyrimidine nucleoside analogs have been
investigated.3*33 Among the compounds reported here,
S5-chloro-2'-deoxyuridine (2), 5-bromo-2’-deoxyuridine
(3), 5-iodo-2'-deoxyuridine (4), 3’-azido-2’,3’-dideoxyt-
hymidine (29), and 3’-fluoro-2’,3’-dideoxythymidine
(30) were identified as the most potent competitive
inhibitors of TMPKmt with low K; values’*33. Howev-
er, in whole cell-based assays, these pyrimidine nucleo-
sides did not exhibit any anti-mycobacterial activity,
except for 2 that showed 80% inhibition at 50 pg/mL.
In contrast, compounds 1 and 26 with a higher K val-
ue for TMPKmt also exhibited moderate activity
against M. bovis (50% at 50 pg/mL). Thus, the ability
of a compound to function as a selective inhibitor of
TMPKmt and its antimycobacterial properties may
not correlate well and may be confounded by the cell
entry and metabolism.

We examined the antimycobacterial activity of test
nucleosides by direct mycobacterial growth inhibition
since a cell-based assay would include the steps of entry
into bacterial cells and metabolism, which could other-
wise limit their efficacy. It is envisaged that several en-
zymes involved in nucleic acid metabolism could be
targeted by novel anti-tuberculosis agents. The exact
mechanism of action of the compounds inhibiting myco-
bacterial multiplication in this study is not yet known.
However, it is possible that active compounds after their
metabolic conversion to phosphorylated forms by myco-
bacterial kinases may be selectively inhibiting its DNA
and/or RNA synthesis, by acting as substrates and/or
inhibitors of metabolic enzymes of DNA/RNA
synthesis.

The compounds showing significant activity were
examined for their toxicity in vitro in monkey kidney
(Vero cells) and human foreskin fibroblast (HFF cells)
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Table 1. In vitro antimycobacterial activity of test compounds against Mycobacterium bovis and Mycobacterium avium

o}

VO
Rs O
R, R;
Compound R R, R, R3 Antimicrobial activity® % inhibition
(concentration pg/mL)
M. bovis M. avium
1 F H OH OH 50 (50) 80 (50)
2 Cl H OH OH 80 (50) 25 (10) 0
3 Br H OH OH 0 0
4 1 H OH OH 0 0
5 OH H OH OH 0 0
6 CH,0OH H OH OH 0 0
7 CH,CH,OH H OH OH 0 0
8 CH,0OCHj; H OH OH 0 0
9 C,H; H OH OH 0 0
10 CH=CH, H OH OH 0 0
11 CH=CHC(I H OH OH 0 0
12 CH=CHBr H OH OH 0 0
13 CH=CHI H OH OH 0 0
14 CH=CHBr H OAc OAc 0 0
15 CH=CHI H OAc OAc 0 0
16 F OH OH OH 10 (50) 0
17 Br OH OH OH 0 0
18 1 OH OH OH 0 0
19 CH; OH OH OH 0 0
20 OH OH OH OH 0 0
21 CH=CHBr OH OH OH 0 0
22 CH; OCH; OH OH 0 0
23 H F OH OH 0 0
24 F F OH OH 0 0
25 I F OH OH 0 0
26 CH; F OH OH 50 (50) 0
27 CH=CHI F OH OH 0 0
28 H H N3 OH 0 0
29 CH; H N; OH 0 0
30 H H F OH 0 0
31 CH; H F OH 0 0
32 Cl H F OH 0 0
33¢ Br H F OH 0 0
344 F H F OH 0 0
35 H H H OH 0 0
36 H H H OAc 0 0
37 CH; H H OH 0 0
38 1 H H OH 0 0
39 CH; Double bond OH 0 50 (100); 25 (50)
40 1 Double bond OH 0 0
41 CH(OH)CH; H OH OH 75 (100); 0 (50) 90 (5)°
42 CH(F)CH,CI H OAc OAc 50 (100); 0 (50) 90 (1-5)
43 CH(F)CH,Br H OAc OAc 25 (50) 90 (1-5)
Rifampicin® — — — — 100 (1) 90 (2)
Clarithromycin® — — — — ND 95(2)
& Antimycobacterial activity was determined at concentrations 100, 50, 10, and 1 pg/mL.
®Range from three independent repeated experiments.
¢ Positive control drugs.
9 Antimycobacterial activity was determined at concentrations 50, 10, and 1 pg/mL.
cell lines up to 200 pg/mL concentration. The com- tested (CCso=>200 pg/mL), whereas compounds

pounds 41-43 did not display toxicity against both 1 and 2 showed significant toxicity (CCsy = <50 pg/
HFF and Vero cells up to the highest concentrations mL).
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4. Summary

Discovery of new lead compounds working by different
mechanisms of action is urgently required for the treat-
ment of mycobacterial infections due to the emerging
global health threat of tuberculosis. We have identified
5-(1-substituted alkyl) pyrimidine nucleosides (41-43)
as inhibitors of M. avium multiplication. Among a num-
ber of analogs investigated, it was observed that the
presence of a 5-(1-substituted alkyl) chain at the 5-posi-
tion of the pyrimidine base is an important determinant
for specific antimycobacterial activity against M. avium.
This new class of agents can be optimized further
for the design and investigation of anti-tuberculosis
agents. Further structure-activity relationship studies
are ongoing on this class of compounds in our
laboratories.

5. Experimental

Melting points were determined with a Buchi capillary
apparatus and are uncorrected. '"H NMR and '*C
NMR spectra were determined for solutions in
Me,SO-ds, MeOH-d, or CDCl; on a Bruker AM 300
spectrometer using Me,Si as an internal standard (‘H
NMR). The assignment of all exchangeable protons
(OH, NH) was confirmed by the addition of the D,O.
13C NMR spectra were acquired using the J modulated
spin echo technique where methyl and methine carbon
resonances appear as positive peaks, and methylene
and quaternary carbons as negative peaks. Micro-analy-
ses were within 10.4% of theoretical values for all ele-
ments listed, unless otherwise indicated. Silica gel
column chromatography was carried out using Merck
7734 silica gel (100-200 uM particle size). Thin layer
chromatography (TLC) was performed with Whatman
MKGOF silica gel microslides (25 uM thickness). 5-Fluo-
ro-2'-deoxyuridine (1), 5-ethyl-2’-deoxyuridine (9), 5-flu-
orouridine (16), 5-hydroxyuridine (20), and 3’-deox-
ythymidine (37) were purchased from Sigma-Aldrich.
5-Hydroxy-2'-deoxyuridine (5), 5-hydroxymethyl-2’-de-
oxyuridine (6), 5-hydroxyethyl-2’-deoxyuridine (7),
5-methoxymethyl-2’-deoxyuridine (8), and 5-methyluri-
dine (19) were purchased from Berry & Associates.

5.1. (E)-5-(2-Chlorovinyl)-2’-deoxyuridine (11)

N-Chlorosuccinimide (21.36 mg, 0.16 mmol) was added
slowly with stirring to a solution of 44 (50 mg,
0.16 mmol) in dioxane/water (3:7, v/v, 5 mL) and glacial
acetic acid (15 puL), during a period of 5min. The
reaction was allowed to proceed for 2h at 25°C. An
additional aliquot of N-chlorosuccinimide (11 mg,
0.082 mmol) was added to the reaction mixture and stir-
red at 25 °C overnight. Removal of the solvent in vacuo
gave a residue, which was purified on a silica gel column
using chloroform/methanol (90:10, v/v) as eluent to yield
11, as a white solid after recrystallization from methanol
(20 mg, 43%). The product was identical in all aspects
with the compound previously reported.!'® mp 152—
55°C (dec.); '"H NMR (DMSO-d;) 6: 2.10 (m, 2H, H-
2%), 3.60 (m, 2H, H-5"), 3.78 (m, 1H, H-4'), 4.23 (m,

1H, H-3'), 5.12 (t, 1H, 5-OH), 5.28 (d, 1H, 3'-OH),
6.12 (t, 1H, J=6 Hz, H-1"), 6.56 (d, J=13.2 Hz, 1H,
vinylic H), 7.15 (d, /= 13.2 Hz, 1H, vinylic H), 8.04 (s,
1H, H-6), 11.60 (s, 1H, NH). '*C NMR (DMSO-d;) o:
60.97 (C-5'), 69.92 (C-3'), 84.51 (C-1'), 87.51 (C-4'),
108.62 (C-5), 117.88 (C-8), 126.30 (C-7), 139.17 (C-6),
149.24 (C-2), 161.64 (C-4).

5.2. (E)-5-(2-Bromovinyl)-2’-deoxyuridine (12)

N-Bromosuccinimide (0.168 mmol, 30 mg) was added to
a solution of 44 (50 mg, 0.167 mmol) in water (2 mL)
and THF (3 mL), and the reaction was allowed to pro-
ceed at 25 °C for 30 min, at which time TLC indicated
that the reaction was completed. Removal of the solvent
gave a residue, which was purified by silica gel column
chromatography. Elution with chloroform/methanol
(90:10, v/v) afforded (12). The product (53 mg, 95%
yield) was identical in all aspects with the compounds
previously prepared.!> mp 124-30 °C (dec.); '"H NMR
(DMSO-dg) o: 2.12 (m, 2H, H-2’), 3.6 (m, 2H, H-5),
3.78 (m, 1H, H-4), 423 (m, 1H, H-3'), 5.10 (4,
J=48Hz, 1H, 5-OH), 5.25 (d, 1H, J=4.56 Hz, 1H,
3’-OH), 6.12 (t, 1H, J=6.0Hz, H-1'), 6.82 (d,
J=13.2 Hz, 1H, vinylic H), 7.24 (d, J=13.2 Hz, 1H,
vinylic H), 8.08 (s, 1H, H-6), 11.60 (s, 1H, NH). '*C
NMR (DMSO-dg) o: 40.18 (C-2'), 61.30 (C-5'), 70.32
(C-3%), 85.12 (C-1"), 87.75 (C-4'), 107.30 (C-8), 110.27
(C-5), 130.04 (C-7), 139.77 (C-6), 149.72 (C-2), 162.14
(C-4).

5.3. 3',5'-Di-0-acetyl-(E)-5-(2-bromovinyl)-2’'-deoxyuri-
dine (14)

(E)-5-(2-Bromovinyl)-2’-deoxyuridine (12, 180 mg,
0.54 mmol) was dissolved in a mixture of acetic anhy-
dride (0.25 mL) and dry pyridine (10 mL). The reaction
mixture was allowed to stand at room temperature for
24 h. Removal of the solvent in vacuo and crystalliza-
tion of the product by chloroform/hexanes yielded 14
(200 mg, 99%). '"H NMR (DMSO-dg) d: 2.12 and 2.14
(2s, 6H, COCH3;), 2.16 and 2.56 (2m, 2H, H-2'), 4.26—
4.46 (m, 3H, H-4', H-5"), 5.22 (m, 1H, H-3"), 6.28 (t,
1H, J=6.0 Hz, H-1'), 6.68 (d, J=13.0 Hz, 1H, vinylic
H), 7.42 (d, J=13.0 Hz, 1H, vinylic H), 7.50 (s, 1H,
H-6), 8.62 (S, lH, NH) Anal. Calcd for C15H17BI'N207:
C, 43.16; H, 4.07; N, 6.71. Found: C, 43.47; H, 4.35; N,
6.41.

5.4. 3',5'-Di-0O-acetyl-(E)-5-(2-iodovinyl)-2’-deoxyuridine
s)

Acetic anhydride (4 mL) was added to a solution of 44
(400 mg, 1.34 mmol) in pyridine (5 mL) with stirring
and the reaction was allowed to proceed for 24 h at
25 °C. Removal of the solvent in vacuo and crystallization
of the product by ethanol provided the di-O-acetylated
derivative 45 that was reacted with N-iodosuccinimide
(240 mg, 1.06 mmol) and potassium acetate (200 mg,
2.04 mmol) in dry DMF (10 mL) with stirring at room
temperature for 24 h. Removal of the solvent and
purification of the product by silica gel column chroma-
tography using chloroform/acetone (90:10, v/v) as eluent
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yielded 15 (340 mg, 55%) as a syrup. '"H NMR (DMSO-
dg) 0: 2.10 and 2.12 (2s, 6H, COCH3), 2.14 and 2.55
(2m, 2H, H-2'), 4.24-4.44 (m, 3H, H-4', H-5'), 5.20 (m,
1H, H-3'), 6.25 (t, 1H, J=6.0Hz, H-1'), 7.0 (d,
J=13.0 Hz, 1H, vinylic H), 7.40 (d, J=13.0 Hz, 1H,
vinylic H), 7.48 (s, 1H, H-6),9.54 (s, 1H, NH). Anal. Calcd
for C;sH7IN,O7: C, 38.79; H, 3.66; N, 6.03. Found: C,
38.51; H, 3.98; N, 6.32.

5.5. 5-Iodo-3'-O-mesyl-5'-O-trityl-2'-deoxyuridine (49)

A  mixture of 5-iodo-2'-deoxyuridine (4) (1.3 g,
3.6 mmol) and trityl chloride (1.11 g, 4.0 mmol) in anhy-
drous pyridine (25 mL) was heated at 45 °C for 6 h and
kept overnight at room temperature. The reaction was
cooled to 0°C, mesyl chloride (0.56 mL, 7.0 mmol)
was added, and the reaction mixture was stirred for
90 min at room temperature. After the addition of
H,O (1 mL), the solvent was evaporated, and the result-
ing oil was diluted with chloroform (100 mL), washed
with cold H,O (2x 25 mL), dried (Na,SOy), and evapo-
rated. The residue was purified by silica gel column
chromatography by chloroform/methanol (97:3, v/v) as
eluent to yield 49 (1.6g, 66%) as foam. 'H NMR
(CDCl3) o: 2.47 (m, 1H, H-2’), 2.80 (m, 1H, H-2'),
3.06 (s, 3H, CH3S0,), 3.52 (m, 2H, H-5’), 4.38 (m,
1H, H-4), 5.37 (m, 1H, H-3'), 6.35 (t, J=6.0 Hz, 1H,
H-1"), 7.28-7.50 (m, 15H, trityls), 8.16 (s, 1H, H-6),
9.23 (s, 1H, NH). Anal. Calcd for C,oH,»;IN,OS: C,
51.63; H, 4.00; N, 4.15. Found: C, 51.89; H, 4.27; N,
4.09.

5.6. Reaction of 5-iodo-3'-O-mesyl-5'-O-trityl- 2'-deoxyur-
idine (49) with tetra-n-butyl ammonium fluoride in tetra-
hydrofuran (method A)

A solution of 49 (0.21 g, 0.31 mmol) in THF (4 mL) con-
taining 1 M TBAF was stored at room temperature for
24 h. After evaporation of the solvent, the reaction mix-
ture was divided between CHCl; (25 mL) and H,O
(25mL). The chloroform layer was separated, dried
(Na,SO,4) and evaporated. The residue obtained was
purified by silica gel column chromatography using
chloroform/methanol (98:2, v/v) as eluent to give 2,3'-
anhydro-5-i0do-5'-O-trityl-2’deoxyuridine 51 (0.12 g,
67%). '"H NMR (DMSO-d¢) &: 2.56 (m, 2H, H-2'),
3.14 (m, 2H, H-5'), 4.46 (m, 1H, H-4'), 5.36 (m, 1H,
H-3%), 5.98 (t, 1H, H-1'), 7.20-7.40 (m, 15H, trityls),
8.36 (s, 1H, H-6). Anal. Calcd for C,3H»3IN,O4: C,
58.13; H, 3.97; N, 4.84. Found: C, 58.49; H, 4.23; N,
5.13.

5.7. 2,3’-Anhydro-5-iodo-5'- O-trityl-2’'deoxyuridine (51)
(method B)

To a refluxing ethanolic solution of 49 (1g,
1.48 mmol) was added a solution of 1N NaOH
(1.5mL, 1.5 mmol) dropwise and the solution was re-
fluxed for 30 min. Removal of the solvent and purifi-
cation, as described for method A, provided 51
(0.7 g, 82%) as a syrup. The '"H NMR and elemental
analysis of 51 were identical to that of 51 reported in
method A.

5.8. 3',5'-Di-0O-mesyl-5-iodo-2'-deoxyuridine (52)

5-Todo-2'-deoxyuridine (4) (1.06 g, 3.0 mmol) in dry pyr-
idine (10 mL) was added with methanesulfonylchloride
(0.56 mL, 7.0 mmol), left at 0 °C for 12 h, and poured
onto ice-water (50 mL) to give a solid precipitate, which
was filtered. The wet solid was dissolved in chloroform
and dried with sodium sulfate. Evaporation of the solvent
gave a syrup, which was purified by silica gel column chro-
matography, using chloroform/methanol (93:7, v/v), to
yield 52 as a syrup (1.3 g, 83.3%). '"H NMR (DMSO-d)
0: 2.60 (m, 2H, H-2'), 3.34 (s, 3H, SO,CH3), 4.38 (m,
1H, H- 4'), 4.50 (m, 2H, H-5"), 5.30 (m, 1H, H-3'), 6.14
(t, J=6.0 Hz, 1H, H-1"), 8.10 (s, 1H, H-6), 11.80 (s, 1H,
NH). Anal. Calcd for C;;H;sIN,OoS,: C, 25.88; H,
2.94; N, 5.49. Found: C, 26.10; H, 3.26; N, 5.24.

5.9. 3',5'-Anhydro-5-iodo-2’-deoxyuridine (53)

5-lodo-3’,5'-di-O-mesyl-2'-deoxyuridine 52 (1.02 g,
2.0 mmol) was added in portions to a stirred solution
of sodium hydroxide (0.24g, 6.0 mmol) in water
(5 mL) whereupon the reaction mixture became yel-
low-orange. The reaction mixture was then heated to re-
flux for 45 min. After cooling the reaction mixture to
25 °C, concd HCI (0.17 mL) was added. The resulting
solution was concentrated under vacuo on a rotary
evaporator and filtered. The white solid obtained was
dissolved in methanol and purified by silica gel column
chromatography using chloroform/methanol (95:5, v/v)
as eluent to yield 53 as a syrup (0.2 g, 30%). '"H NMR
(DMSO-dg) o: 2.54 (m, 2H, H-2'), 3.96 (d, J= 8.0 Hz,
1H, H-4'), 4.72 (dd, J=8.0 Hz, 1H, H-5), 491 (m,
2H, H-5'), 5.50 (m, 1H, H-3'), 6.49 (d, J = 6.0 Hz, 1H,
H-1'), 8.62 (s, 1H, H-6), 11.78 (s, 1H, NH). Anal. Calcd
for CoHoIN,Oy,: C, 32.14; H, 2.67; N, 8.33. Found: C,
32.28; H, 3.00; N, 8.51.

5.10. 2',3'-Didehydro-2’,3'-dideoxy-5-iodouridine (40)

Potassium terz-butoxide (0.27 g, 2.4 mmol) was added to
a solution of oxetane 53 (0.4 g, 1.2 mmol) in dry DMSO
(7.5 mL) at 10-15 °C under nitrogen. After the addition
was complete, the reaction mixture was stirred for 2 h at
25 °C. The reaction mixture was neutralized to pH ~7
by acetic acid and the solvent was removed on rotavapor
in vacuo. The collected yellowish oily residue was tritu-
rated two-three times with hot acetone. The acetone
washings evaporated to dryness on a rotavapor were dis-
solved in ethanol and decolorized by charcoal, filtered
and evaporated on the rotavapor. The obtained residue
was purified by silica gel column chromatography using
chloroform/methanol (95:5,v/v) as eluent to yield 40
(03g, 75%). 'H NMR (DMSO-ds) d: 3.62 (dd,
J =438, 3.6 Hz, 2H, H-5'), 4.82 (s, 1H, H- 4'), 5.12 (t,
J=4.0Hz, 1H, 5-OH), 5.92 (dd, J=1.2, 5.0 Hz, 1H,
H-2), 640 (d, 1H, J=6.0Hz, H-3), 6.80 (d,
J=12Hz, 1H, H-1"), 8.32 (s, 1H, H-6), 11.64 (s, 1H,
NH):; '*C NMR (DMSO-dy) 6: 61.61 (C-5'), 68.81 (C-
5), 87.69 (C-4"), 89.41 (C-1'), 125.88 (C-2"), 135.56 (C-
3%), 146.13 (C-6), 150.53 (C-2), 160.58 (C-4). Anal. Calcd
for CoHoIN,Oy,: C, 32.14; H, 2.67; N, 8.33. Found: C,
31.88; H, 2.43; N, 8.16.
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5.11. In vitro antimycobacterial activity assay
(M. bovis, M. avium)

Mycobacterium bovis (BCG), M. avium (ATCC 25291)
were obtained from the American Type Culture Collec-
tion, Rockville, MD. The antimycobacterial activity was
determined using microplate alamar blue assay
(MABA).?® Test compounds were dissolved in DMSO
at 100x of the highest final concentration used and sub-
sequent dilutions were performed in 7HI9GC (Difco
Laboratories, Detroit, Michigan) media in 96-well
plates. For these experiments, each compound was test-
ed at 100, 50, 10, and 1 pg/mL in triplicate. The experi-
ments were repeated three times and the mean percent
inhibition is reported in the table. The standard devia-
tions were within 10%. Frozen mycobacterial inocula
were diluted in media 7H9GC and added to each well
at 2.5x 10° CFU/mL final concentration. Sixteen con-
trol wells consisted of 8 with bacteria alone (B) and 8
with media alone (M). Plates were incubated for an ini-
tial 6 days and starting from 6 days of incubation, 20 pL
of 10x alamar blue and 12.5 pL of 20% Tween 80 were
added to one M and one B well. Wells were observed
for 24-48 h for visual color change from blue to pink
and read by a spectrophotometer (at excitation 530/
525 and emission 590/535) to determine the OD values.
If the B well became pink by 24 h (indicating growth),
the reagent was added to the entire plate. If the B well
remained blue, additional M and B wells were tested dai-
ly until bacterial growth could be visualized by color
change. After the addition of the reagent to the plate,
cultures were incubated for 24 h and plates were ob-
served visually for color change and also read by a spec-
trophotometer. Visual MIC was defined as the lowest
concentration of a compound that prevented a color
change from blue to pink. Percent inhibition was calcu-
lated as (test well-M bkg./B well-M bkg.) x 100. The
lowest drug concentration effecting an inhibition of
~90% was considered as the MICy,. Similar methodolo-
gy was used for both M. bovis BCG and M. avium.
Rifampicin and clarithromycin were used as positive
controls. As negative controls, DMSO was added to
the B well at a concentration similar to that of com-
pound wells, M wells served as negative controls. In
most of the experiments, the M wells gave OD of
30004000, and the B wells had OD values were
60,000-1,00,000.

5.12. Cell cytotoxicity assay

Cell viability was measured using the cell proliferation
kit 1 (MTT; Boehringer Mannheim), as per manufactur-
er’s instructions. Briefly, a 96-well plate was seeded with
Vero cells or HFF cells at a density of 2.5 x 10° cells per
well. Cells were allowed to attach for 6-8 h, the media
were replaced with media containing drugs at concentra-
tions of 200, 100, 50, 25, 12.5, 6.3, and 1.5 ug/mL.
DMSO was also included as control. Plates were incu-
bated for 3 days at 37 °C. The color reaction involved
adding 10 uL MTT reagent per well, incubating 4 h at
37 °C, and then adding 100 pL solubilization reagent.
Plates were read on an ELISA plate reader (Abs
560 nm), following an overnight incubation at 37 °C.
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Abstract—The synthesis and biological evaluation of N-benzyl-(piperidin or pyrrolidin)-purines are described. Compounds derived
from N-benzylpiperidine and N-substituted purines showed moderate acetylcholinesterase inhibition. Preliminary structure—activity
relationships and a superimposition of the best compound with the active conformation of donepezil have revealed structural fea-
tures that have been used in the design of more potent N-benzylpiperidine inhibitors bearing an 8-substituted caffeine fragment and
a methoxymethyl linker. These new compounds are interesting dual inhibitors of acetylcholinesterase and butyrylcholinesterase and

have been chosen for further optimisation.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Alzheimer’s disease (AD), the most common dementia
in elderly people, is a progressive neurodegenerative dis-
order characterised by three major pathological signs:
B-amyloid plaques, neurofibrillary tangles and loss of
central cholinergic function.'? In the last few years, sev-
eral rational pharmacological strategies have emerged,
including cholinergic and non-cholinergic interven-
tions.>* Among the cholinergic hypothesis, the first ap-
proved drugs for the management of the disease were
cholinesterase inhibitors (ChE-I) that increase neuro-
transmission at cholinergic synapses in the brain and
thereby improve cognition.>”” Since recent research has
revealed that several ChE-I not only facilitate choliner-
gic transmission but also interfere with the synthesis,
deposition and aggregation of toxic amyloid-B-peptides
(APB) slowing the neurodegenerative progression,®’ the
current interest in these drugs has increased.!'%-!!

Keywords: Alzheimer’s disease; Benzylpiperidinylpurines; Acetylcho-

linesterase; Butyrylcholinesterase.
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Tacrine, donepezil, rivastigmine and galantamine are
potent ChE-I. Some of these drugs selectively inhibit
acetylcholinesterase (AChE), but compounds that also
target butyrylcholinesterase (BuChE) may provide add-
ed benefits.!>"!* BuChE is mainly associated with glial
cells and is found in much lower concentrations than
ACHE in the healthy brain.!> However, over the course
of AD, AChE activity progressively decreases, while
BuChE activity increases, and BuChE may then act as
a compensatory mechanism for ACh metabolism.'®
Consequently, as AD progresses, ACh regulation may
become increasingly dependent on BuChE and dual
inhibitors may provide more sustained efficacy than
AChE-selective agents.!” Moreover, a recent clinical
study has shown that patients whose drug treatment also
inhibited BuChE showed less cortical atrophic changes
than the subgroup treated with a selective AChE inhib-
itor, providing an empirical evidence of an additional ef-
fect of neuroprotection using dual cholinesterase
inhibitors in Alzheimer’s disease.'®

The crystal structures of human acetyl- and butyrylcho-
linesterase showed that the active catalytic triad is found
at the bottom of a deep gorge lined mostly with aromat-
ic residues that facilitate the recognition and guidance of
the quaternary ammonium ion of the natural substrate
by cation-n interactions.!” 2! Continuing with our re-
search on different heterocyclic families of potential
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Figure 1. Purine-benzylpiperidine derivatives as new cholinesterase
inhibitors.

application in Alzheimer’s disease,?>>* and taking into

account that the purine ring is able to interact with aro-
matic aminoacid residues through n—r interactions,?2¢
we have designed new purine-benzylpiperidine deriva-
tives 1-5 as potential cholinesterase inhibitors that could
establish additional interactions in the gorge of the en-
zymes (Fig. 1).

In previous papers, we described the synthesis of ben-
zylpiperidin—purines 1, together with the corresponding
benzylpyrrolidin—purines 2, as a result of ring contrac-
tion in the course of nucleophilic substitution.?’-?® In
this work, we report on the synthesis of the N-substitut-
ed xanthine 3 derived from theophylline and benzylpi-
peridine with a dimethylene linker, the biological
evaluation of series 1-3 and a molecular modelling study
by comparing the more potent compound (3) with the
active conformation of donepezil, known for its ability
to interact along the active-site gorge of the AChE
through interactions with aromatic amino acid resi-
dues.?® On the basis of the above SAR study and molec-
ular modelling, we designed and synthesised two new
series bearing 8-substituted xanthines 4 and 5, with the
aim of increasing the potency of the previous series.

2. Results and discussion
2.1. Chemistry

N-(1-Benzylpiperidin-4-ylmethyl)-purines la—¢ and N-
[2-(1-benzylpyrrolidin-3-yl)ethyl]-purines 2a—c were syn-
thesised from 1-benzyl-4-chloromethylpiperidine and
commercially available purines according to Scheme 1,
as previously described by us.?”?8

New theophylline derivatives 3 and 4 were obtained, as
shown in Scheme 2. Treatment of 1-benzyl-4-piperidone
with triethyl phosphonoacetate in the presence of sodi-
um hydride in dry tetrahydrofuran yielded 9 in 85%
yield. In contrast with the work of Gupta et al. where
both endocyclic and exocyclic olefins were formed,3°

our case only one product was obtained, as shown by
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Scheme 1. Reagents and conditions: (i) LiAlH,, THF, reflux, 5 h; (ii)
SOCl,, reflux, 3 h; (iii) purine, NaH, DME, reflux, 72 h.
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Scheme 2. Reagents and conditions: (i) H, (35 psi), PtO,, EtOH, rt,
S5h; (ii) LiAlH4, THF, reflux, 5h; (iii) SOCI,, reflux, 3 h; (iv)
theophylline, NaH, DME, reflux, 48 h; (v) (COCl),, DMSO, Et;N,
CH,Cl,, —78°C (30 min) to rt; (vi) 5,6-diamino-1,3-dimethyl-1H-
pyrimidine-2,4-dione, H,O/acetic acid (3:1), reflux, 36 h.

sharp resonance signal at 5.59 ppm, attributable to the
exocyclic olefinic proton, and the lack of any triplet less
deshielded due to the endocyclic one. Catalytic hydroge-
nation of 9 over PtO, in ethanol at room temperature
gave the aliphatic ester 10 in 81% yield. It is worth men-
tioning that where the above hydrogenation was carried
out using Pd/C as a catalyst, a mixture of 10 and the cor-
responding debenzylated derivative was obtained.
Reduction of 10 with lithium aluminium hydride gave
the required alcohol 11 which was then treated with
thionyl chloride, yielding the corresponding chloroderiv-
ative 12 in quantitative yield. Finally, the reaction of 12
and theophylline, using sodium hydride as base and
dimethoxyethane as solvent, afforded compound 3, in
which the position of alkylation was determlned by
NMR using a combination of bidimensional 'H and
13C NMR experiments. The fact that the methylene pro-
tons bound to the purinic nitrogen showed a HMBC
correlation with carbon 5 of the purine, but not with
carbon 4, demonstrated that alkylation occurred at
nitrogen 7.
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Scheme 3. Reagents and conditions: (i) 4-chloromethylpyridine, NaH,
DMF, reflux, 3h; (ii) RC¢H4CH,Br, CH;CN, reflux, 3 h; (iii) H,
(20 psi), PtO,, EtOH, rt, 6-7 h.

Moreover, Swern oxidation! of alcohol 11 using oxalyl
chloride and dimethylsulfoxide afforded aldehyde 13,
with no carboxylic acid being produced. This aldehyde
was then condensed with 5,6-diamino-1,3-dimethyl-1H-
pyrimidine-2,4-dione affording a new §-substituted the-
ophylline derivative 4 in one-step cyclization, using a

mixture of water:acetic acid as solvent.?

Finally, compounds with a methoxymethyl spacer were
synthesised according to Scheme 3. Following the
described methods, 8-hydroxymethylcaffeine (14) was
obtained by condensation and ring closure reaction of
5,6-diamino-1,3-dimethyl-1 H-pyrimidine-2,4-dione with
glycolic acid,*® followed by alkylation with methyl
iodide in the presence of potassium carbonate. The
reaction of 14 with sodium hydride and 4-chloromethyl-
pyridine yielded 15, which was then treated with several
benzyl bromides without any base to yield the corre-
sponding benzylpyridinium salt 16a—d. Hydrogenation
of 16a—c over platinum (IV) oxide in ethanol generated
the corresponding benzylpiperidine derivative 5a—c¢ in
47-49% yields. In the case of 16d, the nitro group was
also reduced to the expected amino derivative, rendering
compound 5d in 41% yield.

2.2. Biological and molecular modelling studies

The in vitro inhibition of AChE for the new synthesised
compounds, as well as for intermediates, was deter-
mined by the method of Ellman et al.>* using a commer-
cially available AChE from bovine erythrocytes. We
also used butyrylcholinesterase (BuChE) from equine
serum to determine the selectivity profile of selected
inhibitors. Both bovine AChE and equine BuChE show
a high degree of homology (>90%) with the correspond-
ing human enzymes.?>-3¢

Initially, we tested compounds derived from N-substi-
tuted purines la—c, 2a—c and 3, as well as their interme-

Table 1. AChE inhibition activity of compounds derived from
N-substituted purines la—c¢, 2a—¢, 3 and intermediates 6-12

Compound 1Cs5 (UM)?
1a 20+ 0.1
1b 42 +2.1
1c 35+1.5
2a 50+£2.6
2b 13+0.1
2¢ 40+ 1.9
3 2+0.1
6 25+ 1.1
7 8§+£0.2
8 40%2.6
9 100

10 30£1.3

11 100

12 10£0.5

#Data are means * standard deviation of three independent
experiments.

diates 6-12, towards bovine AChE (Table 1). From
these data, some preliminary structure—activity relation-
ships could be derived. The N-benzylpiperidine deriva-
tives (la—c and 3) inhibited the AChE better than the
N-benzylpyrrolidine ones (2a—c). As regards the nature
of heterocycle, xanthine derivatives were better than
purine ones (compound 1a vs 1b and 1c). Finally, com-
paring the length of the linker between theophylline and
benzylpiperidine moieties, the dimethylene chain in-
creased the enzymatic inhibition in 1 order of magnitude
in relation to the methylene one, compound 3
(ICso = 2 uM) being the best among these N-substituted
purines.

With regard to tested intermediates 6-12, it is worth
mentioning that the methanol derivative 7 showed an
interesting AChE inhibition (ICsq =8 pM), in contrast
with the value exhibited by its homologous 11
(ICs0 = 100 uM), derived from ethanol. This fact could
be related to stabilizing interactions between the enzyme
and the hydroxylic group of 7 located to one methylene
group from the piperidine fragment.

With the aim of obtaining some information about the
possible interactions of the new molecules with the en-
zyme, which, in turn, could be useful in the design of
more potent inhibitors, a molecular modelling study
was performed comparing 3 with donepezil, a nanomo-
lar AChE inhibitor. Using the semi-empirical method
AMI1, compound 3 was optimised by rotating the tor-
sional angles of the linear alkyl fragments and the min-
imum was then superimposed with the active
conformation of donepezil, whose 3D coordinates were
obtained from the crystal structure of the Torpedo cali-
fornica  AChE:donepezil complex’’” (PDB entry:
1EVE). As it can be seen in Figure 2, the benzylpiperi-
dine fragments correctly superimposed in both com-
pounds, whereas the xanthine ring was located near
the indanone fragment but did not fit it exactly. From
this study none can deduce that a better superimposition
could be reached with 8-substituted xanthines, instead of
N-substituted ones.
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Figure 2. Superimposition of 3 (blue) and donepezil (yellow).

Combining conclusions extracted from both the struc-
ture—activity relationships and the molecular modelling,
we planned to obtain new series bearing an 8-substituted
xanthine, 4 and 5a-d (see Fig. 1). Compound 4 was de-
signed to explore the effect of substitution in the xan-
thine fragment, and 5a was designed to confirm if a
longer linker with an oxygen atom located to one meth-
ylene group from the piperidine fragment could be
favourable for activity. Further substitutions of 5a on
the benzyl moiety at the meta position (F, CH3 and
NH>) were chosen on the basis of their higher inhibitory
activities in the donepezil series, as previously
described. 383

The AChHE inhibition of these new compounds is given
in Table 2. As the previous modelling study envisaged,
compound 4 bearing an 8-substituted caffeine is more
potent (ICso =2.50 uM) than its homologue derived
from 7-substituted theophylline 1a (ICsy=20 uM),
pointing out that the correct orientation of the xanthine
improves inhibition by 1 order of magnitude. In addi-
tion, elongation of the chain and presence of an oxygen
atom increased the potency of benzylpyridinium and
benzylpiperidine derivatives by another order of magni-
tude: 16a and 5a showed sub-micromolar inhibition of
AChE (ICsy =0.10 and 0.75 pM, respectively). In con-
trast with the bibliographic data,’®3° the introduction
of any substituent in the position 3 of the benzyl frag-
ment (such as fluor, methyl, nitro, or amino) did not im-
prove the enzymatic activity (compounds 16b—d and Sb—
d vs 16a and 5a, respectively). Finally, benzylpyridinium
cations 16a-d showed better inhibition than the corre-
sponding benzylpiperidine derivatives 5a-d, revealing
that an aromatic fragment with a positive charge could
establish favourable interactions with the aromatic resi-
dues from the gorge of the AChE.

Table 2. AChE and BuChE inhibition data (ICsy, pM)* of compounds
derived from 8-substituted xanthines 4, 5a-d and 16a-d

Compound AChE-1 BuChE-I
4 2.50 £0.10 n.d.
5a 0.75%0.03 2.50 £0.09
5b 1.00 £ 0.05 2.00 £0.08
5¢ 1.00 = 0.04 0.40 £ 0.01
5d 1.00 £ 0.04 1.00 +0.05
16a 0.10 £ 0.01 2.00£0.10
16b 0.30 £0.01 1.00 + 0.04
16¢ 0.50 £0.02 3.00 £0.10
16d 0.30 £0.01 4.00+0.10

n.d.: not determinded.
#Data are means * standard deviation of three independent
experiments.

The AChE/BuChE selectivity of the 8-substituted xanth-
ines was investigated by measuring the BuChE inhibito-
ry activity of 16a—d and Sa-d, which are the most potent
AChHE inhibitors of the series. From the ICsy data
reported in Table 2, it becomes evident that all tested
compounds did not show remarkable selectivity towards
one of the two enzymes, and only the benzylpyridinium
derivative 16a showed moderate selectivity towards
AChHE (20-fold up compared to BuChE). The opposite
selectivity was found in the 3-methylbenzylpiperidine
derivative, 5¢ (ICso = 0.40 uM) being the best BuChE
inhibitor of this work.

3. Conclusions

In summary, we have reported the synthesis and preli-
minary results for acetylcholinesterase and butyrylcho-
linesterase inhibition activity of a series of N-benzyl-
(piperidin or pyrrolidin)-purines. Compounds derived
from N-benzylpiperidine and N-substituted purines 1-3
showed only moderate AChE inhibition (ICsq= 20—
50 uM). Preliminary structure-activity relationships
and a comparison between the optimised structure of 3
and the active conformation of donepezil have envis-
aged that an 8-substituted caffeine substructure and a
methoxymethyl spacer could increase enzymatic inhibi-
tion of these N-benzylpiperidine derivatives. As a result,
1-benzyl-4-[(xanthin-8-yl)-methoxymethyl]-pyridinium
16a-d and 1-benzyl-4-[(xanthin-8-yl)-methoxymethyl]-
piperidine derivatives 5a—d exhibited better AChE inhi-
bition (ICso=0.1-1.0 pM) by 2 orders of magnitude
compared with the preceding structures. Since these
derivatives also inhibited BuChE (ICsy = 0.4-4.0 uM),
they can be considered as interesting dual inhibitors in
the search of new therapies for Alzheimer’s disease.

4. Experimental
4.1. Chemistry

Reagents and solvents were purchased from common
commercial suppliers and were used without further puri-
fication. Tetrahydrofuran (THF) and dimethoxyethane
(DME) were freshly distilled from LiAlH4 prior to their
use. Chromatographic separations were performed on sil-
ica gel, using flash column chromatography (Kieselgel 60
Merck of 230-400 mesh), and compounds were detected
with UV light (254 nm), iodine chamber, or ninhydrin.
HPLC analyses were performed on a Waters 6000 equip-
ment, with UV detector (214274 nm), using a Delta Pak
Cig.s um, 300 A (3.9 nm x 150 nm) column, eluted with
mixtures of CH3CN (solvent A) and H,O with 0.05%
H;PO,4 and 0.04% Et3N (solvent B), as indicated in each
case, at a flow rate of 1.0 mL/min.

Melting points were determined with a Reichert-Jung
Thermovar apparatus. Nuclear magnetic resonance
spectra were recorded in CDClI; solutions, using Varian
Unity-500, Varian Unity Inova-400 and Varian XL-300
spectrometers. Typical spectral parameters for 'H NMR
were: spectral width 10 ppm, pulse width 9 ps (57°) and
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data size 32 K. The acquisition parameters in decoupled
13C NMR spectra were: spectral width 16 kHz, acquisi-
tion time 0.99 s, pulse width 9 ps (57°) and data size
32 K. Chemical shifts are reported in 6 values (ppm), rel-
ative to internal Me,Si, and J values are reported in
Hertz. Other experiments, such as HSQC (Heteronucle-
ar Single Quantum Coherence) and HMBC (Heteronu-
clear Multiple Bond Correlation), were obtained in
standard conditions. Mass spectra (MS) were obtained
by electronic impact (EI) at 70 eV in a Hewlett-Packard
5973 spectrometer (with direct insertion probe) or by
electron spray ionization (ESI) in positive mode using
a Hewlett-Packard MSD 1100 spectrometer. Elemental
analyses were carried out in a Perkin-Elmer 240C equip-
ment in the Centro de Quimica Organica ‘Manuel Lora-
Tamayo’ (CSIC) and the results are within + 0.4% of the
theoretical values.

N-(1-Benzylpiperidin-4-ylmethyl)-purines la—c, N-[2-(1-
benzylpyrrolidin-3-yl)-ethyl]-purines 2a—¢ were obtained
as previously described by us,?’-?® and intermediates 6—
14 according to literature methods.30:40-43

4.2. 7-[2-(1-Benzyl-piperidin-4-yl)-ethyl]-1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydropurine (3)

Under N, to a stirred suspension of NaH (53.0 mg,
1.1 mmol, oil free) in dry DME (10 mL), a solution of
theophylline (43.0 mg, 0.24 mmol) in DME (10 mL)
was added and the mixture was refluxed for 30 min.
Then, a solution of 12 (85.0 mg, 0.31 mmol) in dry
DME was slowly added and the reaction mixture was re-
fluxed for an additional 48 h. Then, it was cooled to
room temperature and then treated with a 15% aq solu-
tion of NH4CI until pH 8 and evaporated to dryness.
The residue was dissolved in CH,Cl, (25 mL), washed
with HyO (3x 25mL), brine (25 mL), dried (Na,SOy)
and evaporated to dryness, yielding a syrup that was
purified by flash chromatography on a silica gel column.
Fractions of R;0.7 (CH,Cl,/CH;0H, 5:1) afforded unre-
acted theophylline (4.5 mg, 10%). Fractions of Ry 0.5
(CH,Cl,/CH;0H, 5:1) yielded com1pound 3 (23.8 mg,
23%) as a pure colourless syrup. "H NMR (CDCl;,
400 MHz) o6 7.50 (s, 1H), 7.29 (m, 5H), 4.29 (t, 2H,
J=7.4 Hz), 3.57 (s, 3H), 3.48 (s, 2H), 3.39 (s, 3H),
287 (br d, 2H, J=11.4Hz), 1.93 (dt, 2H, J=2.2,
11.5Hz), 1.81 (q, 2H, J=7.4Hz), 1.67 (br d, 2H,
J=11.4Hz), 1.60 (m, 1H), 1.35 (m, 2H). >°C NMR
(CDCl;, 100 MHz) 6 151.1, 151.7, 148.9, 140.6, 138.5,
129.2, 128.2, 127.0, 106.9, 63.3, 53.5, 45.0, 37.6, 33.1,
31.9, 29.7, 28.0. MS (EI) m/z 91 (100), 397 (25, M™).
Anal. Caled for C,H3NsO, (397.51): C, 66.47; H,
7.86; N, 17.62. Found: C, 66.10; H, 7.59; N, 18.00.

4.3. 8-[(1-Benzylpiperidin-4-yl)-methyl-1,3-dimethyl-3,7-
dihydro-purine-2,6-dione (4)

A misture of 25% aq acetic acid solution and 5,6-diamino-
1,3-dimethyluracil hydrate (174.5 mg, 0.99 mmol) was re-
fluxed for 1 h. Then, a solution of 13 (215 mg, 0.99 mmol)
in ethanol (4 mL) was added dropwise over 30 min and
then refluxed for 48 h. After cooling to room temperature,
the mixture was neutralized with 2 N sodium hydroxide

solution and washed with ethyl acetate (3x 50 mL). The
organic extracts were treated with water (3x 30 mL), brine
(3x 30 mL), dried (Na,SO,4) and evaporated to dryness,
yielding a syrup that was purified by flash chromatogra-
phy on silica gel column using CH,Cl,/MeOH/NH,OH,
90:10:1 as eluent. Fractions of R; 0.6 were evaporated to
dryness, yielding 4 (66.2 mg, 18%) as a pure yellow solid
(mp 203-205°C). 1H NMR (DMSO-ds, 400 MHz) o
13.0 (br s, 1H), 7.25 (m, 5H), 3.37 (s, 3H), 3.35 (s, 2H),
3.17 (s, 3H), 2.72 (br d, 2H, J=11.5 Hz), 2.56 (d, 2H,
J=7.0Hz), 1.84 (br d, 2H, J=11.5 Hz), 1.69 (m, 1H),
1.50 (br d, 2H, J=11.5Hz), 1.16 (br d, 2H,
J=11.5Hz). >*C NMR (DMSO-dg, 100 MHz) § 154.3,
153.2, 151.5, 148.5, 138.9, 129.0, 128.4, 127.1, 106.3,
62.7, 54.0, 53.3, 35.4, 30.1, 29.0, 27.9. MS (ESI) m/z 368
(M+H)*. HPLC analysis (A:B, 50:50) tg = 3.83 min.
Anal. Calcd for C,0H,»5N50, (367.20): C, 65.37; H, 6.86;
N, 19.06. Found: C, 65.35; H, 6.80; N, 19.00.

4.4. 4-[(1,3,7-Trimethyl-2,6-dioxo-1,2,3,6-tetrahydropurin-
8-yl)-methoxymethyl]-pyridine (15)

A mixture of 14 (80.0 mg, 0.36 mmol) and NaH
(17.3 mg, 0.36 mmol, oil free) in dry DME (20 mL)
was refluxed for 30 min under N,. Then, a solution of
4-chloromethylpyridine hydrochloride (59.0 mg,
0.36 mmol) in dry DME (10 mL) was slowly added
and the mixture was refluxed for an additional 5 h. After
cooling to room temperature, the mixture was neutral-
ized with a 15% aq solution of NH4Cl and evaporated
to dryness. The residue was dissolved in CH,Cl,
(25 mL), washed with H,O (3x 25 mL), brine (25 mL),
dried (Na,SO,4) and evaporated to dryness, yielding a
syrup that was purified by flash chromatography on a
silica gel column, using CH,Cl,/CH;0H, 7:1 as eluent.
Fractions of R; 0.5 afforded 15 (80 mg, 71%) as a yellow
solid (mp 106-108 °C). '"H NMR (CDCls, 400 MHz) §
8.59 (d, 2H, J=6.0 Hz), 7.20 (d, 2H, J = 6.0 Hz), 4.67
(s, 2H), 4.59 (s, 2H), 3.98 (s, 3H), 3.52 (s, 3H), 3.35 (s,
3H). *C NMR (CDCl;, 100 MHz) ¢ 155.3, 151.5,
150.1, 149.4, 147.3, 145.9, 121.7, 108.6, 70.9, 64.0,
32.2, 29.6, 27.9. MS (EI) m/z 208 (94), 315 (100, M*).
HPLC analysis (A:B, 50:50) tg = 1.35 min. Anal. Calcd
for C;sH7NsO3 (315.33): C, 57.13; H, 5.43; N, 22.20.
Found: C, 56.99; H, 5.23; N, 22.00.

4.5. General procedure for the synthesis of benzyl pyridini-
um salts 16 a—d

Under N, atmosphere, to a solution of 15 (1 equiv) in
dry CH3;CN (10 mL) was slowly added a solution of
the appropriate benzyl bromide derivative (2 equiv) in
CH;CN (2 mL). The mixture was stirred at room tem-
perature for 5h and evaporated to dryness, affording
syrups that were treated with Et,O (40 mL), yielding
solids that were collected by filtration.

4.6. 1-Benzyl-4-[(1,3,7-trimethyl-2,6-dioxo-1,2,3,6-tetra-
hydropurin-8-yl)-methoxymethyl]-pyridinium bromide (16a)

Following the general method, 15 (70 mg, 0.222 mmol)
and benzyl bromide (50 pL, 0.444 mmol) afforded 16a
(107 mg, 99%) as a pure yellow solid (mp 177-179 °C).
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'"H NMR (CDCls, 500 MHz) 6 9.42 (d, 2H, J = 6.5 Hz),
797 (d, 2H, J=6.5Hz), 7.62 (dd, 2H, J=2.1 Hz,
J =49 Hz), 7.40-7.20 (m, 3H), 6.24 (s, 2H), 4.90 (s,
2H), 4.81 (s, 2H), 4.01 (s, 3H), 3.52 (s, 3H), 3.37 (s,
3H). 3C NMR (CDCl;, 125MHz) § 157.9, 1554,
151.5, 147.5, 147.4, 144.5, 132.7, 130.1, 129.7, 129.6,
125.1, 108.2, 69.5, 64.4, 63.8, 32.4, 29.8, 27.9. MS
(ESI) m/z 406 (M"—Br). HPLC analysis (A:B, 60:40)
tr = 4.46 min. Anal. Calcd for C»,H»4sNsO3Br (485.11):
C, 54.33; H, 4.97; N, 14.40. Found: C, 54.30; H, 4.97;
N, 14.37; Br, 16.42.

4.7. 1-(3-Fluorobenzyl)-4-|(1,3,7-trimethyl-2,6-dioxo-1,2,3,
6-tetrahydropurin- 8-yl)-methoxymethyl]-pyridinium bromide
(16b)

According to the general method, from 15 (70 mg,
0.222 mmol) and 3-fluorobenzyl bromide (54 uL,
0.444 mmol) compound 16b (102 mg, 91%) was ob-
tained as a pure yellow solid (mp 185-187°C). 'H
NMR (CDCl;3, 500 MHz) ¢ 9.48 (d, 2H, J=6.2 Hz),
7.95 (d, 2H, J=6.2Hz), 7.47 (d, 1H, *Jey = 7.7 Hz),
7.40-7.30 (m, 2H), 7.15-7.06 (m, 2H), 6.27 (s, 2H),
4.88 (s, 2H), 4.77 (s, 2H), 3.96 (s, 3H), 3.48 (s, 3H),
3.31 (s, 3H). '3C NMR (CDCls, 125 MHz) é 162.9 (d,
"Jer =249.5Hz), 158.2, 1553, 151.5, 147.4, 147.3,
144.6, 1349 (d, *Jcp=82Hz), 131.5 (d,
*Jer=8.2Hz), 1254, 1252, 117.2 (d, *Jc ¢ = 20.6 Hz),
116.4 (*Jcr=21.9Hz), 108.7, 69.5, 64.3, 62.6, 32.4,
29.7, 27.9. MS (ESI) m/z 424 (M* —Br). HPLC analysis
(A:B, 60:40) (r=4.46min. Anal. Caled for
C,,H»3N5O3BrF (503.10): C, 52.39; H, 4.60; N, 13.89.
Found: C, 52.36; H, 4.60; N, 13.86.

4.8. 1-(3-Methylbenzyl)-4-|(1,3,7-trimethyl-2,6-dioxo-1,2,3,
6-tetrahydropurin-8-yl)-methoxymethyl]-pyridinium bromide
(16¢)

The reaction of 15 (70 mg, 0.222 mmol) and 3-methylb-
enzyl bromide (62 pL, 0.444 mmol), following the gener-
al method, afforded 16¢ (98.8 mg, 89%) as a pure yellow
solid (mp 175-177 °C). '"H NMR (CDCl;, 400 MHz) §
9.29 (d, 2H, J=6.6Hz), 798 (d, 2H, J=6.6 Hz),
7.28-7.20 (m, 4H), 6.15 (s, 2H), 4.90 (s, 2H), 4.81 (s,
2H), 4.03 (s, 3H), 3.55 (s, 3H), 3.39 (s, 3H), 2.33 (s,
3H); *C NMR (CDCl;, 100 MHz) & 157.9, 155.3,
151.5, 147.4, 147.1, 144.5, 139.8, 132.4, 130.9, 130.1,
129.6, 126.6, 125.3, 108.7, 77.2, 69.7, 64.2, 32.6, 29.9,
28.0, 21.3. MS (ESI) m/z 420 (M*—Br). Anal. Calcd
for Cp3HysNsO;Br (499.12): C, 55.21; H, 5.24; N,
14.00. Found: C, 55.20; H, 5.23; N, 14.00.

4.9. 1-(3-Nitrobenzyl)-4-|(1,3,7-trimethyl-2,6-diox0-1,2,3,
6-tetrahydropurin -8-yl)-methoxymethyl]-pyridinium bro-
mide (16d)

According to the general method, the reaction of 15
(70 mg, 0.222 mmol) with 3-nitrobenzyl bromide
(959 mg, 0.444 mmol) produced compound 16d
(74.0 mg, 63%) as a pure yellow solid (mp 183-
185°C). '"H NMR (CD;OD, 400 MHz) § 9.26 (d, 2H,
J=6.8Hz), 8.62 (d, 1H, J=1.2 Hz), 852 (dd, 1H,
J=12Hz, J=8.3Hz), 831 (d, 2H, J=6.8 Hz), 8.10

(d, 1H, J=8.3Hz), 7.93 (t, 1H, J=8.3 Hz), 6.17 (s,
2H), 5.18 (s, 2H), 5.10 (s, 2H), 4.20 (s, 3H), 3.70 (s,
3H), 3.51 (s, 3H). *C NMR (CD;0OD, 100 MHz) ¢
161.2, 156.8, 152.3, 150.3, 148.7, 145.8, 136.6, 136.2,
132.1, 126.9, 125.7, 125.1, 109.8, 70.7, 65.2, 63.9, 32.8,
30.1, 28.3. MS (ESI) m/z 451 (M*—Br). HPLC analysis
(A:B, 50:50) tg=141min. Anal. Caled for
C»H»3NOsBr (530.09): C, 49.73; H, 4.36; N, 15.82.
Found: C, 49.72; H, 4.33; N, 15.80.

4.10. General procedure for the hydrogenation of pyrid-
inium salts

To a solution of the corresponding pyridinium salt
(1.0 mmol) and platinum dioxide (0.6 mmol) in purged
ethanol (75 mL) was added triethylamine (1.3 mmol).
The mixture was stirred under hydrogen atmosphere
(20 psi) at room temperature for 15 min. The suspension
was filtered and the solvent was removed in vacuo to
give a yellow oil that was dissolved in dichloromethane
(50 mL) and washed with water (3x 25 mL) and brine
(3x 25 mL). The organic phase was dried and evapored
under reduced pressure and the resulting syrups were
purified by flash chromatography eluting with mixtures
of CH,Cly/MeOH (13:1).

4.11. 1-Benzyl-4-[(1,3,7-trimethyl-2,6-dioxo-1,2,3,6-tetra-
hydropurin-8-yl)-methoxymethyl]-piperidine (5a)

Following the general method, using 16a (150 mg,
0.31 mmol) as starting material, benzylpiperidine deriv-
ative 5a (60 mg, 47%) was obtained as a white solid
(mp 106-108 °C). R; 0.5 (CH,Cl/MeOH, 7:1). 'H
NMR (CDCls, 400 MHz) 6 7.25 (m, 5H), 4.58 (s, 2H),
3.98 (s, 3H), 3.55 (s, 3H), 3.50 (s, 2H), 3.39 (s, 3H),
333 (d, 2H, J=6.4Hz), 290 (d, 2H, J=11.3 Hz),
1.97 (t, 2H, J=11.3Hz), 1.67 (d, 2H, J=11.3 Hz),
1.60 (m, 1H), 1.30 (m, 2H). '*C NMR (CDCl;,
100 MHz) 6 1554, 151.6, 149.4, 147.3, 129.3, 1284,
128.2, 127.2, 108.5, 75.9, 64.7, 63.1, 53.1, 35.9, 32.2,
29.7,28.7,27.9. MS (ESI) m/z 412 (M+H)". HPLC anal-
ysis (A:B, 35:65) tg =1.88min. Anal. Calcd for
Found: C, 63.98; H, 7.31; N, 16.87.

4.12. 1-(3-Fluorobenzyl)-4-|(1,3,7-trimethyl-2,6-dioxo-1,2,
3,6-tetrahydropurin -8-yl)-methoxymethyl]-piperidine (5b)

Following the general procedure, from 16b (150 mg,
0.30 mmol), the corresponding piperidine derivative Sb
(62 mg, 49%) was obtained as a pure yellow solid (mp
118-120 °C). R; 0.4 (CH,Cl,: MeOH, 10:1). 'H NMR
(CDCl;, 400 MHz) 6 7.24 (m, 1H), 7.06-7.02 (m, 2H),
6.91 (m, 1H), 4.60 (s, 2H), 4.00 (s, 3H), 3.56 (s, 3H),
3.46 (s, 2H), 3.39 (s, 3H), 3.34 (d, 2H, J=5.8 Hz),
2.85 (d, 2H, J=11.2Hz), 195 (t, 2H, J=11.2 Hz),
1.67 (d, 2H, J=11.2 Hz), 1.60 (m, 1H), 1.30 (m, 2H).
B3C  NMR (CDCl;, 100MHz) & 162.8
("Jer=245.6 Hz), 155.4, 151.6, 149.4, 147.3, 141.3,
129.5 (CJer=84Hz), 1244 (CJcg=3.1Hz), 115.6
(Jer =21.4 Hz), 113.7 (Jcr = 21.4 Hz), 108.5, 76.0,
64.7, 62.7, 53.3, 36.1, 32.2, 29.7, 29.1, 27.9. MS (ESI)
mlz 430 (M+H)". HPLC analysis (A:B, 60:40)
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tr = 1.40 min. Anal. Calcd for Cy,H»3sFN5O3 (429.22):
C, 61.52; H, 6.57; N, 16.31. Found: C, 61.50; H, 6.47;
N, 16.28.

4.13. 1-(3-Methylbenzyl)-4-|(1,3,7-trimethyl-2,6-dioxo-1,2,
3,6-tetrahydropurin-8-yl)-methoxymethyl]-piperidine (5c)

According to the general method, 16¢ (150 mg,
0.30 mmol) was converted into 5c¢ (61 mg, 48%) as a
white solid (mp 135-137 °C). R 0.5 (CH,Cl,/MeOH,
7:1). 'H NMR (CDCl;, 400 MHz) & 7.12 (t, 1H,
J=17.5Hz), 7.05 (s, 1H), 7.02 (d, 1H, J=7.5 Hz), 6.99
(d, 1H, J=1.5), 4.53 (s, 2H), 3.93 (s, 3H), 3.50 (s,
3H), 3.38 (s, 2H), 3.34 (s, 3H), 3.27 (d, 2H,
J=6.3Hz), 2.82 (d, 2H, J=11.5 Hz), 2.27 (s, 3H),
1.86 (t, 2H, J=11.5Hz), 1.60 (d, 2H, J=13.0 Hz),
1.54 (m, 1H), 1.22 (m, 2H). *C NMR (CDCl;,
100 MHz) ¢ 155.5, 151.6, 149.4, 147.3, 137.8, 129.9,
128.0, 127.7, 126.3, 108.5, 76.1, 64.7, 63.4, 53.3, 36.1,
32.2, 29.7, 27.9, 21.4. MS (ESI) m/z 426 M + H)".
HPLC analysis (A:B, 50:50) tg = 1.43 min. Anal. Calcd
for Co3H31NsO3 (419.20): C, 64.92; H, 7.34; N, 16.46.
Found: C, 64.90; H, 7.30; N, 16.50.

4.14. 1-(3-Aminobenzyl)-4-[(1,3,7-trimethyl-2,6-dioxo-1,2,
3,6-tetrahydropurin-8-yl)-methoxymethyl|-piperidine (5d)

Using the pyridinium salt 16d (70 mg, 0.13 mmol), com-
pound 5d (25 mg, 41%) was obtained as a pure syrup. Ry
0.4 (CH,Cl/MeOH, 8:1). 'H NMR (CD;OD,
400 MHz) ¢ 7.33 (t, 1H, J=8.0Hz), 6.97 (d, 1H,
J=2.0Hz), 6.94 (dd, 1H, J=2.0 Hz, J= 8.0 Hz), 6.92
(d, 1H, J=8.0 Hz), 4.85 (s, 2H), 4.23 (s, 2H), 4.18 (s,
3H), 3.69 (s, 3H), 3.64 (d, 2H, J=5.4Hz), 3.57 (d,
2H, J=122Hz), 3.51 (s, 3H), 3.06 (t, 2H,
J=122Hz), 2.12 (d, 2H, J=12.2 Hz), 2.09 (m, 1H),
1.75 (m, 2H). '*C NMR (CD;OD, 100 MHz) § 147.2,
143.6, 141.8, 140.4, 139.1, 122.7, 121.3, 111.3, 108.6,
107.8, 100.1, 65.9, 55.8, 52.7, 43.7, 259, 23.3, 20.6,
18.7, 17.9. MS (ESI) m/z 427 (M+H)". Anal. Calcd for
CooH30NgO; (426.24): C, 61.95; H, 7.09; N, 19.70.
Found: C, 61.85; H, 7.04; N, 19.69.

4.15. Cholinesterase inhibitory activity

Compounds were evaluated using AChE from bovine
erythrocytes and BuChE from horse serum (Sigma), fol-
lowing the method of Ellman et al.’* Enzymatic activi-
ties were measured in 100 mM phosphate buffer, pH
8.0, at 30 °C, using acetylthiocholine and butyrylthioch-
oline (0.4 mM) as substrates, respectively. In both cases,
5,5'-dithio-bis(2-nitrobenzoic) acid (DTNB, Ellman’s
reagent, 0.2 mM) was used and the values of 1Cso were
calculated by UV spectroscopy, from the absorbance
changes at 412 nm.

4.16. Molecular modelling studies

Molecular modelling studies were performed using a
SYBYL software* implemented in a Silicon Graphics
workstation. Input geometries were taken from the stan-
dard ones within SYBYL program. Conformational
analysis was performed by rotating the torsional angles

of the linear alkyl fragments in 60 °C increments. Semi-
empirical calculations were carried out using the AMI
method* in MOPAC v5.0 program package*® and full
geometry optimisations were performed with the Fletch-
er-Power algorithm.
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Abstract—In our ongoing research program aimed at the optimization of microtubule-self-assembly disrupting agents, we have pre-
pared three series of phenylurea analogues (CEU), derived from N-(3-o-hydroxyalkyl or 4-o-hydroxyalkyl or 3-o-hydroxyalkynyl)-
phenyl-N'-(2-chloroethyl)ureas. Most compounds exhibit potent growth inhibitory activity on human colon carcinoma HT-29,
human skin melanoma M21, and human breast carcinoma MCF-7 tumor cell lines, with a Glsy ranging from 250 nM to 8 pM.
Among these new molecules, three CEUs exhibit Gls, in the nanomolar range. They are more potent by approximately an order
of magnitude than previously described CEU analogues. As such, they are attractive hit compounds for the development of potent

new alkylating antitubulin drugs.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Cancers are a group of malignant diseases responsible
for tremendous health costs associated with high level
of mortality and morbidity. As a result, numerous che-
motherapeutic agents have been developed to impede
the progression of malignant tumors or prevent their
recurrence. Chemotherapeutic treatments are largely
palliative and are useful for limited periods of time.!
Chemotherapeutic agents often fail when drug resistant
tumor cells become predominant, when the dose-related
toxicity is too high to obtain optimal anticancer activity
or when side effects are simply unbearable. Amongst the
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anticancer agents developed in the past decades, mole-
cules acting on the cellular microtubule dynamics form
one of the largest group of effective chemotherapeutics.

Microtubules are heterodimers composed of o- and -
tubulin isoforms. Microtubules’ assembly forms cyto-
skeleton components, present in all eukaryotic cells.?
During mitosis, microtubules are highly dynamic and
are constantly reshaping in fast polymerization—depoly-
merization processes. When natural or synthetic ligands
interact with microtubule dynamics, they disrupt the
cytoskeleton and block mitosis into the G,/M phase.
Cells then initiate an apoptotic program. Tubulin cellu-
lar importance still makes it an attractive target for the
development of potent anticancer drugs.?

Antitubulin agents* bind to tubulin according to four
different modes.> In the first mode, drugs bind preferen-
tially to polymerized tubulin. It includes the well-known
paclitaxel and other members, such as epothilone B, dis-
codermolide, and dyctyostatin.*> For the three other
modes, agents either form a covalent link to tubulin cys-
teine residues, bind to the colchicine site, or bind in the
vinca domain. Vinblastine, vincristine, and peptides,
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such as dolastatins and hemiasterlins, are agents acting
on the vinca domain.*> Colchicine,® combretastatin,’
and podophyllotoxins® interact with the colchicine-bind-
ing site. The site is located on B-tubulin at the interface
between o- and B-tubulins, close to the T7 loop and the
HS helix.® Ligand interactions with the colchicine-bind-
ing site are mainly electrostatic in nature (docking) and
thus reversible for most compounds. N-Phenyl-N'-(2-
chloroethyl)ureas (CEUs)'° form a covalent link with
cysteine residue within the colchicine-binding site. Orig-
inally developed by our laboratory, CEUs react specifi-
cally with a few proteins, including B-tubulin.'® We
demonstrated that CEUs substituted at the 4-position
of the phenyl ring by hydrophobic moieties are potent
tumor cell growth inhibitors. They act as angiogenesis
inhibitors both in vitro and in vivo.!! They also inhibit
tumor cell growth in vivo on the murine colon
carcinoma CT-26 model.!? Interestingly, some CEU
derivatives have been shown to be orally bioavailable.'?
The antimicrotubule activity of many CEUs is based
on the alkylation of an amino acid within the colchi-
cine-binding site. We showed that CEU-022, that is,
N-[4-(1,1-dimethylethyl)-phenyl]-N'-(2-chloroethyl) urea,
alkylates specifically the cysteine 239 residue of B-tubu-
lin.!® B-Tubulin alkylation by CEUs can be detected in
an electrophoretic shift assay.'*

In the context of pharmacomodulating the properties of
N-phenyl-N’-(2-chloroethyl)ureas, we prepared mole-
cules with phenyl ring substituents bearing terminal
functional group that are more hydrophilic to alter the
molecule’s biodistribution and toxicity in animal phar-

E. Moreau et al. | Bioorg. Med. Chem. 13 (2005) 6703-6712

macokinetics and metabolism studies. We describe here
the synthesis and growth inhibition activity of three
different series of derivatives designed as N-(3-o-
hydroxyalkyl or 4-m-hydroxyalkyl or 3-m-hydroxyalky-
nyl)phenyl-N’-(2-chloroethyl)ureas.

2. Results and discussion

2.1. Synthesis of N-phenyl-/N'-(2-chloroethyl)ureas
(CEUs)

2.1.1. Synthesis of 3-substituted derivatives. Schemes 1
and 2 depict the synthetic procedure used for the prepa-
ration of N-(3-o-hydroxyalkylphenyl)-N’-(2-chloroeth-
yljureas. The preparation of CEUs la to n was
straightforward, which involved the nucleophilic addi-
tion of 3-hydroxyaniline and aniline derivatives 2'3
and 3'® to 2-chloroethylisocyanate.

Therefore, commercially available 3-hydroxyaniline was
converted into the corresponding N-(hydroxyphenyl)-
N’-(2-chloroethyl)urea (1a). Compounds 1b and ¢ were
also obtained by direct addition of the respective ani-
lines 2 and 3 to 2-chloroethylisocyanate in dry dichloro-
methane. Anilines 2 and 3 were obtained through the
reduction of the nitro group of commercially available
3-nitrobenzylalcohol and 2-(3-nitrophenyl)-1-ethanol
using metallic reduction with SnCl,-2H,O in ethanol.

Scheme 2 describes the approach used to introduce long-
er hydroxyalkyl chains in compounds 1d-k. We under-

OH
OH i
> HN,
H2N >_NH
\
¢} CH2CH2ClI
la
CH20H
CH20H jj CH20H i
—> > N
O2N H2N >_NH
2 \
o] CH2CH2Cl
1b
CH2CH20H
CH2CH20H ii CH2CH20H i
— —
HN,
O2N H2N >_NH
3 \
9 CH2CH2Cl
1ic

Scheme 1. Reagents: (i) 2-chloroethylisocyanate, CH,Cl,; (ii) SnCl,-2H,0, EtOH.
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O2N |
i

Y

= (CH2)nOH

4d-h n=1to5

VN

O2N

H,N  5d-h

Y
@I (CH2)nOH
H

CH>CHCI
1d-h

Scheme 2. Reagents: (i) alkyne, Cul, K,COs3, PPhs, Pd/C, DME/H,0; (ii) H,,

Hzo.

took a Sonogashira-like!”!® addition with propargyl

alcohol, 3-butyn-1-ol, 4-pentyn-1-ol, 5-hexyn-1-ol'® or
6-heptyn-1-ol, mixed with I-iodo-3-nitrobenzene (8),
using Pd(0)/PPh; as catalyst. The reactions proceeded
smoothly to afford the corresponding ®w-hydroxyalkynyl
derivatives 4d-h? in yields ranging from 43% to 88%.
Compounds 4d-h?® were then converted into the corre-
sponding anilino-w-hydroxyalkyl derivatives 5d-h>! by
hydrogenation in ethanol using palladium on carbon
as catalyst. Compounds 5d-h?! were obtained in yields
ranging from 80% to 100%. Afterwards, the latter prod-
ucts were converted into their corresponding 2-chloro-
ethylureas 1d-h by addition of 2-chloroethylisocyanate
to anilines 5d-h?! in dry dichloromethane with 28% to
51% urea yields.

Compounds 6d-f were prepared by chemoselective
reduction of the aromatic nitro group of compounds
4d-f by catalytic reduction using iron in a mixture of
concentrated hydrochloric acid and ethanol to obtain
6d—f in fair to good vyields. Finally, compounds 6d—f
were converted into 1i to 1k by addition of 2-chloroethy-
lisocyanate with 51% to 63% yields.

2.1.2. Synthesis of 4-substituted CEUs. Scheme 3 shows
the preparation of 4-substituted CEUs 1l-n. The last
series of compounds was prepared using conditions
similar to those described previously for compounds
1d-f. Starting from 4-iodoaniline, introduction of the

Q% (C HZ)n OH
N 6d-f

\J

H>— "

CH2CH.CI
li-k

Ha

=—(CH2)nOH

Pd/C, EtOH; (iii) 2-chloroethylisocyanate, CH,Cl,; (iv) Fe/HCI, EtOH/

alkyne produced 7d-f with 32%-73% yields. Catalytic
hydrogenation of 7d-f using palladium on carbon, fol-
lowed by condensation of the aniline 8d—f with 2-chlo-
roethylisocyanate, gave 1l-n in good yields (36-96%).

2.2. Growth inhibition activity

The growth inhibition assays??> were conducted twice in
triplicate on three human tumor cell lines of different tis-
sue origin. The tumor cell lines used were HT-29 (human
colon carcinoma), M21 (human skin melanoma), and
MCF-7 (human breast carcinoma), respectively. Growth
inhibition activity is expressed in terms of Gls, value
(uUM), which is the drug concentration required to inhib-
it tumor cell growth by 50%.

Table 1 summarizes the ability of 1a—h to inhibit tumor
cell growth. After two days of treatment, the GIs, value
was determined using the NIH sulforhodamine assay.
Compounds la—c bearing short saturated o-hydroxy-
alkyl side chains (n < 3) were inactive at the concentra-
tions tested. Interestingly, compounds 1d-h bearing
longer w-hydroxyalkyl side chains had a significant
impact on growth inhibition activity in all tumor cells
tested as the side chain increased, reaching the best
G5, value at five carbon atoms.

The growth inhibition potency of compounds 1d-f
inspired us to prepare compounds 1l-n, substituted in
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¢i
7d-f
¢ii
—_(CH,)NOH
H2N—< :>—/

8d-f
¢iii

. (CH,)NOH
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1I-n

H,N (CH,) nOH

n=1to3

Scheme 3. Reagents: (i) alkyne, Cul, K,COj3, PPh;, Pd/C, DME/H,0;
(i) H,, Pd/C, EtOH; (iii) 2-chloroethylisocyanate, CH,Cl,.

position 4 of the aromatic ring, instead of position 3
with identical hydroxyalkyl chains (see Table 2). There
was no impact on growth inhibition activity by com-
pounds 1l-n at the concentration tested, as opposed to
compounds 1d—f. However, CEUs substituted by alkyl
moieties in 4-position or an iodine atom (see Table
3)?> demonstrated a much better growth inhibition
activity. The switch from 4- to 3-position with hydrox-
yalkyl chains generated CEU compounds 1d-f with a
growth inhibition activity improved by an order of mag-
nitude compared to the previous CEUs with the best
growth inhibition activity (see Table 3).

Table 1. Growth inhibition activity of compounds (1a-h) on three
different human cancer cell lines

0
HOCH) /©\NJLN/\/C|

n

H H

Compound n Glso (tM)

HT-29 M21 MCF-7
la 0 >10 >10 >10
1b 1 >10 >10 >10
1lc 2 >10 >10 >10
1d 3 5.2 6.0 7.9
le 4 1.1 1.7 2.5
1f 5 0.25 0.39 0.49
1g 6 0.47 0.52 0.55
1h 7 0.53 0.54 0.58

Table 2. Growth inhibition activity of compounds (1l-m) on three
different human cancer cell lines

HO(CHz)n\©\ o
NJJ\ N>C

H H
Compound n Glso (UM)
HT-29 M21 MCF-7
11 3 >10 >10 >10
1m 4 >10 >10 >10
1n 5 >10 >10 >10

The impact of substituents in position 3 was evaluated
further by increasing the rigidity of the w-hydroxyalkyl
side chain with the introduction of a triple bond. It
seems to abrogate the growth inhibition activity (see
Table 4).

We are contemplating two hypotheses to explain the in-
crease in cell growth inhibition activity due to: (i) the
three isomeric form, (ii) less rigid forms of potent
CEU, and (iii) the effect of w-hydroxyalkyl side chains
in position 3 as opposed to position 4. The first hypoth-
esis is based on a model of colchicine interactions—that
we are developing—to its own B-tubulin binding site
where a hydrogen or m-bond interaction could take
place between an oxygen atom on the colchicine C ring
and a key amino acid in tubulin.?* In that context and
based on previous alkylation results of B-tubulin by a
CEU moiety,'!® CEUs substituted in position 3 with 4-
to 7-carbon atom w-hydroxyalkyl groups might be able
to interact similarly to colchicine by generating either a
hydrogen bond or a m-bond with amino acids located
into the colchicine-binding site. The oxygen atom on
the w-hydroxyalkyl chain would stabilize, the molecules
in a proper spatial configuration favoring the alkylation
of cysteine 239 residue by the chloroethylurea moiety of
the molecule. Such a configuration seems to be unfavor-
able for the 4-isomers composed of hydroxyalkenyl
homologues and 3-isomers hydroxyalkyl chains shorter
than four carbon atoms. A second hypothesis points
toward an intrinsic role of the five-carbon chain in
position 3 and nature of the end-chain substituent. To
explore this possibility, several CEU compounds are
being synthesized to evaluate the relative impact
of chain length and end-chain functional groups. Struc-
ture—activity relationships will determine if the five-car-
bon chain with a terminal hydroxyl group is the cause of
an increase in potency and optimal combination.

3. Conclusion

In summary, compounds 1f-h appear to be essentially
equivalent with GIs, in the nanomolar range if we con-
sider structure—activity relationships. These three CEUs
are approximately 1 order of magnitude more potent
than all hydrophobic CEUs tested so far (see Table 3).
These findings demonstrate that the growth inhibition
activities of N-(3-o-hydroxyalkyl, 4-w-hydroxyalkyl,
and 3-w-hydroxyalkynyl)phenyl-N’-(2-chloroethyl)urea
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Table 3. Previously synthesized compounds with the best growth inhibition activity 2

Compound Names

Glso (M)
HT-29 MCF-7

O
\/LQ JJ\ J\/ c CEU-071 N-4-(1-Methylpropyl)phenyl-N’-(2-chloroethyl)urea 1.8 5.2
N” °N
H H
O
\/L©\ )j\ J(\R)/Cl CEU-087(R) N-4-(1-Methylpropyl)phenyl-N’-[(1 R)-2-chloro-1-methylethylJurea 1.9 4.8
N™ °N
H H
(0]
J\<)\ JJ\ J\/ a CEU-070  N-4-(1-Methylethyl)phenyl-N’-(2-chloroethyl)urea 2.3 4.7
N” °N
H H
J\@ j)\ ® g CEU-085(R) N-4-(1-Methylethyl)phenyl-N'-[(1R)-2-chloro-1-methylethyl]urea 1.0 29
N N
H H
! o)
\©\N JJ\N e CEU-107(R) N-(4-Iodophenyl)-N’-[(1R)-2-chloro-1-methylethyl]urea 1.3 3.2
H H

Table 4. Growth inhibition activity of compounds (li-k) on three
different human cancer cell lines

0
/©\ JJ\ /\/Cl
HO(CH) ™ N™ "N

H H
Compound n Glso (uM)
HT-29 M21 MCF-7
1i 1 >10 >10 >10
1j 2 >10 >10 >10
1k 3 >10 >10 >10

series are not equivalent. Growth inhibition by CEUs
tested here requires substitution in position 3, a chain
length clearly defined between 4 and 7 carbon atoms,
without the rigidity induced by a triple bond, and a ter-
minal hydroxyl group. The ability of these compounds
to alkylate B-tubulin is currently under way. It will then
be possible to determine if the degree of B-tubulin alkyl-
ation and growth inhibition values are related. CEUS’
computer modelization within the recently available
cocrystallized colchicine-o- and B-tubulin coordinates?’
will be used to test the stabilizing effect of 3-w-hydrox-
yalkyl substituents.

4. Experimental
4.1. Cell growth inhibition assay

The growth inhibition potency of CEUs was assessed
using the procedure described by the National Cancer
Institute for its drug screening program.?? Ninety-six
well tissue culture plates were seeded with 100 pL tumor
cell lines suspended in high glucose DMEM supplement-
ed with 5% (v/v) defined bovine calf serum iron
(Hyclone). Plates were incubated at 37 °C, 5% CO, for
24 h. Freshly solubilized drugs in DMSO were diluted

in fresh medium and aliquots of 100 pL containing
sequential dilution of drugs were added. Final drug con-
centrations ranged from 100 to 0.3 uM. DMSO concen-
tration was maintained lower than 0.5% so to avoid
solvent’s cytotoxicity. Plates were incubated for 48 h.
Assays were stopped by addition of cold trichloroacetic
acid to the wells (final concentration being 10%), fol-
lowed by incubation for 60 min at 4 °C. Plates were
washed five times with tap water. Sulforhodamine B
solution (50 pL) at 0.1 % (w/v) in 1% acetic acid was
added to each well, and plates were incubated for
15 min at room temperature. After staining, unbound
dye was removed by washing five times with 1% acetic
acid. Bound stain was solubilized with 10 mM Tris base,
and the absorbance was read using a pQuant Universal
Microplate Spectrophotometer (Biotek, Winooski, VT)
at 585 nm. The results were compared with those of a
control reference plate fixed on the treatment day and
the growth inhibition percentage was calculated for each
drug contact period. The experiments were performed at
least twice in triplicate. The Glsy assay was considered
valid when the variability among data for a given set
of conditions, within the same experiment, was less than
10% with respect to the mean value. For that reason,
data are reported with two significant figures.

4.2. Experimental procedures

4.2.1. Chemistry and chemical methods. Proton NMR
spectra were recorded on a Bruker AM-300 spectrome-
ter (Bruker, Germany). Chemical shifts (J) are reported
in parts per million, relative to the internal tetrameth-
ylsilane standard. IR spectra were recorded on a Uni-
cam spectrometer. Uncorrected melting points were
determined on an electrothermal melting point appara-
tus. All reactions were conducted under a dried nitrogen
atmosphere. Chemicals were supplied by Aldrich Chem-
ical (Milwaukee, WI). Liquid flash chromatography was
performed on silica gel 60 A (American Chemicals Ltd.,
Montreal, Canada), using the indicated solvent mixture
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expressed as volume/volume ratios. Solvents and re-
agents were used without purification unless specified
otherwise. The progress of all reactions was monitored
using TLC on precoated silica gel plates (Merck Silica
Gel 60 F,s4). The chromatograms were viewed under
UV light at 254 nm. For column chromatography,
Merck Silica Gel (70-230 mesh) was used.

4.3. General preparation of compounds 2, 3, S5d-h, 6d—f,
and 8d-f

Method A: The 3-nitro group of 3-nitrobenzylalcohol or
2-(3-nitrophenyl)-1-ethanol (1.00 mmol) was reduced by
catalytic reduction using SnCl,"2H,O (6 mmol) in ethyl
alcohol (10 mL) and refluxed for 6 h. After cooling
and evaporation of the solvent, the residue was taken
up in 1 N NaOH (20 mL) and extracted with ether
(3x 15mL). The combined organic extracts were
washed with brine and dried (Na,SO,). Evaporation of
the solvent and purification of the residue by flash chro-
matography on silica gel provided anilines 2 or 3.

Method B: The appropriate nitro compound 4d-f
(1.00 mmol) was dissolved in a mixture (10:1) of ethanol
and water (22 mL). Powdered iron (7.28 mmol) and five
drops of concentrated hydrochloric acid were added.
The mixture was refluxed for 4 h. After cooling, the mix-
ture was evaporated to dryness. A saturated solution of
Na,CO; (20 mL) was added, and the mixture was
extracted with dichloromethane (3 x 15 mL). The organ-
ic portions were pooled, dried over Na,SOy, and con-
centrated under reduced pressure. The solid residue
was then purified by flash chromatography on silica
gel to afford 6d—{.

Method C: A mixture of the appropriate alkenyl deriva-
tives 4d-h or 7d-f (0.43 mmol), Pd/C 10% in ethanol
(30 mL) was reduced under hydrogen atmosphere
(38 psi) overnight. The catalyst was removed by filtra-
tion on Celite and the filtrate was evaporated to dryness.
The residue was purified by flash chromatography on
silica gel to afford 5d-h or 8d-f.

4.3.1. 3-Aminobenzyl alcohol (2).!5 Compound 2 was
synthesized from 3-nitrobenzylalcohol using general
method A. The crude product was purified by flash
chromatography (silica gel, dichloromethane/methanol
98:2). Yield 100%; mp 89-92°C; IR (KBr) v: 3364
(OH), 2913 (NH), 1030 (C-O) cm™~'; "TH NMR (CDCl;)
0: 7.15 (m, Ar, 1H), 6.74 (m, Ar, 2H), 6.62 (m, Ar, 1H),
4.60 (s, CH,, 2H), 2.90 (br s, OH, NH,, 3H); °C NMR
(CDCl5) 6: 146.7, 139.9, 129.5, 117.1, 114.4, 113.6, 65.4.

4.3.2. 2-(3-Aminophenyl)-1-ethanol (3).'® Compound 3
was synthesized from 2-(3-nitrophenyl)-1-ethanol using
general method A. The crude product was purified by
flash chromatography (silica gel, dichloromethane/
methanol 98:2). Yield 49%; mp 51-53 °C; IR (KBr) v:
3303 (OH), 2917 (NH), 1057 (C-O) cm™'; '"H NMR
(CDCl3) ¢: 7.10 (m, Ar, 1H), 6.62 (d, Ar, 1H,
J=17.5Hz), 6.55 (m, Ar, 2H), 3.81 (t, 2H, J=7.3 Hz,
CH,), 3.04 (s, OH, NH,, 3H), 2.76 (t, 2H, J = 7.3 Hz,

CH,); '*C NMR (CDCls) 6: 146.6, 139.8, 129.5, 119.3,
115.9, 113.4, 63.5, 39.2.

4.3.3. 3-(3-Aminophenyl)-2-propyn-1-ol (6d). Compound
6d was synthesized from 4d using general method B.
The crude product was purified by flash chromatogra-
phy (silica gel, hexanes/ethyl acetate 4:6). Yield 75%;
IR (NaCl) v: 3375 (OH, NH), 2229 (C=C), 1287 (C-
0) cm™'; 'TH NMR (CDCl,) 8: 7.08 (t, 1H, J= 7.9 Hz,
Ar), 6.83 (d, 1H, J=7.7Hz, Ar), 6.75 (s, 1H, Ar),
6.64 (d, 1H, J=8.0 Hz, Ar), 446 (s, 2H, CH,); *C
NMR (CDCly): 146.2, 19.3, 122.1, 118.0, 115.6, 86.7,
85.9, 51.6.

4.3.4. 4-(3-Aminophenyl)-3-butyn-1-0l (6e). Compound
6e was synthesized from 4e using general method B.
The crude product was purified by flash chromatogra-
phy (silica gel, hexane/ethyl acetate 6:4). Yield 49%;
IR (NaCl) v: 3348 (OH, NH), 2228 (C=C), 1285 (C-
0) cm™!; '"H NMR (CDCl5) d: 7.03 (t, 1H, J=7.9 Hz,
Ar), 6.80 (d, 1H, J=7.5Hz, Ar), 6.70 (s, 1H, Ar),
6.57 (d, 1H, J=8.0 Hz, Ar), 3.73 (t, 2H, J= 6.4 Hz,
CH,), 3.45 (br s, 2H, NH,), 2.60 (t, 2H, J = 6.4 Hz,
CH,); '>*C NMR (CDCl,) §: 146.3, 129.3, 124.1, 122.1,
118.2, 115.2, 86.2, 82.4, 61.1, 23.7.

4.3.5. 5-(3-Aminophenyl)-4-pentyn-1-ol (6f). Compound
6f was synthesized from 4f using general method B.
The crude product was purified by flash chromatogra-
phy (silica gel, hexane/ethyl acetate 6:4). Yield 75%;
IR (NaCl) v: 3354 (OH, NH), 2232 (C=C), 1289 (C-
0) cm™'; 'TH NMR (CDCl,) 8: 7.03 (t, 1H, J = 7.7 Hz,
Ar), 6.77 (d, 1H, J=7.7Hz, Ar), 6.69 (s, 1H, Ar),
6.57 (d, 1H, J=7.7Hz, Ar), 3.76 (t, 2H, J=6.0 Hz,
CH,), 3.25 (br s, 2H, NH,), 2.47 gt, 2H, J=6.0 Hz,
CH.,), 1.81 (t, 2H, J = 6.0 Hz, CH,); '*C NMR (CDCl5)
0: 146.3, 129.2, 124.4, 122.0, 118.0, 114.9, 88.9, 81.3,
61.6, 31.4, 16.0.

4.3.6. 3-(3-Aminophenyl)-1-propanol (5d).2'* Compound
5d was synthesized from 4d using general method C. The
crude product was purified by flash chromatography
(silica gel, ether/hexanes 90:10). Yield 85%; IR (NaCl)
v: 3351 (OH), 2927 (NH), 1057 (C-O) cm~'. '"H NMR
(CDCl3) o: 7.08 (t, 1H, J=7.5Hz, Ar), 6.61 (d, 1H,
J=7.0Hz, Ar), 652 (s, 2H, Ar), 3.62 (t, 2H,
J=7.0Hz, CH,), 3.29 (br s, 2H, NH,), 2.59 (t, 2H,
J=17.0Hz, CH,), 1.84 (t, 2H, J=7.0 Hz, CH,); °C
NMR (CDCly) o: 147.8, 131.3, 129.3, 118.8, 115.3,
112.8, 62.4, 34.1, 32.1.

4.3.7. 4-(3-Aminophenyl)-1-butanol (5e).2'* Compound
5e was synthesized from 4e using general method C.
The crude product was purified by flash chromatogra-
phy (silica gel, dichloromethane/methanol 95:5). Yield
100%; IR (NaCl) v: 3363 (OH), 2934 (NH), 1167 (C-
0) cm™'; '"H NMR (CDCl5) é: 7.06 (m, 1H, Ar), 6.59
(d, 1H, J=17.5Hz, Ar), 6.50 (m, 2H, Ar), 3.59 (t, 2H,
J=6.0Hz, CH,), 3.17 (s, 2H, NH,), 2.53 (t, 2H,
J=175Hz, CH,), 1.62 (m, 4H, CH,); >C NMR
(CDCly); o: 146.4, 143.7, 129.2, 118.9, 1154, 112.8,
62.6, 35.6, 32.3, 27.4.
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4.3.8. 5-(3-Aminophenyl)-1-pentanol (5f). Compound 5f
was synthesized from 4f using general method C. The
crude product was purified by flash chromatography
(silica gel, hexanes/ethyl acetate 70:30). Yield 85%; IR
(NaCl) v: 3357 (OH), 2934 (NH), 1167 (C-0) cm™';
'"H NMR (CDCl;) 6: 7.07 (m, 1H, Ar), 6.60 (d, 1H,
J=75Hz, Ar), 652 (m, 2H, Ar), 3.59 (t, 2H,
J=7.0Hz, CH,), 3.23 (s, 3H, NH,OH), 2.53 (t, 2H,
J=17.0Hz, CH,), 1.57 (m, 4H, 2 x CH,), 1.38 (m, 2H,
CH,); *C NMR (CDCl;) : 146.3, 143.9, 129.2, 118.9,
115.5, 112.8, 62.7, 35.9, 32.6, 31.1, 25.5.

4.3.9. 6-(3-Aminophenyl)-1-hexanol (5g). Compound 5g
was synthesized from 4g using general method C. The
crude product was purified by flash chromatography
(silica gel, dichloromethane/methanol 97:3). Yield 91%;
IR (NaCl) v: 3384 (OH), 2917 (NH), 1059 (C-O)
em™'; '"H NMR (CDCly) é: 7.09 (t, 1H, J=6.0 Hz,
Ar), 6.55 (m, 3H, Ar), 3.59 (t, 2H, J=6.6 Hz, CH,),
3.14 (s, 2H, NH,), 2.52 (t, 2H, J=7.0 Hz, CH,), 1.67
(m, 4H, CH,), 1.34 (m, 4H, CH,); '*C NMR (CDCl;)
0: 147.0, 144.0, 129.1, 119.0, 115.5, 112.8, 62.8, 35.9,
32.7, 31.3, 29.1, 25.7.

4.3.10. 7-(3-Aminophenyl)-1-heptanol (5h).>'* Com-
pound 5h was synthesized from 4h using general method
C. The crude product was purified by flash chromatogra-
phy (silica gel, hexanes/ethyl acetate 70:30). Yield 65%; IR
(NaCl) v: 3359 (OH), 2928 (NH), 1056 (C-O) cm ™ '; 'H
NMR (CDCly) 6: 7.09 (m, Ar, 1H), 6.69 (m, Ar, 3H),
3.62 (t, 2H, J=6.6 Hz, CH,), 2.53 (t, 2H, J= 6.6 Hz,
CH,), 1.57 (m, 4H, 2x CH,), 1.33 (m, 6H, 3x CH,)
NMR *C (CDCly) 6: 142.2, 129.3, 124.3, 121.4, 117.3,
114.5, 63.0, 35.7, 32.7, 31.0, 29.1, 29.0, 25.6.

4.3.11. 3-(4-Aminophenyl)-1-propanol (8d).>5 Compound
8d was synthesized from 7d using general method C. The
crude product was purified by flash chromatography
(silica gel, dichloromethane/methanol 95:5). Yield 63%;
IR (NaCl) v: 3366 (OH), 2916 (NH) cm™'; '"H NMR
(acetone-dg) o: 7.01 (d, 2H, J=7.6 Hz, Ar), 6.71 (d,
2H, J=17.6 Hz, Ar), 3.73 (t, 2H, J=6.0 Hz, CH,),
2.83 (t, 2H, J=6.0 Hz, CH,), 2.71 (br s, 2H, NH,),
1.71 (t, 2H, J = 6.0 Hz, CH,); >*C NMR (acetone-ds)
0: 146.8, 131.2, 120.2, 115.2, 61.6, 35.8, 31.9.

4.3.12. 4-(4-Aminophenyl)-1-butanol (8¢).2'*> Compound
8e was synthesized from 7e using general method C. The
crude product was purified by flash chromatography
(silica gel, dichloromethane/methanol 95:5). Yield 50%;
IR (NaCl) v: 3349 (OH), 2926 (NH) cm™'; '"H NMR
(CDCly) o: 7.04 (d, 2H, J=17.7 Hz, Ar), 6.68 (d, 2H,
J=17.7Hz, Ar), 3.61 (t, 2H, J = 6.0 Hz, CH,), 2.78 (br
s, 2H, NH,), 1.69 (m, 4H, CH,); °C NMR (CDCls) 6:
143.8, 132.3, 128.4, 114.9, 62.6, 35.3, 31.9, 25.9.

4.3.13. 5-(4-Aminophenyl)-1-pentanol (8f). Compound 8f
was synthesized from 7f using general method C. The
crude product was purified by flash chromatography
(silica gel, dichloromethane/ethanol 95:5). Yield 63%;
IR (NaCl) v: 3349 (OH), 2930 (NH) cm'; 'H NMR
(CDCly) o: 6.96 (d, 2H, J=7.7Hz, Ar), 6.61 (d, 2H,
J=17.7Hz, Ar), 3.61 (t, 2H, J = 6.5 Hz, CH,), 2.82 (br

s, 2H, NH,), 2.51 (t, 2H, J = 6.5 Hz, CH,), 1.58 (m,
4H, CH,), 1.38 (t, 2H, J=6.5Hz, CH,); *C NMR
(CDCly) 6: 143.9, 132.9, 128.9, 115.3, 62.9, 35.0, 32.7,
31.6, 25.4.

4.4. Typical synthesis procedure for the preparation of
compounds 4d-h and 7d—f

To a mixture of the appropriate iodinated compound (3-
iodonitrobenzene or 4-iodoaniline) (4.56 mmol), K,COj3
(1.57 g, 11.4 mmol) in a mixture of 1,2-DME/water
(1:1; 30 mL) were successively added Cul (34 mg,
0.18 mmol), PPhs (95.80 mg, 0.36 mmol), and Pd/C
10% (97.05 mg, 0.09 mmol). The mixture was stirred at
room temperature for 1 h. Afterwards, the m-hydrox-
yalkenyl derivative (14.40 mmol) was added, and the
mixture was refluxed overnight. After cooling, the mix-
ture was filtered on Celite and the solvent was evaporat-
ed under reduced pressure. An aqueous solution of 1 N
HCI (20 mL) was then added to the residue and extract-
ed with ethyl acetate (3 x 15 mL). The organic extracts
were combined, washed with brine, dried (Na,SOy),
and evaporated under reduced pressure. The residue
was purified by flash chromatography on silica gel.

4.4.1. 3-(3-Nitrophenyl)-2-propyn-1-ol (4d). Compound
4d was synthesized from 3-iodonitrobenzene and prop-
argyl alcohol. The crude product was purified by flash
chromatography (silica gel, hexanes/ethyl acetate
75:25). Yield 43%; mp 46-48 °C; IR (KBr) v: 3263
(OH), 1529 (NO,), 1023 (C-0) cm™'; '"H NMR (CDCl;)
0: 8.29 (s, 1H, Ar), 817 (m, 1H, Ar), 7.74 (d, 1H,
J=7.8Hz Ar), 7.51 (t, IH, J=8.0 Hz, Ar), 4.53 (s,
2H, CH,); '>*C NMR (CDCls) d: 148.1, 137.4, 129.4,
126.5, 124.4, 123.2, 90.0, 83.2, 51.4.

4.4.2. 4-(3-Nitrophenyl)-3-butyn-1-ol (4e). Compound 4e
was synthesized from 3-iodonitrobenzene and 3-butyn-
1-ol. The crude product was purified by flash chroma-
tography (silica gel, hexanes/ethyl acetate 65:35). Yield
65%; mp 72-74°C; IR (KBr) v: 3323 (OH), 1524
(NO,) cm™'; 'TH NMR (CDCl;) d: 8.26 (m, 1H, Ar),
8.14 (m, 1H, Ar), 7.71 (m, 1H, Ar), 7.48 (t, 1H,
J=8.0Hz, Ar), 3.87 (m, 2H, CH,), 2.73 (m, 2H,
CH,); >*C NMR (CDCl;) §: 148.1, 137.4, 129.3, 126.5,
125.2, 122.7, 89.7, 80.1, 61.0, 23.7.

4.4.3. 5-(3-Nitrophenyl)-4-pentyn-1-ol (4f). Compound 4f
was synthesized from 3-iodonitrobenzene and 4-pentyn-
1-ol. The crude product was purified by flash chroma-
tography (silica gel, hexanes/ethyl acetate 70:30). Yield
77%; IR (NaCl) v: 3357 (OH), 1530 (NO,) cm '; 'H
NMR (CDCl;) o: 8.24 (s, 1H, Ar), 8.13 (d, 1H,
J=8.0Hz, Ar), 7.68 (d, 1H, J=7.0 Hz, Ar), 7.46 (t,
IH, J=8.0Hz, Ar), 3.83 (t, 2H, J=6.0 Hz, CH,),
2.58 (t, 2H, J = 6.0 Hz, CH>), 1.89 (m, 2H, CH.); "°C
NMR (CDCly) o: 148.0, 137.3, 129.2, 126.3, 125.6,
122.3, 92.6, 78.8, 61.4, 31.1, 15.9.

4.4.4. 6-(3-Nitrophenyl)-5-hexyn-1-ol (4g). Compound 4g
was synthesized from 3-iodonitrobenzene and 5-hexyn-
1-ol. The crude product was purified by flash chroma-
tography (silica gel, hexanes/ethyl acetate 75:25). Yield
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88%: IR (NaCl) v: 3354 (OH), 1530 (NO,), 1063 (C-O)
cm~'; 'TH NMR (CDCls) 6: 8.05 (s, 1H, Ar), 7.98 (d, 1H,
J=8.0Hz, Ar), 7.55 (d, 1H, J = 7.7 Hz, Ar), 7.34 (t, 1H,
J=8.0 Hz, Ar), 3.61 (t, 2H, J = 6.0 Hz, CH,), 3.07 (brs,
2H, NH,), 2.37 (t, 2H, J = 6.0 Hz, CH,), 1.63 (m, 4H,
CH,); >*C NMR (CDCl,) §: 147.9, 137.3, 129.2, 126.1,
125.7, 122.2, 93.1, 78.7, 61.9, 31.7, 24.8, 19.1.

4.4.5. 7-(3-Nitrophenyl)-6-heptyn-1-ol (4h). Compound
4h was synthesized from 3-iodonitrobenzene and 6-hep-
tyn-1-ol. The crude product was purified by flash chro-
matography (silica gel, hexanes/ethyl acetate 75:25).
Yield 77%; IR (NaCl) v: 3378 (OH), 1529 (NO,), 1049
(C-0) ecm™'; 'H NMR (CDCly) &: 8.17 (s, 1H, Ar),
8.07 (m, 1H, Ar), 7.65 (m, 1H, Ar), 7.43 (m, 1H, Ar),
3.64 (m, 2H, CH,), 2.42 gm, 2H, CH,), 2.12 (m, 1H,
OH), 1.53 (m, 6H, CH,); '*C NMR (CDCl;) é: 148.0,
137.3, 129.2, 126.3, 125.8, 122.2, 93.3, 78.7, 62.6, 32.2,
28.2, 25.1, 19.3.

4.4.6. 3-(4-Aminophenyl)-2-propyn-1-0l (7d).?® Com-
pound 7d was synthesized from 4-iodoaniline and prop-
argyl alcohol. The crude product was purified by flash
chromatography (silica gel, dichloromethane/ethanol
95:5). Yield 76%; mp 84-86 °C; IR (KBr) v: 3374 (OH,
NH,), 2233 (C=C) cm™'; '"H NMR (CDCls) §: 7.24
(d, 2H, J=7.0 Hz, Ar), 6.60 (d, 2H, J=7.0 Hz, Ar),
4.57 (s, 2H, CH,), 3.69 (br s, NH,); °C NMR (CDCl;)
0: 146.9, 133.1, 114.7, 113.1, 86.4, 85.1, 51.8.

4.4.7. 4-(4-Aminophenyl)-2-butyn-1-o0l (7¢). Compound
7e was synthesized from 4-iodoaniline and 3-butyn-1-
ol. The crude product was purified by flash chromatog-
raphy (silica gel, dichloromethane/ethanol 95:5). Yield
32%; IR (KBr) v: 3347 (OH, NH,), 2213 (C=C) cm™;
"H NMR (CDCls) §: 7.19 (d, 2H, J = 7.0 Hz, Ar), 6.54
(d, 2H; J=7.0 Hz, Ar), 3.72 (t, 2H, J = 6.5 Hz, CH,),
2.62 (t, 2H, J=6.5Hz, CH,); '*C NMR (CDCls) ¢:
146.4, 132.7, 114.8, 113.4, 83.9, 82.8, 61.3, 23.9.

4.4.8. 5-(4-Aminophenyl)-2-pentyn-1-ol (7f).26 Com-
pound 7f was synthesized from 4-iodoaniline and 4-pen-
tyn-1-ol. The crude product was purified by flash
chromatography (silica gel, dichloromethane/ethanol
95:5). Yield 73%; mp 99-100 °C; IR (KBr) v: 3443
(OH, NH,) cm '; 'H NMR (CDCly) é: 7.17 (d, 2H,
J=7.0Hz, Ar), 6.54 (d, 2H, J=7.0 Hz, Ar), 3.73 (t,
2H, J=17.0 Hz, CH,), 3.18 (br s, 2H, NH,), 2.30 (t,
2H, J=17.0 Hz, CH,), 1.81 (t, 2H, J=7.0 Hz, CH,);
13C NMR (CDCl;) 6: 146.2, 132.8, 114.9, 113.2, 86.9,
81.5, 61.8, 31.2, 16.0.

4.5. Typical synthesis of 2-chloroethylureas 1a—n

2-Chloroethylisocyanate (1.640 mmol) was added drop-
wise to a cold solution (ice bath) of the appropriate ani-
line (1.370 mmol) in dry dichloromethane (15 mL/g of
aniline). The ice bath was then removed and the reac-
tion mixture was stirred at room temperature for 20 h.
After completion of the reaction, the solvent was evap-
orated under reduced pressure to give an off-white solid,
which was purified by flash chromatography on silica
gel.

4.5.1. N-(3-Hydroxyphenyl)-/N'-(2-chloroethyl)urea (1a).
Compound la was synthesized from 3-hydroxyaniline
and 2-chloroethylisocyanate. The crude product was
purified by flash chromatography (silica gel, dichloro-
methane/methanol 99:1). Yield 96%; mp 117-119 °C;
IR (KBr) v: 3310 (NH, OH), 1633 (C=0), 1250 (C-O)
cm~!; '"H NMR (acetone-dg) : 8.57 (s, Ph, 1H), 8.23
(s, 1H, NH), 7.25 (s, 1H, OH), 7.06 (m, 1H, Ar), 6.80
(m, 1H, Ar), 6.50 (m, 1H, Ar), 6.35 (m, NH, 1H), 3.64
(m, 2H, CH,), 3.55 (m, 2H, CH,); '*C NMR (acetone-
dg) o: 158.7, 156.8, 141.7, 130.4, 110.9, 110.3, 107.0,
44.8, 42.6.

4.5.2. N-(3-Hydroxybenzyl)-V'-(2-chloroethyl)urea (1b).
Compound 1b was synthesized from 2 and 2-chloroethy-
lisocyanate. The crude product was purified by flash
chromatography (silica gel, dichloromethane/methanol
95:5). Yield 56%; mp 106-109 °C; IR (KBr) v: 3326
(NH, OH), 1636 (C=0), 1242 (C-0) cm™'; '"TH NMR
(acetone-dg) o: 8.09 (s, NH, 1H), 7.46 (s, 1H, Ar), 7.37
(m, 1H, Ar), 7.18 (t, 1H, J=28.0 Hz, Ar), 6.95 (d, 1H,
J=74Hz, Ar), 6.15 (s, 1H, NH), 4.57 (s, 2H, CH,),
4.23 (br s, 1H, OH), 3.67 (m, 2H, CH,), 3.53 (m, 2H,
CH,); '*C NMR (acetone-dg) o: 156.0, 143.9, 141.0,
129.2, 120.7, 117.6, 117.3, 64.6, 44.8, 42.4.

4.5.3. N-[3-(2-Hydroxyethyl)phenyl]-/V'-(2-chloroethyl)
urea (1c). Compound 1c¢ was synthesized from 3 and
2-chloroethylisocyanate. The crude product was purified
by flash chromatography (silica gel, dichloromethane/
methanol 95:5). Yield 41%; mp 109-111 °C; IR (KBr)
v: 3330 (NH, OH), 1636 (C=0) 1246 (C-0) cm'; 'H
NMR (acetone-dg) o: 8.08 (s, 1H, NH), 7.33 (m, 2H,
Ar), 7.13 (m, 1H, Ar), 6.82 (d, 1H, J=7.5Hz, Ar),
6.15 (s, 1H, NH), 3.69 (m, 4H, CH,), 3.53 (m, 2H,
CH,), 2.93 (br s, 1H, OH), 2.74 (t, 2H, J=7.0 Hz,
CH,); >C NMR (acetone-dg) d: 177.3, 155.9, 140.9,
129.2, 123.1, 119.5, 116.7, 63.7, 44.8, 42.4, 40.3.

4.5.4. N-|3-(3-Hydroxypropyl)phenyl]-N'-(2-chloroethyl)
urea (1d). Compound 1d was synthesized from 5d and
2-chloroethylisocyanate. The crude product was purified
by flash chromatography (silica gel, dichloromethane/
ethyl acetate 80:20). Yield 51%; mp 96-98 °C; IR
(KBr) v: 3320 (NH, OH), 1636 (C=0), 1249 (C-0O)
cm ', '"H NMR (acetone-dg) 8: 8.00 (s, 1H, NH), 7.36
(s, 1H, Ar), 7.29 (m, 1H, Ar), 7.13 (t, 1H, J = 8.0 Hz,
Ar), 6.80 (d, 1H, J=7.4 Hz, Ar), 6.09 (br s, NH, 1H),
3.68 (m, 2H, CH,), 3.55 (m, 4H, CH,), 2.63 (m, 2H,
CH,), 1.79 (m, 2H, CH,); '3C NMR (acetone-ds) &:
155.9, 143.8, 141.2, 129.2, 122.6, 119.1, 116.5, 61.7,
44.8, 42.5, 35.3, 32.8.

4.5.5. N-[3-(4-Hydroxybutyl)phenyl]-/N'-(2-chloroethyl)
urea (le). Compound le was synthesized from 5e and
2-chloroethylisocyanate. The crude product was purified
by flash chromatography (silica gel, dichloromethane/
methanol 97:3). Yield 41%; mp 72-74 °C; IR (KBr): v:
3323 (NH, OH), 1635 (C=0), 1249 (C-0) cm'; 'H
NMR (CDCl; et CD;0OD) 6: 7.83 (br s, 1H, NH), 7.15
(m, 3H, Ar), 6.75 (d, 1H, J=6.8 Hz, Ar), 6.06 (br s,
1H, NH), 3.43 (m, 8H, CH,), 2.50 (t, 2H, J = 7.5 Hz,
CH,), 1.51 (m, 2H, CH,); *C NMR (CDCl; and
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CD;0D) ¢: 156.3, 143.3, 138.9, 128.8, 123.1, 119.6,
116.9, 62.1, 44.4, 41.7, 35.5, 31.9, 27.2.

4.5.6. N-[3-(5-Hydroxypentyl)phenyl]-/V'-(2-chloroethyl)
urea (1f). Compound 1f was synthesized from 5f and
2-chloroethylisocyanate. The crude product was purified
by flash chromatography (silica gel, dichloromethane/
methanol 97:3). Yield 31%; mp 92-95 °C; IR (KBr): v:
3318 (NH, OH), 1641 (C=0), 1055 (C-0) cm'; 'H
NMR (acetone-dg) o: 8.05 (s, 1H, NH), 7.31 (m, 2H,
Ar), 7.12 (t, 1H, J=89Hz Ar), 6.78 (d, 1H,
J=74Hz, Ar), 6.13 (s, 1H, NH), 3.67 (t, 2H,
J=7.0Hz, CH,), 3.51 (m, 4H, CH,), 2.90 (s, 1H,
OH), 2.57 (t, 2H, J = 7.7 Hz, CH;) 1.56 (m, 4H, CH,),
1.40 (m, 2H, CH,); '*C NMR (acetone-ds) o: 155.8,
143.9, 141.1, 129.2, 122.5, 119.0, 116.4, 62.3, 44.8,
42.5, 36.5, 33.5, 32.0, 26.2.

4.5.7. N-3-(6-Hydroxyhexyl)phenyl]-/N'-(2-chloroethyl)
urea (1g). Compound 1g was synthesized from 5g and
2-chloroethylisocyanate. The crude product was purified
by flash chromatography (silica gel, dichloromethane/
methanol 97:3). Yield 52%; mp 83-84 °C; IR (KBr) v:
3323 (NH, OH), 1636 (C=0), 1245 (C-0) cm™'; 'H
(NMR CDCIl; and CD;0D) ¢: 8.16 (br s, 1H, NH),
7.32 (m, 3H, Ar), 6.70 (t, 1H, J = 6.5 Hz, Ar), 6.25 (br
s, 1H, NH), 3.66 (m, 6H, CH,), 2.55 (t, 2H,
J=175Hz, CH,), 1.45 (m, 4H, CH,), 1.23 (m, 4H,
CH,); '*C NMR (CDCl; and CD;OD) §: 156.2, 144.1,
141.0, 129.2, 122.7, 119.2, 116.6, 62.4, 44.8, 42.5, 36.5,
33.6, 32.1, 29.7, 26.4.

4.5.8. N-[3-(7-Hydroxyheptyl)phenyl]-/V'-(2-chloroethyl)
urea (1h). Compound 1h was synthesized from 5h
and 2-chloroethylisocyanate. The crude product was
purified by flash chromatography (silica gel, dichloro-
methane/methanol 98:2). Yield 36%; mp 86-88 °C; IR
(KBr) v: 3336 (NH, OH), 1656 (C=0), 1243 (C-O)
cm™ ' 'H NMR (acetone-dg) o: 8.01 (s, 1H, NH),
7.29 (m, 3H, Ar), 6.78 (m, 1H, Ar), 6.09 (s, 1H,
NH), 3.67 (m, 2H, CH,), 3.52 (m, 4H, CH,), 2.87
(m, 4H, CH,), 2.54 (m, 2H, CH,), 1.35 (m, 6H,
CH,); °C NMR (acetone-dg) o: 156.9, 144.3, 138.2,
129.1, 124.3, 121.2, 118.5, 63, 44.7, 42.0, 35.8, 32.6,
31.1, 29.1, 29.0, 25.6.

4.5.9. N-[3-(3-Hydroxy-1-propynyl)phenyl]-V'-(2-chloro-
ethyl) urea (1i). Compound 1i was synthesized from 6d
and 2-chloroethylisocyanate. The crude product was
purified by flash chromatography (silica gel, hexanes/
ethyl acetate 60/40). Yield 63%; IR (KBr) v: 3315
(NH, OH), 2229 (C=C), 1686 (C=0), 1243 (C-O)
em™!; '"H (NMR acetone-dg) o: 8.06 (br s, 1H, NH),
7.08 (m, 1H, Ar), 6.83 (d, 1H, J= 7.5 Hz, Ar), 6.75 (s,
IH, Ar), 6.63 (d, 1H, J=7.9 Hz, Ar), 3.57 (m, 4H,
CH,), 2.04 (s, 2H, CH,); *C NMR (acetone-ds) o:
155.2, 129.8, 123.3, 123.1, 118.0, 115.6, 86.7, 85.9,
51.6, 44.8, 42.3.

4.5.10. N-[3-(4-Hydroxy-1-butynyl)phenyl]-NV'-(2-chloro-
ethylurea (1j). Compound 1j was synthesized from 6e
and 2-chloroethylisocyanate. The crude product was
purified by flash chromatography (silica gel, hexanes/

ethyl acetate 60/40). Yield 51%; IR (NaCl) v: 3351
(NH, OH), 1701 (C=0), 1248 (C-0) cm~'; '"H NMR
(acetone-dg) 0: 8.21 (br s, 1H, NH), 7.03 (m, 1H, Ar),
6.79 (d, 1H, J=7.0 Hz, Ar), 6.71 (s, 1H, Ar), 6.57 (d,
1H, J=7.9 Hz, Ar), 6.23 (br s, 1H, NH), 3.71 (m, 4H,
CH,), 3.45 (m, 2H, CH,) 2.60 (t, 2H, J=7.0 Hz,
CH,); '>C NMR (acetone-dg) o: 155.8, 146.3, 129.3,
124.1, 122.1, 118.2, 115.2, 86.2, 82.5, 61.1, 44.7, 42.3,
23.7.

4.5.11. N-|3-(5-Hydroxy-1-pentynyl)phenyl]- V'-(2-chloro-
ethyl) urea (1k). Compound 1k was synthesized from 6f
and 2-chloroethylisocyanate. The crude product was
purified by flash chromatography (silica gel, ethanol/ethyl
acetate 2/98). Yield 63%; mp: 86-88 °C; IR (KBr) v: 3302
(NH, OH), 1684 (C=0), 1272 (C-0) cm™'; '"H NMR
(acetone-dg) o: 8.12 (br s, 1H, NH), 7.03 (m, 1H, Ar),
6.79 (d, 1H, J =7.0 Hz, Ar), 6.69 (s, 1H, Ar), 6.57 (d,
1H, J = 8.0 Hz, Ar), 3.74 (t, 2H, J = 7.0 Hz, CH,), 3.49
(m, 4H, CH,), 2.47 (t, 2H, J = 7.0 Hz, CH,), 1.23 (t, 2H,
J=7.0Hz, CH,); 'C NMR (acetone-ds) o: 156.1,
146.3, 129.2, 125.3, 124.4, 122.0, 118.0, 88.9, 81.3, 61.6,
45.1,42.8, 37.3,31.4, 16.0.

4.5.12. N-[4-(3-Hydroxypropyl)phenyl]-N'-(2-chloroeth-
yl) urea (11). Compound 11 was synthesized from 8d
and 2-chloroethylisocyanate. The crude product was
purified by flash chromatography (silica gel, hexanes/
ethyl acetate 60/40). Yield 51%; mp 113-115°C; IR
(KBr) v: 3323 (NH, OH), 1630 (C=0), 1268 (C-O)
cm™'; 'TH NMR (CDCl) 6: 8.23 (br s, 1H, NH), 7.30
(d, 1H, J=79Hz, Ar), 7.06 (d, 1H, J=8.0 Hz, Ar),
6.36 (br s, 1H, NH), 3.58 (m, 4H, CH,), 3.42 (m, 2H,
CH,), 2.47 (m, 2H, CH,), 1.81 (m, 2H, CH,); "*C
NMR (CDCl3) o: 155.2, 138.2, 134.0, 128.5, 118.0,
63.3, 44.5, 43.1, 35.7, 30.4.

4.5.13. N-[4-(4-Hydroxybutyl)phenyl]-N'-(2-chloroethyl)
urea (1Im). Compound 1m was synthesized from 8e and
2-chloroethylisocyanate. The crude product was purified
by flash chromatography (silica gel, hexanes/ethyl ace-
tate 60/40). Yield 87%; mp 143-146 °C; IR (KBr) v:
3312 (NH), 1639 (C=0), 1244 (C-O) cm™'; '"H NMR
(acetone-dg) o: 8.00 (br s, 1H, NH), 7.39 (d, 2H,
J=8.0Hz, Ar), 7.07 (d, 2H, J=8.0 Hz, Ar), 6.50 (br
s, 1H, NH), 3.51 (m, 8H, CH,), 2.57 (t, 2H,
J=17.5Hz, CH,), 1.58 (m, 2H, CH,); *C NMR (ace-
tone-dg) 0: 155.9, 139.0, 136.3, 130.0, 119.2, 64.8, 42.8,
42.5,42.4,35.2, 19.7.

4.5.14. N-[4-(5-Hydroxypentyl)phenyl]-/V'-(2-chloroethyl)
urea (In). Compound 1n was synthesized from 8f and 2-
chloroethylisocyanate. The crude product was purified
by flash chromatography (silica gel, ethanol/ethyl ace-
tate 2:98). Yield 67%; mp 124-126 °C; IR (KBr) v:
3320 (NH), 1627 (C=0), 1268 (C-0) cm™'; '"H NMR
(CDCl3) o: 8.63 (br s, 1H, NH), 7.36 (d, 2H,
J=79Hz, Ar), 7.13 (d, 2H, J=17.9 Hz, Ar), 6.43 (br
s, IH, NH), 3.96 (t, 2H, J=6.5Hz, CH,), 3.57 (m,
6H, CH,), 2.57 (t, 2H, J=7.5 Hz, CH;), 1.54 (m, 2H,
CH,), 1.42 (m, 2H, CH,); '3*C NMR (CDCls) é: 155.2,
129.5, 128.4, 123.2, 117.9, 60.6, 43.4, 40.9, 344, 32.7,
25.0, 19.2.
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Abstract—Focusing on a-pyridoin (1, 1,2-di(2-pyridyl)-1,2-ethenediol) as the lead compound of the novel antioxidative enediol, we
synthesized 5,5’- or 6,6’-bis-substituted derivatives of 1 from disubstituted pyridines. The antioxidant activity of 1 and its synthetic
derivatives 2-7 was evaluated by DPPH (1,1-diphenyl-2-picrylhydrazyl radical) scavenging assay and inhibition of lipid peroxida-
tion. In the DPPH assay, 1 exhibited an activity stronger than that of ascorbic acid, and 5,5’-dimethyl-(5) or 5,5’-dimethoxy-substi-
tuted derivatives (6) exhibited more potent activity than 1. The DPPH scavenging activities of a-pyridoins were correlated with
their oxidation potential and thus the electron density of enediol. 5 and 6 effectively inhibited lipid peroxidation in the rat liver
microsome/fert-butyl hydroperoxide system. Therefore, 5 and 6 serve as good candidates for a pharmacologically useful enediol

antioxidant.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Reactive oxygen species (ROS) and free radicals are
considered to be implicated in a variety of pathological
events, such as cancer and aging.!'? ROS, including
superoxide anion, hydrogen peroxide, and hydroxyl rad-
ical, are thought to be generated subsequent to the
reduction of molecular oxygen in aerobic organisms.*>
Under normal conditions, cells and tissues are protected
against ROS by an array of enzyme defense systems,
such as superoxide dismutase, catalase, and glutathione
peroxidase or free radical scavengers.® Among these rad-
ical scavengers, ascorbic acid (AsA, Fig. 1) shows very
effective activity’ and has often served as a lead com-
pound for the design and synthesis of pharmacologically
effective antioxidants.® The active site of AsA is the 2,3-
enediol moiety conjugated with the carbonyl group of a
five-membered lactone. The anionic form of AsA is very
stable and has a strong electron-donating ability to act
as an effective radical scavenger.® Many O-acyl, O-alkyl,
and imine analogues of AsA have been synthesized and
their antioxidant activity been studied.® Almost all these
AsA derivatives have a y-lactone formula, and a few
papers have reported the antioxidant activities of even

Keywords: Antioxidant; a-Pyridoin; Enediol; Radical scavenger.
* Corresponding author. Tel: +81 3 5400 2694; fax: +81 3 5400
2691; e-mail: mashino-td@kyoritsu-ph.ac.jp
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Figure 1. Structure of o-pyridoin (1) and ascorbic acid (AsA).

simpler enediols, such as reductic acid (2,3-dihydroxy-
2-cycropentenone)'? or a kind of sugar analogue.!'!

In the current study, we focused on a-pyridoin (1,
Fig. 1), having a coplanar FE-enediol form, as a
candidate for enediol antioxidant. The enediol form is
stabilized by the intramolecular hydrogen bonding of
pyridine nitrogen and hydroxyl group, and no a-hydrox-
yketone form exists.!?!? The enediol form is conjugated
with the electron-withdrawing pyridine ring. Actually,
the pKa value of 1 is approximately 0.5. Therefore, it
is thought that the anion form (i, Fig. 2) is easily formed,
such as AsA, under physiological conditions. Further-
more, the electron density of the enediol can be easily
controlled by substitution on a pyridine ring. The phys-
ical and chemical properties of 1 have been well-studied
since the 1950s.1471¢ The inhibition of mild steel corro-
sion in hydrochloric acid by 1 has been reported.!”
However, the biological activities of 1 have been
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_H+

+H*

Figure 2. Proposed mechanism of free radical scavenging by a-pyridoin (1).

reported only with regard to the inhibition activity of
aldehyde dehydrogenase as an analogue of metyra-
pone.'® In this paper, we report the preparation of
o-pyridoin derivatives and the antioxidant activity of
these a-pyridoins.

2. Results and discussion
2.1. Chemistry

2.1.1. Synthesis of a-pyridoin derivatives. The structures
of synthetic a-pyridoin derivatives 2-7 are illustrated
in Figure 3. o-Pyridoin derivatives were prepared in a
modification of a-pyridoin (1) synthesis using the benzo-
in condensation (Scheme 1).!” 6-Methoxy-2-pyridinecar-
boxaldehyde (9) was prepared by monomethoxylation
of 2,6-dibromopyridine (14), followed by formylation
of the remaining bromine (Scheme 2).2° 6-Acetyl-2-pyri-
dinecarboxaldehyde (10) was prepared in four steps
(Scheme 3). 2,6-Dibromopyridine (14) was treated with
n-butyllitium and N,N-dimethylacetamide to give 6-ace-
tyl-2-bromopyridine (16).2' The acetyl carbonyl of 16
was protected to form acetal 17.22 Formylation of 17
and subsequent deprotection of acetal gave 10. 5-Ace-
tyl-2-pyridinecarboxaldehyde (13) was prepared by the
same procedure as that followed for 10 using 2,5-dib-
romopyridine (18) as a starting material (Scheme 3).
Monoacetylation of 18 predominantly gave S-acetyl-
2-bromopyridine (19).>* 5-Methyl-2-pyridinecarbox-
aldehyde (11) was prepared by the formylation
of 6-bromo-3-picoline (23, Scheme 4). 5-Methoxy-
2-pyridinecarboxaldehyde (12) was prepared from 5-hy-
droxy-2-picoline (24) in five steps (Scheme 5). The
O-methylation and subsequent oxidation of 24 afforded
5-methoxy-2-picoline-N-oxide (26).%* N-Oxide 26 was
converted to pyridylmethanol 28 via trifluoroacetate

R=6-, 6'-CHg
: R=6-, 6“OCHj

: R=6-, 6'“COCHg
: R=5-, 5'-CHj

: R=5-, 5-OCHj

: R=5-, 5-“COCHg

2:
3
4
5
6
7

Figure 3. Structure of o-pyridoin derivatives 2-7.

N.2 CHO
N

6
R _@ NaCN

BN
8: R=6-CHjy 2: R=6-, 6'-CHj
9: R=6-OCH, 3: R=6-, 6'-OCHjy
10: R=6-COCHjy 4: R=6-, 6-COCH,
11: R=5-CHj 5: R=5-, 5'-CHj
12: R=5-OCHjg 6: R=5-, 5-OCHjs
13: R=5-COCHj, 7: R=5-, 5-COCHjy

Scheme 1. Benzoin condensation of substituted 2-pyridinecarbox-
aldehydes 8-13.

Br.__N._Br CH3O0.__N___Br
|7 —& . |
_ |
14 15
b CH30 N CHO

| D
o
9

Scheme 2. Synthesis of aldehyde 9. Reagents and conditions: (a)
CH;ONa/DMF, 80 °C, 2 h, 50%; (b) n-BuLi, DMF/THF, —78 °C to
rt, 53%.

intermediate 27, and then 28 was oxidized to aldehyde
12 by manganase dioxide.?® Finally, benzoin condensa-
tion of these substituted pyridinecarboxaldehydes 8-13
was carried out to give pyridoins 2-7. 'H and *C
NMR spectra in DMSO-dg revealed that all a-pyridoin
derivatives, except for 4, existed in an E-enediol form
and 4 was a mixture of E-enediol and Z-enediol forms
(7:3).

2.1.2. Lipophilicity of a-pyridoins. The biomembrane
consists largely of lipids, one of the main components
of which are unsaturated fatty acids, and it is easily per-
oxidized with ROS. Thus, it is thought that the lipophil-
ic antioxidant acts effectively. To elucidate the ability to
penetrate a biomembrane, the lipophilic property of a-
pyridoins 1-7 was measured. The logk,, value is nearly
in agreement with the partition coefficient log P and
can be calculated by measuring the retention time on
the reverse-phase HPLC using methanol/3-(N-morpholi-
no) propanesulfonate (MOPS) buffer (pH 7.4).26-2% The
log k,, value, which is considered to be the lipophilic
property of 1-7, is shown in Table 1. o-Pyridoin (1)
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RL Ny_-Br
|
R2NF
c (14: R!=Br, R?=H
16: R1=Ac, R2=H

d
(17: R1=2-methyl-1,3-dioxolan-2-yl, R%=H

18: R'=H, R?=Br
c( 1 2
d(lg: R*=H, R“=Ac
20: R1=H, R?=2-methyl-1,3-dioxolan-2-yl

R2

£ 21: R1=2-methyl-1,3-dioxolan-2-yl, R2=H
10: R!=Ac, R?=H

( 22: R1=H, R?=2-methyl-1,3-dioxolan-2-yl
13: R1=H, R%=Ac

Scheme 3. Synthesis of aldehydes 10 and 13. Reagents and conditions:
(c) n-BuLi, AcN(CHj3),/Et,0, —78 °C to rt, 17: 76%, 18: 50%; (d)
ethylene glycol, p-TsOH/toluene, reflux, 19: 4 h, 79%, 20: 6 h, 87%; (e):
n-BuLi, DMF/Et,0, —78 °C to rt, 21: 54%, 22: 53%; (f) HCI, reflux,
10: 2 h, 82%, 13: 10 min, 48%.

N\ Br N\ CHO
| = : | =
CHg3 CHg3
23 11

Scheme 4. Synthesis of aldehyde 11. Reagents and conditions: (g)
n-BuLi, DMF/Et,O, —78 °C to rt, 31%.

had high lipophilicity because it contains two internal
hydrogen bonds between pyridine nitrogen and hydrox-
yl group. A methyl and a methoxy substituent augment-
ed lipophilicity by 1.3- to 1.6-fold. In particular, 6,
6’-dimethoxy derivative 3 showed an extremely high
lipophilicity. On the other hand, acetyl substitution
showed little effect on lipophilicity.

N

-
Z CH0” 7

25

N_-CH,OCOCF;

—— | 1J
CH 0™

27
N._CHO
! N
- |
CHy0™
12

6765

Table 1. Lipophilic property of o-pyridoins

Compound log ky,

3.15
3.94
5.10
3.51
4.13
4.68
3.33

NN A WN -

2.1.3. Oxidation potential. The reducing ability of enediol
is related to its electron density. Thus, as an index of the
electron density, oxidation potential of a-pyridoins was
measured by cyclic voltammetry (Table 2) in a mixture
of DMF and 2-(N-morpholino)ethanesulfonate (MES)
buffer (3:2 (v/v), pH 7.4). 1, 2, and 5-7 had greater nega-
tive potential than AsA. These data indicated that 1, 2,
and 5-7 could be oxidized easily, as their reducing abili-
ties are higher than that of AsA. It is thought that a
methyl or a methoxy group at the 5-position of the pyr-
idine ring increased the electron density of enediol due to
its electron-donating effects. On the other hand, 3 and 4
had more positive potential than 1. This result suggested
that the electron density on the enediol of 3 and 4 was
lower than that of 1 and the methoxy group of 3 worked
as an electron-withdrawing group. C-6 of a-pyridoin is in

Table 2. DPPH radical scavenging activity and oxidation potential of
a-pyridoins

Compound DPPH radical scavenging
rate k (103 M~ 's7")

Oxidation potential
Eyp (mV vs Ag/AgCl)

1 45.1 ~10
2 94.2 40
3 9.37 190
4 6.99 240
5 130 5
6 108 20
7 37 125
AsA 15.1 180
.
s
CHa /LNJ/CH;;
. |
CH 0~ 7
26
N _CH,OH
‘ y
CHy0™ 7

28

Scheme 5. Synthesis of aldehyde 12. Reagents and conditions: (h) NaH, CH3;I/DMF, 180 °C, 2 h, 75%; (i) H,O,/AcOH, 100 °C, 5h, 35%;
(§) (CF5CO),0/CH,Cl,, 0 °C to rt, 24 h; (k) MeOH, reflux, 5 h; (1) MnO,/CH,Cl,, rt, 30 min.
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a meta position to the enediol-binding site. Thus, it was
thought that the methoxy group showed its electron-
withdrawing inductive effect rather than its electron-
donating resonance effect, which can be accounted for
by Hammett’s substituent constant (6,,—ocu, = 0.115,
0p—OCH, — —0.268).29 )

2.2. Antioxidant activity

2.2.1. DPPH radical scavenging activity and oxidation
potential. DPPH (1,1-diphenyl-2-picrylhydrazyl) assay is
the simplest method to measure the ability of antioxi-
dants to quench free radicals.?® The DPPH radical scav-
enging activities of o-pyridoins were evaluated by the
second-order rate constant with DPPH obtained by
pseudo first-order rate constant in the mixture of etha-
nol and MES buffer (3:2 (v/v), pH 7.4). As shown in
Table 2, all a-pyridoins 1-7 showed DPPH radical scav-
enging activity. In particular, the activity of 1 was three
times greater than that of AsA, and the activities of 5,
and 6 were 8.6- and 7.2-fold greater than that of AsA,
respectively. On the other hand, 3 and 4 showed activity
lower than that of AsA.

Figure 4 shows the relation between the oxidation poten-
tial and DPPH radical scavenging rate. Though the cor-
relation coefficient was not satisfactory, compounds
showing a negative oxidation potential tended to show
a higher radical scavenging activity. This result indicated
that one-electron transfer reaction step, but not the
deprotonation, was the rate-determining step of radical
scavenging by a-pyridoins. This kind of correlation is
also demonstrated by the reaction of o -tocopherol ana-
logues with peroxyradical species.?!

2.2.2. Inhibition of lipid peroxidation. To investigate the
antioxidant activity of biomembrane, 1-7 and AsA were
evaluated for the inhibition of lipid peroxidation in rat
liver microsomes, initiated by cytochrome P450 and
tert-butyl hydroperoxide.3? Lipid peroxidation was mea-
sured by the formation of thiobarbituric acid reactive
substances (TBARS, Fig. 5). The most potent DPPH
radical scavengers, 5, and 6, inhibited lipid peroxidation
effectively in a dose-dependent manner. Similarly, 3
inhibited lipid peroxidation effectively; nevertheless, 3
showed a DPPH radical scavenging activity lower than
that of AsA. The high activity of 3 may have been due

= 1=0.8432
Z 5
g s =2 ¢ 2 >
g 1 AsA
>
g 4 -
wn 3 .
= 4
Ay
a
3 L L L L 1 J
-50 0 50 100 150 200 250

Oxidation potential £y, (mV vs Ag/AgCl)

Figure 4. Correlation between DPPH scavenging activity and oxida-
tion potential.

100 ga- R

50

Relative TBARS formation (%)

0 5 10 15
Concentration (WM)

Figure 5. Inhibition activity on microsomal lipid peroxidation by z-
BuOOH. Values are means + SEM.

to its high lipophilicity. On the other hand, 1, 2, 4, 7,
and AsA exerted little inhibition on lipid peroxidation.
These results indicated that some modification on the
pyridine ring is the important factor in antioxidant
activity under the heterogencous system and they
demonstrated that 5 and 6 had excellent antioxidant
activity.

3. Conclusion

To find novel antioxidative enediols, we have investigat-
ed the antioxidant activity of a-pyridoin (1) and its syn-
thetic derivatives 2-7. The DPPH radical scavenging
activities of 1 and its derivatives 2 and 5-7 were more
potent than the activity of AsA. In the ferz-butyl hydro-
peroxide/rat liver microsome system, 5 and 6 effectively
inhibited lipid peroxidation. Therefore, we propose that
5 and 6 are good candidates for the novel antioxidative
enediols discussed here.

4. Experimental
4.1. Preparation of a-pyridoin and its derivatives

4.1.1. General. 'H NMR spectra (500 MHz) were mea-
sured on a JEOL JNM-A500 FT-NMR spectrometer
with tetramethylsilane as an internal standard
(6 =0.00) in CDCl; or DMSO-ds. '>*C NMR spectra
(125 MHz) were obtained on the same spectrometer
and the chemical shifts were referenced to the signals
of CDCl; (6 = 77.0) or DMSO-dg (6 = 39.5). Mass spec-
tra were recorded on a JEOL AUTOMASS SUN200
quadrupole mass spectrometer or a JEOL JMS-700
mass spectrometer. Melting points were determined with
a Yanagimoto MP-J3 micro-melting point apparatus
and are uncorrected. Column chromatography was per-
formed using Merck Silica gel 60. a-Pyridoin (1), 2,5-
dibromopyridine (18), and 6-bromo-3-picoline (23) were
purchased from Aldrich Chemical Co. 6-Methyl-2-pyri-
dinecarboxaldehyde (8) and 2,6-dibromopyridine (14)
were purchased from Tokyo Kasei Kogyo Co., Ltd. 5-
Hydroxy-2-picoline (24) was purchased from Acros
Organics.
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4.1.2. Preparation of 6,6'-dimethyl-2,2’-pyridoin (2).
Sodium cyanide (196 mg, 4 mmol in H,O, 2 mL) was
added to a stirred mixture of 6-methyl-2-pyridinecar-
boxaldehyde (8, 1.0 g, 8.0 mmol) and methanol (5 mL).
The mixture was refluxed at 80 °C for 10 min. The
resulting orange solid was collected by filtration, washed
with methanol and H,O successively, and dried under
reduced pressure to afford 2 (946 mg, 95%). '"H NMR
(DMSO-dg): ¢ 2.55 (s, 6H, —CHj), 7.26 (d, 4H,
J=79Hz, 5 and 5'-H), 7.61 (d, 4H, J=7.9 Hz, 3 and
3’-H), 7.92 (t, 4H, J=7.9 Hz, 4 and 4'-H), 13.3 (s, 2H,
—OH); '3C NMR (DMSO-d): 6 23.36, 116.11, 121.55,
135.01, 138.63, 154.87, 155.08; MS: m/z 242 (M*), 122,
93, 66; mp: 189-191 °C (dec) (pyridine).

4.1.3. Preparation of 6,6’-dimethoxy-2,2'-pyridoin (3)

4.1.3.1. 2-Bromo-6-methoxypyridine (15). Under N,
atmosphere, sodium methoxide (6.5 mL, 8.4 mmol,
28% in methanol) was added to a mixture of 2,6-dib-
romopyridine (14, 2.0 g, 8.4 mmol) and DMF (33 mL).
The mixture was stirred at 80 °C for 2 h. After cooling
to ambient temperature, the reaction mixture was
poured into H,O (100 mL) and then extracted with
Et,O (3x 100 mL). The combined organic layer was
washed with brine, dried, and concentrated. The crude
product was chromatographed on silica-gel column
using a mixture of n-hexane/AcOEt (30:1) to give
788 mg of 15 as a colorless oil (50%). "H NMR (CDCls):
0 3.94 (s, 3H, -OCH3), 6.68 (d, 1H, J=17.9 Hz, 5-H),
7.05 (d, 1H, J=79 Hz, 3-H), 7.41 (t, 1H, J=7.9 Hz,
4-H); *C NMR (CDCls): ¢ 54.07, 109.40, 120.19,
138.63, 140.32, 163.77.

4.1.3.2. 6-Methoxy-2-pyridinecarboxaldehyde (9).
Under N, atmosphere, n-BuLi (2.9 mmol, 1.9 mL,
1.6 M in n-hexane) was added to a mixture of 15
(536 mg, 2.9 mmol) and anhydrous THF (15mL) at
—78°C. The reaction mixture was stirred for
30 min. Then DMF (0.25mL) was added, and the
mixture was warmed to ambient temperature within
1 h. The reaction mixture was quenched by adding
5% NaHCO;, and then the whole mixture was
extracted with Et;O (3x 50mL). The combined
organic layer was washed with brine, dried, and con-
centrated. The crude product was chromatographed
on silica-gel column using a mixture of n-hexane/
AcOEt (20:1) to give 206 mg of 9 as a yellow oil
(53%). '"H NMR (CDCl3): ¢ 4.03 (s, 3H, -OCHs),
698 (d, 1H, J=82Hz, 5-H), 7.05 (d, 1H,
J=173Hz, 3-H), 7.41 (t, 1H, J=7.6 Hz, 4-H), 9.96
(s, 1H, -CHO); *C NMR (CDCly): § 53.64, 115.51,
116.33, 139.06, 150.44, 164.42, 193.12.

4.1.3.3. 6,6’-Dimethoxy-2,2’'-pyridoin (3). Sodium cya-
nide (196 mg, 4 mmol in H,O, 2 mL) was added to a
stirred mixture of 9 (232 mg, 1.7 mmol) and methanol
(2 mL). The mixture was refluxed at 80 °C for 10 min.
The resulting yellow solid was collected by filtration,
washed with methanol and H,O successively, and dried
under reduced pressure to afford 3 (65 mg, 28%). 'H
NMR (DMSO-dg): 6 3.94 (s, 6H, —-OCH3;), 6.86 (d,
2H, J=8.2Hz, 5 and 5’-H), 7.40 (d, 2H, J=7.6 Hz, 3
and 3’-H), 7.90 (t, 2H, J=7.9 Hz, 4 and 4’-H), 12.3 (s,

2H, —-OH); '*C NMR (DMSO-ds): 6 53.64, 108.93,
112.00, 134.53, 141.09, 152.45, 161.30; MS: miz 274
(M™), 259, 231, 138, 109, 94; HRMS calcd for
Ci1sH4N,O4, 274.0954; found: 274.0933 (M™); mp:
183-184 °C (pyridine).

4.1.4. Preparation of 6,6'-diacetyl-2,2'-pyridoin (4)

4.1.4.1. 2-Acetyl-6-bromopyridine (16). Under N,
atmosphere, n-BuLi (10.6 mL, 17 mmol, 1.6 M in n-hex-
ane) was added to a mixture of 2,6-dibromopyridine (14,
4.0g, 17mmol) and anhydrous Et,O (40 mL) at
—78 °C. The reaction mixture was stirred for 30 min.
Then, N,N-dimethylacetamide (2.4 mL, 28 mmol) was
added, and the mixture was warmed to ambient temper-
ature within 1 h. The reaction mixture was quenched by
adding saturated NH4Cl, and then the whole mixture
was extracted with Et,O (3x 150 mL). The combined
organic layer was washed with brine, dried, and concen-
trated. The crude product was chromatographed on sil-
ica-gel column using n-hexane/AcOEt (25:1) to give 2.6 g
of 16 as a colorless solid (76%). '"H NMR (CDCl5): ¢
2.70 (s, 3H, -COCH3), 7.64-7.72 (m, 2H, 4 and 5-H),
7.99 (d, 1H, J=7.0 Hz, 3-H); '*C NMR (CDCl;): ¢
25.71, 120.45, 131.75, 139.11, 141.34, 154.30, 198.57;
MS: m/z 201 (M"+2), 199 (M*), 173, 171, 158, 156,
131, 129, 106, 76.

4.1.4.2. 2-Bromo-6-(2-methyl-1,3-dioxlane-2-yl)pyri-
dine (17). A mixture of 16 (1.5 g, 7.5 mmol), ethylene
glycol (0.88 mL, 1.6 mmol), p-TsOH-H,O (428 mg,
2.3 mmol), and toluene (30 mL) was stirred for 4 h at
140 °C with a Dean—Stark apparatus. The reaction mix-
ture was washed with saturated Na,CO3 and with brine
successively, dried, and concentrated. The crude product
was chromatographed on silica-gel column using 7-hex-
ane/AcOEt (12:1) to give 1.45 g of 17 as a colorless oil
(79%). '"H NMR (CDCl5): 6 1.72 (s, 3H, CH3), 3.84-
394 (m, 2H, -OCH,-), 4.04-4.14 (m, 2H, -OCH,-),
7.41 (d, 1H, J=17.3 Hz, 5-H), 7.48-7.56 (m, 2H, 3 and
4-H); *C NMR (CDCly): & 25.11, 65.08, 108.02,
118.21, 127.51, 138.75, 142.04, 162.51; MS: m/z 230
(IM"+2]-CH3), 228 ([M']-CH3), 214, 212, 202, 200,
186, 184, 173, 171, 158, 156, 87, 76.

4.1.4.3. 6-(2-Methyl-1,3-dioxolan-2-yl)-2-pyridinea-
carboxaldehyde (21). Under argon atmosphere, n-BuLi
(3.7mL, 6.0 mmol, 1.6 M in n-hexane) was added to a
stirred mixture of 17 (1.45 g, 5.9 mmol) and anhydrous
Et,O (45mL) at —78 °C and stirred for 30 min. Then,
DMF (0.5 mL, 7.1 mmol) was added and the whole mix-
ture was stirred at —78 °C to ambient temperature with-
in 1 h. The whole mixture was poured into 5% NaHCO;
and extracted with Et,O (3x 50 mL). The combined
organic layer was washed with brine, dried, and concen-
trated. The crude product was chromatographed on sil-
ica-gel column using n-hexane/AcOEt (4:1) to give
625 mg of 21 as a colorless oil (54%). "H NMR (CDCls):
0 1.79 (s, 3H, CH3), 3.88-4.02 (m, 2H, -OCH,-), 4.10-
4.20 (m, 2H, -OCH»-), 7.80 (d, 1H, J=7.3 Hz, 5-H),
7.86-7.95 (m, 2H, 3 and 4-H), 10.13 (s, 1H, -CHO);
3C NMR (CDCly): & 25.18, 65.18, 108.39, 120.56,
123.59, 137.66, 152.65, 161.92, 193.79; MS: m/z 178
(M*—CH3), 150, 134, 107, 87, 78.





6768 M. Hatanaka et al. | Bioorg. Med. Chem. 13 (2005) 6763-6770

4.1.4.4. 6-Acetyl-2-pyridinecarboxaldehyde (10). Un-
der N, atmosphere, a mixture of 21 (625 mg, 3.2 mmol)
and HCI (3 M, 20 mL) was stirred at 100 °C for 2 h.
After cooling to ambient temperature, the reaction mix-
ture was alkalified with saturated NaHCO; and extract-
ed with Et,O (3x 50 mL). The combined organic layer
was washed with brine, dried, and concentrated to give
397 mg of 10 as a colorless solid (82%). 'H NMR
(CDCl3): 6 2.81 (s, 3H, -COCHj3), 8.03 (t, 1H,
J=7.6Hz, 4-H), 8.14 (d, 1H, J=7.6 Hz, 3-H), 8.26
(d, 1H, J=7.6Hz 5-H), 10.13 (s, 1H, -CHO); *C
NMR (CDCly): 6 25.63, 124.51, 125.49, 138.10,
152.13, 153.82, 192.86, 199.16; MS: m/z 149 (M*), 121,
107, 79.

4.1.4.5. 6,6'-Diacetyl-2,2'-pyridoin (4). Sodium cya-
nide (196 mg, 4 mmol in H,O, 2 mL) was added to a
stirred mixture of 10 (300 mg, 2 mmol) and methanol
(3 mL). The mixture was refluxed at 80 °C for 20 min.
The resulting yellow solid was collected by filtration,
washed with methanol and H,O successively, and dried
under reduced pressure to afford 4 (300 mg, 100%). The
"H NMR spectra of product indicated that the afforded
4 existed as a mixture of E-enediol and Z-enediol (70%
and 30%, respectively). "H NMR (DMSO-dy): E-enediol
0 2.71 (s, 6H, -COCH3;), 8.00 (d, 2H, J = 7.6 Hz, 3 and
3’-H), 8.12 (d, 2H, J = 7.6 Hz, 5 and 5’-H), 8.26 (t, 2H,
J=79Hz, 4 and 4'-H), 12.9 (s, 2H, —-OH), Z-enediol 6
2.14 (s, 6H, -COCHs), 8.19 (d, 2H, J = 7.6 Hz, 3 and 3'-
H), 8.35 (t, 2H, /=79 Hz, 4 and 4'-H), 8.45 (t, 2H,
J=79Hz, 5 and 5-H), 10.2 (s, 2H, —-OH); °C NMR
(DMSO-dg): as a mixture of E-enediol and Z-enediol ¢
24.78, 26.08, 120.46, 122.83, 124.81, 125.62, 135.14,
139.93, 139.96, 149.42, 150.02, 150.19, 152.26, 154.63,
196.22, 197.74; MS: m/z 298 (M™), 269, 255, 225, 150,
122, 121, 106, 93, 78, HRMS calcd for C16H14N204,
298.0954; found: 298.0966 (M™); mp: 183-185 °C (dec)
(pyridine).

4.1.5. Preparation of 5,5'-dimethyl-2,2’'-pyridoin (5)

4.1.5.1. 5-Methyl-2-pyridinecarboxaldehyde (11). Un-
der argon atmosphere, n-BuLi (5.4 mL, 8.7 mmol,
1.6 M in n-hexane) was added to a stirred mixture of
6-bromo-3-picoline (23, 1.5 g, 8.7 mmol) and anhydrous
Et,O (35 mL) at —78 °C and stirred for 30 min. Then
DMF (0.8 mL, 11 mmol) was added to the mixture,
which was stirred at —78 °C to ambient temperature
within 1h. The whole mixture was poured into 5%
K,COs and extracted with Et,O (4x 50 mL). The com-
bined organic layer was washed with brine, dried, and
concentrated. The crude product was chromatographed
on silica-gel column using n-hexane/AcOEt (7:1 to 4:1)
to give 324 mg of 11 as a yellow oil (31%). 'H NMR
(CDCl5): 6 2.45 (s, 3H, -CH3), 7.68 (d, 1H, J = 7.6 Hz,
4-H), 7.88 (d, 2H, J=7.9 Hz 3-H), 8.62 (s, 1H, 6-H),
10.05 (s, 1H, —-CHO); '*C NMR (CDCly): 6 18.81,
121.43, 137.34, 138.61, 150.65, 150.74, 193.17; MS: m/z
121 (M™), 93, 65.

4.1.5.2. 5,5'-Dimethyl-2,2’-pyridoin (5). Sodium cya-
nide (196 mg, 4 mmol in H,O, 2 mL) was added to a
mixture of 11 (324 mg, 2.7 mmol) and methanol
(3 mL). The mixture was refluxed at 80 °C for 20 min.

The resulting orange solid was collected by filtration,
washed with methanol and H,O successively, and dried
under reduced pressure to afford 5 (238 mg, 73%). 'H
NMR (DMSO-dy): 6 2.36 (s, 6H, -CH3), 7.69 (d, 2H,
J=8.2Hz, 3 and 3’-H), 7.85 (d, 2H, J=7.9 Hz, 4 and
4'-H), 8.44 (s, 2H, 6 and 6'-H), 12.9 (s, 2H, —-OH); '*C
NMR (DMSO-dg): o 17.83, 118.45, 131.35, 134.43,
138.82, 146.13, 153.00; MS: m/z 242 (M"), 183, 138,
122, 92, 65; HRMS calcd for Ci4H14N,O,, 242.1055;
found: 242.1043 (M™); mp: 203-205 °C (pyridine).

4.1.6. Preparation of 5,5'-dimethoxy-2,2'-pyridoin (6)

4.1.6.1. S-Methoxy-2-picoline (25). Under argon
atmosphere, 5-hydroxy-2-picoline (24, 5.0 g in 60 mL
DMF) was added to a stirred mixture of sodium hy-
dride (1.8 g, 60% dispersed in oil, 45 mmol) and
DMF (60mL), and the mixture was heated to
180 °C for 2 h. After cooling to ambient temperature,
methyl iodide (2.9 mL, 46 mmol) was added to the
mixture, which was stirred for 4 h. The reaction mix-
ture was diluted with isopropyl alcohol (20 mL) and
H,O (20mlL), and then was extracted with AcOEt
(3x 100 mL). The combined organic layer was washed
with saturated NaHCO; and brine successively, dried,
and concentrated. The crude product was chromato-
graphed on silica-gel column using n-hexane/AcOEt
(3:2) to give 42 g of 25 as a yellow oil (75%). 'H
NMR (CDCls): ¢ 2.49 (s, 3H, —-CH3), 3.83 (s, 3H, —
OCH3), 7.06 (d, 1H, J=8.5Hz, 3-H), 7.11 (dd, 1H,
J=28.5Hz, 2.4 Hz, 4-H), 8.19 (d, 1H, J=2.4Hz, 6-
H); °C NMR (CDCly): & 23.25, 55.54, 121.31,
123.20, 136.13, 150.30, 153.63.

4.1.6.2. 5-Methoxy-2-picoline-NV-Oxide (26). Thirty
percent of aqueous H,O, (1.8 mL, 16 mmol) was added
to a stirred mixture of 25 (2.0 g, 16 mmol) and AcOH
(12 mL). After being stirred for 5 h at 100 °C, the reac-
tion mixture was alkalified with 10% NaOH and extract-
ed with CHCIl; (3x 100 mL). The combined organic
layer was dried and concentrated to give 787 mg of 26
as a yellow semi-solid (35%). No further purification
was performed. 'H NMR (DMSO-dy): 6 2.27 (s, 3H,
—CHs;), 3.79 (s, 3H, -OCH3), 6.97 (dd, 1H, J = 8.5 Hz,
1.5Hz, 4-H), 7.36 (d, 1H, 3-H), 8.08 (d, 1H,
J=15Hz 6-H); 3C NMR (DMSO-dy): & 16.28,
56.14, 112.37, 125.94, 126.63, 140.49, 155.91.

4.1.6.3. 5-Methoxy-2-pyridylmetanol (28). Trifluoro-
acetic anhydride (4.5 mL, 32 mmol) was added to a stir-
red mixture of 26 (894 mg, 6.4 mmol) and CH,Cl,
(30 mL) in two portions at 0 °C. After being stirred
for 30 min, the mixture was stirred at ambient tempera-
ture for 24 h. Then, the whole mixture was diluted with
methanol (12 mL), refluxed for 5 h, alkalified with satu-
rated NaHCO3;, and extracted with CH,Cl, (3x 50 mL).
The combined organic layer was washed with brine,
dried, and concentrated. The crude product was chro-
matographed on silica-gel column using AcOEt/metha-
nol (20:1) to give 573 mg of 28 as a yellow paste
(64%). '"H NMR (CDCl;): § 3.45 (br s, 1H, -CH»-
OH) 3.87 (s, 3H, -OCHs;), 4.70 (s, 2H, -CH>»-OH),
7.18 (d, 1H, J = 8.5 Hz, 3-H), 7.22 (dd, 1H, J = 8.5 Hz,
2.4 Hz, 4-H), 8.25 (d, 1H, J=2.4 Hz, 6-H); °C NMR
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(CDCly): 6 55.16, 63.79, 121.11, 121.24, 135.40, 152.08,
154.35; MS: m/z 139 (M™), 138, 124, 110, 95, 78, 68.

4.1.6.4. 5-Methoxy-2-pyridinecarboxaldehyde (12).
Under argon atmosphere, MnO, (2.1 g, 24 mmol) was
added to a stirred mixture of 28 (258 mg 1.9 mmol)
and CH»Cl, (20 mL). After being stirred for 30 min at
ambient temperature, the whole mixture was filtered
through a Celite pad, and the filtrate was concentrated.
The crude product was chromatographed on silica-gel
column using n-hexane/AcOEt (3:1) to give 153 mg of
12 as a colorless solid (60%). '"H NMR (CDCls):
3.96 (s, 3H, -OCH3;), 7.31 (dd, 1H, J = 8.5 Hz, 2.4 Hz,
4-H), 797 (d, 1H, J=8.5Hz 3-H), 8.44 (d, 1H,
J=2.4Hz, 6-H), 10.00 (s, IH, —-CHO); '*C NMR
(CDCl3): 6 55.92, 119.97, 123.33, 138.53, 146.39,
158.98, 192.05; MS: m/z 137 (M), 109, 93, 79, 66

4.1.6.5. 5,5'-Dimethoxy-2,2'-pyridoin (6). Sodium cya-
nide (196 mg, 4 mmol in H,O, 2 mL) was added to a
stirred mixture of 12 (300 mg, 2.2 mmol) and methanol
(3 mL). The mixture was refluxed for 20 min at 80 °C.
The resulting yellow solid was collected by filtration,
washed with methanol and H,O successively, and dried
under reduced pressure to afford 6 (190 mg, 63%). 'H
NMR (DMSO-dg): 6 3.90 (s, 6H, -OCH3), 7.64 (dd,
2H, J=8.8Hz, 2.5Hz, 4 and 4'-H), 7.72 (d, 2H,
J=8.8 Hz, 3 and 3’-H), 8.33 (d, 2H, J = 2.5 Hz, 6 and
6'-H), 12.5 (s, 2H, —~OH); '*C NMR (DMSO-d,): ¢
55.89, 119.63, 123.40, 133.13, 133.52, 148.46, 153.69;
MS: m/z 274 (M"), 259, 215, 138, 136, 109, 108, 93;
HRMS caled for Ci4H14N>,O4 274.0954; found:
274.0918 (M*); mp: 158-159 °C (pyridine).

4.1.7. Preparation of 5,5'-diacetyl-2,2’-pyridoin (7)
4.1.7.1. 5-Acetyl-2-bromopyridine (19). Under N,
atmosphere, n-BuLi (7.9 mL, 13 mmol, 1.6 M in n-hex-
ane) was added to a mixture of 2,5-dibromopyridine
(18, 3.0 g, 13 mmol) and anhydrous Et,O (50 mL) at
—78 °C. The reaction mixture was stirred for 30 min
and then N,N-dimethylacetamide (1.3 mL, 15 mmol)
was added and stirred at —78 °C to ambient temperature
within 1 h. The whole mixture was poured into saturated
NH,4CI and then extracted with Et,O (3x 150 mL). The
combined organic layer was washed with brine, dried,
and concentrated. The crude product was chromato-
graphed on silica-gel column using n-hexane/AcOEt
(7.5:1) to give 1.3 g of 19 as a colorless solid (50%). 'H
NMR (CDCls): 6 2.63 (s, 3H, —CH3), 7.62 (d, 1H,
J=8.5Hz, 3-H), 8.08 (dd, 1H, J=28,5 Hz, 2.4 Hz, 4-
H), 8.90 (d, 1H, J =2.4 Hz, 6-H); '*C NMR (CDCls):
0 26.72, 128.43, 131.45, 137.65, 146.97, 150.40, 195.57;
MS: m/z 201 (M*+2), 199 (M), 158, 156, 131, 129, 76.

4.1.7.2. 2-Bromo-5-(2-methyl-1.3-dioxolan-2-yl)pyri-
dine (20). A mixture of 19 (1.3 g, 6.3 mmol), ethylene
glycol (1.1 mL, 20 mmol), and p-TsOH-H,O (364 mg,
1.9 mmol), and toluene (25 mL) was stirred for 6 h at
140 °C with a Dean-Stark apparatus. The reaction mix-
ture was washed with saturated Na,COs3; and brine suc-
cessively and concentrated. The crude product was
chromatographed on silica-gel column using n-hexane/
AcOEt (7:1) to give 1.4g of 20 as a colorless solid

(87%). '"H NMR (CDCls): 6 1.65 (s, 3H, —-CH3), 3.74—
3.81 (m, 2H, -OCH»-), 4.03-4.10 (m, 2H, ~OCH,-),
7.46 (d, 1H, J = 7.9 Hz, 3-H), 7.64 (dd, 2H, J = 8.2 Hz,
2.1 Hz, 4-H); 3C NMR (CDCly): & 27.52, 64.65,
107.25, 127.57, 135.97, 138.25, 141.62, 147.74; MS: m/z
230 ((M*+2]-CH;), 228 (IM']-CH;), 186, 184, 158,
156, 149, 134, 104, 87, 77.

4.1.7.3. 5-(2-Methyl-1,3-dioxolan-2-yl)-2-pyridinecar-
boxaldehyde (22). Under argon atmosphere, n-BuLi
(1.6 M in n-hexane, 3.5 mL, 5.7 mmol) was added to a
stirred mixture of 20 (1.4 g, 5.7 mmol) and anhydrous
Et,O (30 mL) at —78 °C and stirred for 30 min. Then,
DMF (0.5mL, 15mmol) was added to the mixture
and stirred at —78 °C to ambient temperature within
1 h. The reaction mixture was poured into 5% NaHCO;
and extracted with Et;O (3x 50 mL). The combined
organic layer was washed with brine, dried, and concen-
trated. The crude product was chromatographed on sil-
ica-gel column using n-hexane/AcOEt (6:1) to give
568 mg of 22 as a yellow oil (53%). "H NMR (CDCI,):
o 1.69 (s, 3H, —-CH3y), 3.77-3.83 (m, 2H, —-OCH,-),
4.07-4.14 (m, 2H, -OCH,-), 7.93-7.98 (m, 2H, 3 and
4-H), 891 (s, 1H, 6-H), 10.09 (s, 1H, -CHO); '*C
NMR (CDCls) ¢ 27.55, 64.83, 107.42, 121.30, 134.23,
143.43, 147.85, 152.45, 193.06.

4.1.7.4. 5-Acetyl-2-pyridinecarboxaldehyde (13). Un-
der N, atmosphere, a mixture of 22 (314 mg, 1.6 mmol)
and HCI (3 M, 20 mL) was stirred at 100 °C for 10 min.
After cooling to ambient temperature, the reaction mix-
ture was alkalified with saturated NaHCO; and extract-
ed with Et,O (3x 50 mL). The combined organic layers
were washed with brine, dried, and concentrated to give
117 mg of 13 as a yellow solid (48%). '"H NMR (CDCls):
0 2.70 (s, 3H, -COCHy), 8.07 (d, 1H, J = 8.2 Hz, 3-H),
8.39 (d, 1H, J=8.2 Hz, 4-H), 9.31 (s, 1H, 6-H), 10.15
(s, IH, -CHO); '3C NMR (CDCly): 6 27.07, 121.42,
134.76, 136.74, 150.13, 154.85, 192.51, 195.95; MS: m/z
149 (M), 134, 121, 106, 78.

4.1.7.5. 5,5'-Diacetyl-2,2'-pyridoin (7). Sodium cya-
nide (98 mg, 2 mmol in H,O, 1 mL) was added to a mix-
ture of 13 (117 mg, 0.78 mmol) and methanol (3 mL).
The mixture was refluxed for 20 min at 80 °C, and the
resulting red-orange solid was collected by filtration,
washed with methanol and H,O successively, and dried
under reduced pressure to afford 7 (15mg, 13%). 'H
NMR (DMSO-dy): ¢ 2.67 (s, 6H, -COCH3), 7.97 (d,
2H, J=8.4 Hz, 3 and 3’-H), 8.51 (d, 2H, J = 8.4 Hz, 4
and 4'-H), 9.20 (s, 2H, 6 and 6’-H), 13.3 (s, 2H, -OH);
13C NMR (DMSO-dg): d 26.87, 119.26, 130.11, 136.78,
137.64, 147.21, 157.87, 195.98; MS: m/z 298 (M*), 296,
269, 255, 225, 212, 198, 150, 121, 106, 78; HRMS calcd
for CigH 4N»0,, 298.0954; found: 298.0912 (M™); mp:
198-201 °C (dec) (pyridine).

4.2. Measurement of log k,,

The measurement procedure is a modification of the
method of Tsantili-Kakoulidou et al.?® Sample solution
contained 1-7 (3 mM) and acetone (0.1 pM) as an unre-
tained substance in CH3CN. The mobile phase was
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made up volumetrically using 41.8 mM MES buffer (pH
7.4), instead of a MOPS bulffer, and different propor-
tions of methanol in the range of 85-65%. Two microli-
ters of the sample was injected on an octadecyl-silica-
gel-prepacked column Prodigy 5 ODS (4.6 * 150 mm,
Phenomenex Inc.), followed by development with a flow
rate of 1.2 mL/min. 1-7 and acetone were detected with
a Shimadzu SPD-10A UV-vis detector at 254 nm. Iso-
cratic capacity factors, defined as log[(z,—?()/ty], were
linearly extrapolated to 0% methanol to yield logk,
(,: retention time of 1-7, t: retention time of acetone).

4.3. Oxidation potential

Oxidation potential was measured by a Hokuto HA-301
electrochemical apparatus equipped with glassy carbon
as a working electrode, platinum as a counter electrode,
and Ag/AgCl as a reference electrode. The sample
mixture contained 1-7 or AsA (0.5 mM) and tetra-n-
butylammonium hexafluorophosphate (60 mM) as a
supporting electrolyte in the mixture of DMF and
MES buffer, pH 7.4 (3:2, v/v), and it was scanned from
—300 to 900 mV at 50 mV/s to gain a voltammogram.

4.4. DPPH radical scavenging activity

The measurement procedure is a modification of the
method of Yamaji et al.!'! Sample 1-7 in DMSO solu-
tion (1 uM) was added to DPPH (16.7-50 uM) in a
mixture of MES buffer (pH 7.4) and ethanol (3:2,
v/v) at 25°C. The decrease in absorbance at 517 nm
was recorded on a JASCO V-560 UV-vis spectrometer
for 60s to gain the pseudo-first order reaction rate
constant. The resulting pseudo first-order reaction
rate constant was converted to a second-order reaction
rate constant by plotting against the initial DPPH
concentration.

4.5. Inhibition of lipid peroxidation

Rat liver microsomes were prepared from a phenobar-
bital-treated Wistar rat, as previously described.?® The
incubation mixtures contained microsomes (0.56 mg
protein) and the indicated amount of sample in a mix-
ture of 680 pL of 0.1 M sodium phosphate buffer (pH
7.4) and 300 pL ethanol. Peroxidation was initiated by
the addition of tert-butyl hydroperoxide (1 mM) and
continued for 15 min at 37 °C. The peroxidation was
terminated by an addition of 100 mL of 2,6-di-tert-
butyl-p-cresol in ethanol (2%). The solution was then
mixed with 2.0 mL of 15% trichloroacetic acid and
0.375% thiobarbituric acid in 0.25M HCIL After
incubation at 80 °C for 15min, the precipitate was
removed by centrifugation (3000 rpm, 20 °C, 20 min),
and the difference between the absorbance at 535 nm
and 600 nm was measured to gain a relative TBARS
formation.3*

—
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Abstract—A series of N-carboxy, N-alkyl, and N-carboxamido azabicyclo[2.2.2]octane carboxamides were prepared and assayed for
inhibition of oyf;-VCAM-1 and ouf3;-MAJCAM-1 interactions. Potency and oyf3;/04P7 selectivity were sensitive to the substituent
R!'-R? in the structures 6, 7, and 8. Several compounds demonstrated low nanomolar balanced a4f,/04p7 in vitro activity. Two com-
pounds were selected for in vivo leukocytosis studies and demonstrated increases in circulating lymphocytes up to 250% over

control.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Integrins are members of a widely expressed group of
heterodimeric cell adhesion receptors, consisting of o
and B subunits. The oy integrin family, in particular
o4P1 and oyP; integrins, plays important roles in adhe-
sion of lymphocytes to extracellular matrix.!

The o4, integrins (very late antigen-4, VLA-4) bind to
their counter-receptor vascular cell adhesion molecule-
1 (VCAM-1), which is expressed on endothelial cell sur-
faces and mediates cell adhesion and infiltration. It was
shown that blockage of leukocyte infiltration may be
beneficial for therapeutic treatment of such inflammato-
ry diseases as asthma, multiple sclerosis, and rheuma-
toid arthritis.

The o4 integrins are critical in lymphocyte homing to
the intestinal mucosa through interaction with its princi-
pal counter-receptor mucosal addressin cell adhesion
molecule-1 (MAdCAM-1), which is expressed on the

Keywords: 04B1 integrin; 04B7 integrin; VLA-4; VCAM-1; MAdCAM-

I; Crohn’s disease; Inflammatory bowel disease; Asthma; Multiple

sclerosis; Rheumatoid arthritis; N-Acylphenylalanine; Azabicy-

clo[2.2.2]octane; Leukocytosis.
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0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/.bmc.2005.07.022

gut mucosal endothelium. Inhibition of this interaction
was found to be beneficial in the treatment of inflammato-
ry bowel disease (Crohn’s disease or ulcerative colitis).'

The therapeutic potential of oy integrin antagonists has
recently been highlighted by FDA approval of Tysabri
(natalizumab), a humanized monoclonal antibody that
binds the integrin o4 subunit, for treatment of multiple
sclerosis.> However, serious complications resulted in
the voluntarily withdrawn of Tysabri shortly after its
introduction.? In this paper, we describe the design, syn-
thesis, and in vivo properties of novel small-molecule
04P31/04B7 integrin antagonists.

2. Chemistry

There are many reports in the scientific and patent liter-
ature of small-molecule oy integrin antagonists.*

A major structural class of 0-4 integrin antagonists is the
N-acylphenylalanines, with the N-acyl group frequently
resembling proline derivatives.’ Several representatives
of this class (1,° 2,7 3,8 and 4°) that demonstrated good
in vitro activity in cell adhesion and ELISA assays are
shown in Figure 1. We recently discovered that sulfona-
mides of aza-bicyclic amino acid derivatives!® (e.g., 5)
are very potent oyf; and o4, antagonists.
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Figure 1. Nonpeptide a4f,/04p7 integrin antagonists.

The sulfonamides of aza-bicyclic amino acids, such as 5,
have very high in vitro activity and in vivo efficacy, but
are not orally bioavailable. We had chosen to investigate
whether further manipulation of the structure, in particu-
lar replacement of the sulfonamide group, may lead
to orally active dual oyf;/04p7 integrin antagonists. We
envisioned that by replacing the sulfonamide group with
amides, ureas or amines, we may achieve greater com-
pound diversity (prototype structures 6-8), which may
provide additional benefits in activity and selectivity (see
Fig. 2).

Although the preparation of some amido derivatives of
proline analogs, along with their o4 activity, was de-
scribed in the scientific'! and patent'? literature, very
limited SAR data are available Our first goal was to
investigate the oyP; and oyPB; activity of non-sulfon-
amide analogs of aza-bicyclic amino acids.

“co,H

Rl/gO \N’go
H

6

Figure 2. Prototype non-sulfonamide targets 6, 7, and 8.

A large number of 4-substituted phenylalanines were
reported as components of the active o, integrin antag-
onists. We opted to retain the 2,6-dichloroisonicotinoyl
amide derivatized analogs of phenylalanine'? since these
analogs demonstrated the highest activity with sulfona-
mides of aza-bicyclic amino acid derivatives.'?

We used a convergent approach to the synthesis of the
target compounds (Schemes 1-3). The methodology
for preparation of the requisite bridged bicyclic amino
acids 9 is well developed.'* Acylation of 9 with ben-
zyloxycarbonyl chloride followed by hydrolysis result-
ed in acid 11 (Scheme 1). The acid was coupled with
amine 14, prepared with near quantitative yield from
Boc-4-nitrophenylalanine 12 (Scheme 2). Further
deprotection and modification of the nitrogen atom
of amine 15 followed by hydrolysis resulted in target
compounds 6, 7, and 8 (Scheme 3). Final products

“co,H “Sco,H

)

R3

O O O
N N N
H

o

0 J

Ph

O

o] e}

10 ] 11

Ph

Scheme 1. Reagents and conditions: (a) CBZ-Cl, CH,Cl,, Et3N, 23 °C (85%); (b) LiOH or NaOH, MeOH, water, 60 °C (70%).
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Scheme 2. Reagents and conditions: (a) Me;SiCHN,, MeOH, CHCl;, 0 °C; (b) H,, Pd/C 10%, MeOH, 23 °C; (c) 2,6-dichloroisonicotinoyl chloride,

CH,CL, Et;N, 23 °C; (d) CF;CO,H, CH,Cl,, 23 °C (90% total yield).
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Scheme 3. Reagents and conditions: (a) bis(2-oxo-3-oxazolidinyl)phosphinic chloride, i-PrNEt/CH,Cl,, 23 °C; (b) HBr in AcOH, 23 °C; (c)
RCO,H, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride/1-hydroxybenzotriazole hydrate, i-Pr,NEt/CH,Cl,, 23 °C; (d) R,N=C=0/
CH,Cl,, 23 °C; (e) RCHO, Na(OAc);BH/CICH,CH,CI; (f) LiOH or NaOH, MeOH, water, 60 °C (85%).

were isolated by HPLC and characterized by spectro-
scopic methods.

3. In vitro biological results

The aza-bicyclic target compounds were tested for inhib-
iting cell adhesions mediated by o4B; and o437 integrins,
and the results are presented in the Table 1. All com-
pounds were prepared and tested as mixtures of (R,S)
and (S,S) diastereomers.!” We found that the size and
the type of R group have decisive effect on ayfB; and
o4f7 activity with several trends being observed. The
best substituents have a more or less bulky group (i.e.,
t-Bu, i-Pr, cycloalkyl or aryl) attached to the Cy—C5 link-
er. The alternative to the bulky groups are smaller polar
functional groups such as substituted or non-substituted
amino (22-24), hydroxy (25) or alkoxy (26). These polar
groups attached to C,—Cj linker also yielded potent inte-
grin antagonists with dual activity. Retention of activity
in this case may be explained by additional hydrogen

bonding of polar functional groups with substrate. The
length of the linker is very important, methylene and
ethylene were found to be optimal (18 is more potent
than 16). Further elongation of the linker diminished
the activity, especially for o4f; (the activity of 20 was
lower than 19, for oyf;). Carbon atoms in the linker
may be replaced by O or S atoms with retention of activ-
ity (41-43 vs 28). The aromatic or heteroaromatic group
attached to the linker may be substituted with acceptor
groups without decreasing activity (38, 39). Electron-
donating groups slightly increased oyf; as well as oyp
activity (40 vs 38 and 39).

Ureas were less potent in vitro than the amides and
sulfonamides. Compound 46 is the only example with
oy activity below 100 nM. The activity against oy,
integrins of all synthesized ureas was modest.

N-Alkylated analogs (47-50) were found to be less
potent than the N-acylated derivatives. The best
compound, 47, demonstrated balanced nanomolar





6696 A. B. Dyatkin et al. | Bioorg. Med. Chem. 13 (2005) 6693-6702

Table 1. Inhibition of cell adhesion mediated via o4f; and 043, integrins by azabicyclo[2.2.2]octane derivatives (ICsg)

Compound R oasf1/VCAM-1 (nM) o437/ MAdCAM-1 (nM) olsB1/0437 selectivity ratio
16 t-BuCO 390 830 0.5
17 t-BuCH,CO 89+ 1 1506 0.6
18 i-Pr(CH,),CO 5+1 15+ 1 0.3
19 2-Cyclopentyl(CH,),CO 285 2719 1.0
20 3-Cyclohexyl(CH,);CO 4120 250 + 50 0.2
21 BocNH(CH,),CO 9+8 30+ 14 0.3
22 NH,(CH,),CO 28+ 12 60 £ 21 0.5
23 Me,N(CH,),CO 24+ 13 180 £ 16 0.1
24 HO(CH,),CO 4+1 0.6%0.3 6.7
25 HOC(Me),CH,CO 14+t4 47%10 0.3
26 MeO(CH,),CO 8+ 1 110+ 11 0.1
27 2-F-CcH4CO 440 150 29
28 Ph(CH,),CO 1£0.5 72 0.1
29 2-ThienylCH,CO 12+4 30£2 0.4
30 3-ThienylCH,CO 4+1 41 14 0.1
31 4-MorpholinoCH,CO 106 30£10 0.3
32 4-(MeO)C¢H4CH,CO 8+3 110 = 50 0.1
33 3,5-(Me0),CsH;CH,CO 23+5 140 + 70 0.2
34 3,6-(Me0),C¢H3CH,CO 120 130 0.9
35 2-Pyridyl-CH,CO 25%8 3214 0.8
36 3-Pyridyl-CH,CO 20+ 7 62+8 0.3
37 4-Pyridyl-CH,CO 3+1 32+15 0.1
38 2-F-C¢H,4 (CH,),CO 4+1 46 + 20 0.1
39 4-Cl-C¢H4 (CH,),CO 31t4 24+ 14 1.3
40 4-(MeO)C¢H, (CH,),CO 2+1 7+1 0.3
41 PhCH,OCO 91 24+ 4 0.4
42 2-Pyridyl-SCH,CO 9+1 104 0.9
43 4-Pyridyl-SCH,CO 6t2 612 1.0
44 PhNHCO 260 290 0.9
45 4-MeCcH,NHCO 580 120 = 20 4.7
46 PhCH,NHCO 72+ 16 38+5 0.2
47 t-Bu(CH»), 47+5 94 + 21 0.5
48 Ph(CH,);3 62+ 6 260 + 90 0.2
49 4-MeCgH,(CH,), 500 260 2.0
50 PhCH, 540 310 1.8
51 H 45+ 12 23113 2.0
5 193 94 + 25 0.2

Data represent inhibition of binding of a4f] cells to immobilized VCAM-1 or 4B cells to immobilized MAdCAM-1. Confidence intervals were
usually calculated with N = 3. Assay conditions were developed based on Ref. 15 and 16.

ol4B1/04P7 activity. A free amine 51 (R; = H) was very ac-
tive, probably due to additional hydrogen bonding.

4. In vivo PK studies

The pharmacokinetic profiles in Sprague—Dawley rats of
several N-amido and N-alkyl bicyclic derivatives were
determined. Unfortunately, oral bioavailability of all
tested compounds, (30, 47, and 51) was below 5%. These
compounds also showed ¢, values below 30 min upon
intravenous administration while being stable in vitro
in the presence of human or rat liver microsomes. This
is an evidence of primarily non-first pass in vivo metab-
olism for this class of compounds. To overcome low oral

bioavailability, we prepared the Me ester of 30—pro-
drug 52. Results of PK studies are presented in the Table
2.

5. In vivo leukocytosis studies

Two compounds, 5 and 28, representing the sulfona-
mides and amides, were selected for evaluation for ef-
fects on in vivo leukocytosis. Leukocytosis is the
increase in circulating white blood cells (leukocytes) that
can be brought about by preventing leukocyte binding
to leukocyte adhesion molecule counter-receptors ex-
pressed on endothelium. This cell-cell adhesion occurs
between immunoglobulin superfamily molecules and
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Table 2. Oral PK data of 52 in Sprague-Dawley rats

cl
" i h
N A
o o cl
OMe
N
N Ho§
°© 52

N
\ s
Chax, BIM 15, h (i.v.) AUC  Clearance (dose/AUC), F%
uM-h  mg/kg/uM-h
0.533 0.238 1.047  28.7 22

Mature male rats (250-300 g) were used. Each compound was admin-
istered at a dose of 30 mg/kg p.o. (N = 3) and 3 mg/kgi.v. (N = 3). The
plasma levels for the compounds were determined by LC-MS. All
parameters were measured for the acid 30. Pro-drug 52 was not detected
in plasma.

integrins. Relevant examples of these paired interactions
include vascular cell adhesion molecule-1 with oy, inte-
grin, and mucosal addressin cell adhesion molecule-1
with o4f; integrin, respectively.

In this model, a compound that antagonizes these leuko-
cyte—endothelial interactions will cause an increase in
circulating leukocytes, defined as leukocytosis, as mea-
sured at 1 h post-administration, a time when drug plas-
ma levels were allowed to achieve a maximum and have
had sufficient time to manifest a sufficient biological ef-
fect. This leukocytosis is indicative that normal lympho-
cyte or leukocyte emigration from the peripheral

Compound 5

*%

Lymphocyte counts x 10° / Liter+ S.E.

Veh 3mg/kg
Treatment

30mg/kg

6697

circulation was prevented. Similar emigration of cells
out of the circulation into inflamed tissues is responsible
for the progression and maintenance of the inflammato-
ry state. Leukocytosis is an indication that lymphocyte
and leukocyte extravasation is prevented, and may be
predictive of general anti-inflammatory activity. In vivo
administration of the two compounds produced signifi-
cant elevations in circulating lymphocytes and total leu-
kocytes. Among the latter, circulating counts for cells of
various granulocytic lineages remained unchanged.

Dose-responsive increases in lymphocyte counts were
observed 1 h after subcutaneous administration of Com-
pound 5 and Compound 28 to naive animals. The lym-
phocytosis responses are shown in Figure 3. Compound
5 induced an increase in lymphocyte counts to 177% of
vehicle control, and compound 28 induced lymphocyte
counts to rise to 253% of vehicle control. Nearly, identi-
cal increases in total leukocyte counts were found to oc-
cur. Granulocyte counts remained unchanged (data not
shown).

The increased numbers of circulating leukocytes were
dose-dependent and indicate that blockade of integrin
receptor-mediated binding to endothelial counter-recep-
tors (o4P; to VCAM-1 and oyf; to MAdACAM-1) results
in an inability of the cells to extravasate as part of a nor-
mal trafficking function. This further supports the utility
of this method as a possible clinical surrogate and for
evaluating dosing regimens, as discussed previously in
the same context in studies with natalizumab, an anti-
body to oy integrin,'® and with the synthetic integrin
antagonist BIO5192.1°

Compound 28

16 — *k k

3mg/kg
Treatment

Leukocytosis

Compound 5

14
12

0/ Liter+ S.E.

NN\
N\

N\

Total Leukocyte counts x 10
N
L
: \\\1
> 4
=

T T
3mg/kg 30 mg/kg

Treatment

Compound 28
18

16 +
14+
12 +
10+
8
6_
4
2_
0

\\}
W

T T
Veh 3mg/kg 30 mg/kg

Treatment

Figure 3. In vivo leukocytosis studies. Dose-responsive lymphocytosis occurs following subcutaneous administration of 5 and 28. Female, Balb/c
mice, n = 8, were given vehicle, 3 mg/kg or 30 mg/kg of Compound 5 or Compound 28 in 0.5% methyl cellulose. One hour later, blood samples were
drawn and were analyzed for lymphocyte numbers. Numbers represent means and standard error of counts x 107%/L: ** = p < 0.01, *** = p < 0.001

versus vehicle-treated group; ANOVA.
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6. Conclusion

In summary, we have identified a novel series of potent
non-sulfonamide oy integrin antagonists. While amine
and urea substitutions provided moderately active com-
pounds, amides were equipotent or even more potent
than the corresponding sulfonamides. Several com-
pounds had low-nanomolar or even sub-nanomolar
potency; the ratio of oyfi/04B; activity varied from 0.1
to 6.7. In vivo administration of amide 28 as well as
sulfonamide 5 produced a significant elevation in
circulating lymphocytes and total white cells. Further
investigation of such compounds may lead to new treat-
ments of diseases mediated by o4 integrins.

7. Experimental

All commercially available chemicals were used as pur-
chased. Melting points were obtained with a Mel-Temp
capillary melting point apparatus and are uncorrected.
"H NMR spectra were recorded with a Bruker AC-400
spectrometer with TMS as an internal standard. Electro-
spray ionization mass spectra (ESI) were obtained using
a Fisons spectrometer (Hewlett-Packard HPLC driven
electrospray MS instrument). Compounds were purified
using ISCO CombiFlash® Sql6x system with silica
RediSep columns or Gilson HPLC system with YMC
ODS-H80 column. The purities of each compound were
determined using a Hewlett-Packard LC 1100 system
(YMC J'Sphere H80 S4 column, 4.0 X 50 mm, 4 mm
C,g; mobile phase of 90% H,O (0.1% TFA) to 10%
H,0 (0.1% TFA) with a flow rate of 1 mL/min; detec-
tion at 220 and 254 nM). Elemental analyses were con-
ducted by Robertson Microlit Laboratories.

7.1. N-Benzyloxycarbonyl-|2.2.2]azabicyclooctane-1 ethyl
carboxylate (10)

Amino ester 9(5.90 g, 0.0322 mol) was dissolved in 100 ml
of dry DCM containing 9.43 mL (0.067 mol) of Et;N and
solution was cooled in the ice bath. Benzyl chloroformate
(5.77 g, 4.83 mL, 0.0338 mol) was added dropwise by
syringe. The reaction was stirred 2 h at 0 °C, then warmed
up to room temperature and stirred overnight. The reac-
tion mixture was washed with 0.1 N HCI, 5% NaHCOs,
and water, dried over MgSO, and concentrate, resulting
10 as viscous oil. Product was analyzed by TLC (hex-
ane/EtOAc 1:1, R;0.75). The crude material was purified
by column chromatography (silica, heptane/EtOAc 2:1)
resulting 7.73 g (76%) of yellow solid.

"H NMR (CDCls): § 7.37-7.26 (5H, m), 5.20-5.10 (2H,
m), 4.71-4.69 (1H, m), 4.26-4.00 (3H, m), 2.24-2.22
(1H, m), 2.16-2.15 and 2.13-2.04 (1H, m), 2.00-1.40
(m, 9H), 1.25 and 1.15 (3H, J = 7.3 Hz).

7.2. N-Benzyloxycarbonyl-|2.2.2]azabicyclooctane-1
carboxylic acid (11)

Ester 10 (7.73 g, 24.36 mmol) was dissolved in 100 ml
MeOH and 5 equiv of 1.0 N NaOH aq were added as
one portion. Reaction was warmed to 70 °C for 5h

and evaporated. The residue was dissolved in 100 mL
H,O0, acidified by 1 N HCI to pH 2 and extracted by
EtOAc (3x 25 mL). Organic fractions were combined,
dried over MgSQ,, filtered, and evaporated, providing
white solid material (6.34 g, 90%).

'H NMR (CDCly): § 7.34-7.26 (5H, m), 5.29-5-.10 (2H,
m), 4.70-4.13 (2H, m), 2.29-2.23 (1H, m), 2.09-2.00
(1H, m), 2.00-1.40 (8H, m); MS (ES") 288.

7.3. 4-Amino-N-Boc phenylalanine methyl ester (13)

N-Boc-4-nitro-L-phenylalanine, 12, (5 g) was dissolved
in 100 ml MeOH/chloroform 1:1 mixture, the solution
was cooled in the ice bath. Trimethylsilyl diazomethane
(1 M solution in hexane) was added dropwise until the
solution remained yellow. The reaction mixture was
evaporated in vacuum, the residue was dissolved in
50 ml MeOH/ethyl acetate 1:1 mixture and was hydroge-
nated at 30 psi overnight over Pd/C 10% (100 mg). After
filtration the solvent was evaporated, providing 5.1 g of
13 as white solid.

"H NMR (CDCl): 6 6.89 (d, J = 8.2 Hz, 2H), 6.60 (d,
J=18.3 Hz, 2H), 5.05-4.95 (m, 1H), 4.59-4.50 (m, 1H),
3.01-2.95 (m, 2H), 1.41 (s, 9H); MS (ESI*) m/z 295
(M+H)"*. Anal. Caled for C;sH»N,O4: C, 61.21; H,
7.53; N, 9.52. Found: C, 61.24; H, 7.80; N, 9.46.

7.4. 4-Dichloroisonicotinamido phenylalanine methyl ester
(14)

Compound 13 (5.0 g, 0.017 mol) was dissolved in 50 ml
CH,Cl, containing 3 ml of Et;N followed by 531 g
(0.025 mol) of 3,5-dichloroisonocotinoyl chloride,!! The
reaction mixture was kept overnight at room tempera-
ture, washed with 0.1 N HCI, 10% NaHCOs;, dried over
MgSO,, filtered, and evaporated. The product was
purified by crystallization from hexane/ethyl acetate, pro-
viding 6.22 g (78% yield) of N-BOC-4-dichloroisonicoti-
namido phenylalanine methyl ester as white solid, mp
124-126 °C.

'H NMR (DMSO-ds): & 8.79 (s, 2H), 7.56 (d,
J=84Hz, 2H), 730 (d, J=8.1Hz, IH), 7.24 (d,
J=8.4Hz, 2H), 4.17-4.13 (m, 1H), 2.97 (dd, J =13.7
and 5.0, 1H), 2.83 (dd, J=13.6 and 9.9, 1H); 1.33 (s,
9H); MS (ESI*) m/z 469 (M+H)*. Anal. Calcd for
C21H23C12N305' 0.8 EtzOZ C, 5509, H, 592, N, 7.96.
Found: C, 54.94; H, 5.86; N, 8.00.

N-BOC-4-dichloroisonicotinamido phenylalanine meth-
yl ester (4.68 g, 0.01 mol) was dissolved in 30 ml of
CH,Cl, followed by 1 ml of TFA. Reaction was kept
overnight at room temperature, evaporated in vacuum,
and the viscous residue was recrystallized from
CH,Cly/ether, providing 14 as white solid (5.1 g, 80%
yield); mp 257-259 °C.

'H NMR (DMSO-dq): & 8.80 (s, 2H), 8.44 (br s, 3H),
7.63 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 7.24
(d, J=8.5Hz, 2H), 433 (t, J= 6.4 Hz, 1H), 3.09 (d,
J = 6.4, 2H), MS (ESI*) m/z 369 (M+H)*. Anal. Calcd
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for C16H|5C12N3O3'CF3C02HI C, 4483, H, 334, F,
11.82; N, 8.71. Found: C, 44.49; H, 3.23; F, 11.78; N,
8.61.

7.5. 2-|(2-Aza-bicyclo|2.2.2]octane-3-carbonyl)-amino]-3-
(4-[(3,5-dichloro-pyridine-4-carbonyl)-amino|-phenyl)-
propionic acid methyl ester (15)

Theacid 11 (2.50 g, 8.6 pumol) and di-TFA salt of amine 14
(5.14 g, 8.6 umol) were dissolved in 15mL CH,Cl,,
containing 500 pL of Et3N, followed by bis(2-ox0-3-oxa-
zolidinyl)phosphinic chloride (4.40 g, 2 equiv). The reac-
tion was stirred overnight at room temperature under
nitrogen and then washed H,O. The residue after evapo-
ration of solvent was subjected to column chromatogra-
phy on silica gel eluted with ethyl acetate to give 3-(2-(4-
[(3,5-dichloro-pyridine-4-carbonyl)-amino]-phenyl)-1-meth-
oxycarbonyl ethylcarbamoyl)-2-aza-bicyclo[2.2.2]octane-2-
carboxylic acid benzyl ester (4.66 g, 85%) as a white
solid.

"H NMR (300 MHz, CD;CN): 8 8.90 (1H, s), 8.65 (2H,
s), 7.65-7.50 (2H, m), 7.45-7.15 (9H, m), 6.97 (1H, d,
J=8.0Hz), 512499 (2H, m), 4.754.60 (1H, m),
4.09-4.01 (2H, m), 3.69-3.62 (3H, m), 3.20-2.90 (1H,
m); MS (ESI*) m/z 639 (M+H)".

This benzyloxycarbonyl derivative (3.65 g, 5.72 mmol)
was added to 33% HBr in AcOH (45 mL) under vigor-
ous stirring. The reaction was kept at room temperature
for 3 h (reaction became homogeneous after 45 min).
The viscous liquid was evaporated under vacuum, and
the resulting residue was dissolved in water (250 mL),
then extracted with Et,O. The organic layer was discard-
ed. The aqueous layer was basified to pH 7 with Na,CO;
and extracted with EtOAc (5x 20 mL). The organic lay-
ers were combined, dried (Na,SOy), and evaporated to
provide Compound 15 (2.85 g) as a pale yellow solid.
Compound 15 was purified by column chromatography
on silica gel eluted with 9:1 CHCl3/MeOH to give 2.5 g
(87%) of pure compound 15 a white solid. The analyti-
cally pure material was purified by HPLC, providing
after lyophilization a salt with 1.3 equivalents of TFA.

'H NMR (CD;0D): § 8.66 (s, 2H), 7.59 (d, J = 8.5 Hz,
2H), 7.24 (d, J = 8.5 Hz, 2H), 4.83 (m, 1H), 3.92 (s, 1H),
3.74 (s, 3H), 3. 42 (s, 1H), 3.25 (m, 1H), 2.97 (m, 1H),
2.28 (s, 1H), 2.01-1.54 (m, 8H), MS (ESI") m/z 506
(M+H)+. Anal. Calcd for C24H26C12N4O4' 1.3 CF3
COOH: C, 48.88; H, 4.21; Cl, 10.85; F, 11.34; N, 8.57.
Found: C, 48.53; H, 3.82; CI, 10.90; F, 11.12; N, 8.35.

7.6. Typical procedure for preparation of amides (6)

Compound 15 (73 mg, 0.10 mmol), the acid (0.105 mmol),
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydro-
chloride (21 mg, 0.11 mmol), and 1-hydroxybenzotriaz-
ole hydrate (14 mg, 0.105 mmol) were suspended in
DCM (1 mL) at room temperature and N-methyl-mor-
pholine (14 uL, 0.120 mmol) was added in one portion.
The reaction was kept at room temperature for 4 h and
loaded into a silica column. Flash chromatography (silica
gel, EtOAc) provided target amide with 65-90% yield.

This amide was dissolved in MeOH/water (2 mL, 1:1)
and LiOH (4 mg, 0.1 mmol) was added in one portion.
The reaction was homogenized in an ultrasonic bath
and kept overnight at room temperature. The reaction
mixture was diluted with water (20 mL), extracted with
Et,O (10 mL), and the organic layer was discarded.
The aqueous layer was acidified with 1 N HCI to pH 2
and extracted with EtOAc (2x 10 mL). The organic lay-
ers were combined, dried (MgSOy), filtered, and evapo-
rated to give a white residue which was purified by
HPLC. The desired fractions were pooled and lyophi-
lized to yield target product 6, which was characterized
by NMR, MS, and elemental analysis.

7.7. Typical procedure for preparation of ureas (7)

Compound 15 (73 mg, 0.10 mmol), the isocyanate
(0.105 mmol) and 150 pL of Et;N were suspended in
DCM (1 mL). The reaction was kept at room tempera-
ture for 12h and loaded into a silica column. Flash
chromatography (silica gel, EtOAc) provided target
amide with 50-85% yield.

This urea was dissolved in MeOH/water (2 mL, 1:1) and
LiOH (4 mg, 0.1 mmol) was added in one portion. The
reaction was homogenized in an ultrasonic bath and
kept overnight at room temperature. The reaction mix-
ture was diluted with water (20 mL), extracted with
Et;0 (10 mL), and the organic layer was discarded.
The aqueous layer was acidified with 1 N HCl to pH 2
and extracted with EtOAc (2x 10 mL). The organic lay-
ers were combined, dried (MgSQOy), filtered, and evapo-
rated to give a white residue which was purified by
HPLC. The desired fractions were pooled and lyophi-
lized to yield target product 7, which was characterized
by NMR, MS, and elemental analysis.

7.8. Typical procedure for preparation of amines (8)

A 10-mL vial (SmithProcess) containing a magnetic stir
bar was charged with 15 (73 mg, 0.10 mmol), aldehyde/
ketone (0.15 mmol), acetic acid (10 puL), sodium triacet-
oxyborohydride (32 mg 0.15 mmol) in ethylene dichlo-
ride (0.5 mL). The vial was sealed and the mixture was
heated under microwave (SmithSynthesizer) at 120 °C
for 5min. The reaction mixture was concentrated and
treated with 1 N LiOH (0.5 mL) in MeOH (0.5 mL) at
room temperature for 4 h. Acidification and purification
gave desired compound, which was purified by HPLC.
The desired fractions were pooled and lyophilized to
yield target product 8, which was characterized by
NMR, MS, and elemental analysis.

After lyophilization compounds usually contained 0.2—
1.5 equivalent of TFA. Most compounds existed as rota-
mers, which complicated NMR spectra. Below are
presented examples of the target compounds character-
ization (S,S-isomers).

16: "HNMR (DMSO-dy): 6 0.80 (s, 1H): 8.73 (s, 2H), 7.71
(d, J=6.97 d, 1H), 7.49 (d, J = 8.5 Hz, 2H), 7.21 (d,
J=8.5Hz, 2H), 4.23-4.28 (m, 1H), 4.09-4.05 (m, 2H),
3.00-2.80 (m, 2H), 2.03 (s, 1H), 1.90-1.73 (m, 1H),
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1.65-1.40 (m, 6H), 1.35-1.15 (m, 1H), 1.08 (s, 9H). MS
(ESI+) mlz 575 (M+H)+ Anal. Calcd (C28H32C12N405'
0.25 TFA): C, 56.67; H, 5.38; F, 2.36; Cl, 11.74; N, 9.28.
Found: C, 56.22; H, 5.01; F, 2.30; Cl, 12.02; N, 9.02.

17: '"H NMR (CD;O0D, rotamers): § 8.65 (s, 2H), 7.60—
7.55 (m, 2H), 7.34-7.25 (m, 2H), 4.71 (m, 0.5H), 4.46
(m, 0.5H), 4.32 (m, 0.5H), 4.26 (m, 0.5H), 4.03 (m, 1H),
3.20-2.90 (m, 2H), 2.20-1.20 (m, 12H), 1.05 and 0.94 (s,
9H). MS (ESI") m/z 589 (M+H)". Anal. Calcd
(C29H34C12N405' 1.2 TFA) C, 5192, H, 488, F, 942,
ClL,9.76; N, 7.71. Found: C, 52.55; H, 4.80; F, 10.08; Cl,
10.14; N, 7.78.

18: '"H NMR (DMSO-d, rotamers): d 10.74 and 10.72 (s,
1H); 8.71 (s, 2H), 7.42-7.35 (m, 2.5H), 7.14-7.06 (m,
2.5H), 4.24 (m, 0.5H), 4.08-4.00 (m, 1H), 3.98-3.95 (m,
0.5H), 3.87-3.85 (m, 0.5H), 3.79 (m, 0.5H), 3.00-2.90
(m, 2H), 2.32-2.22 (m, 0.5H), 2.16-2.05 (m, 0.5H), 2.05
and 2.00 (m, 1H), 1.96-1.89 (m, 0.5H), 1.85-1.75 (m,
0.5H), 1.65-1.15 (m, 11H), 0.80 (d, J = 6.6 Hz, 3H), 0.72
(dd, J=6.4 and 3.7Hz, 3H). MS (ESI") m/z 589
(M+H)+. Anal. Calcd (C29H34C12N405' 2.5 TFA" 0.5
H,0):C,46.22; H,4.28; Cl,8.02; F, 16.13; N, 6.34. Found:
C,46.21; H,4.34; Cl, 7.73; F, 15.69; N, 6.46; KF 1.04.

21: '"H NMR (CD;0D, rotamers): é 8.65 (m, 2H), 7.60—
7.50 (m, 2H), 7.35-7.20 (m, 2H), 4.75-3.70 (m, 3H),
3.20-2.80 (m, 2H), 2.65-2.35 (m, 2H), 2.15 (m, 2H),
2.00-1.20 (m, 19H). MS (ESI") m/z 662 (M+H)*. Anal.
Calcd (C5,H3,CI,NsO7 1.1 TFA): C, 50.60; H, 4.87; Cl,
9.00; F, 7.96; N, 8.89. Found: C, 50.72; H, 4.80; Cl, 9.43;
F, 8.00; N, 9.27.

28: '"H NMR (DMSO-d,, rotamers): 6 10.75 (s, 1H), 8.72
(s, IH), 7.66 (m, 1H), 7.45-7.39 (m, 2H), 7.20-7.15 (m,
3H), 7.10-7.03 (m, 2H), 4.25 (m, 1H), 4.04 (m, 1H),
3.85-3.75 (m, 1H), 3.10-2.50 (m, 4H), 2.00-1.10 (m,
10H). MS (ESI") m/z 623 (M+H)*. Anal. Calcd
(C32H32C12N405' 1 TFA) C, 5537, H, 451, Cl, 961, F,
7.73; N, 7.60. Found: C, 55.29; H, 4.46; Cl, 9.45; F,
7.55; N, 7.42.

30: "H NMR (DMSO-dj, rotamers): 8 0.79 (s, 1H), 8.78
(m, 2H), 7.52-7.38 (m, 4H), 7.22-6.94 (m, 4H), 4.30-
3.60 (m, 4H), 3.15-2.95 (m, 2H), 2.07 (m, 1H), 1.75-
1.20 (m, 9H). MS (ESI") m/z 615 (M+H)". Anal. Calcd
(C29H28C12N4058' 2 Hzo, 1.5 TFA) C, 4672, H, 410,
Cl 8.62; F, 10.39; N, 6.81; S 3.90. Found: C, 46.24;
H,3.96; Cl, 9.02; F, 10.07; N, 6.61; S, 3.84; KF 4.06.

33: 'H NMR (CD;0D, rotamers): ¢ 8.64-8.63 (m, 2H),
7.59-7.52 (m, 2H), 7.32-7.28 (m, 2H), 6.92-6.75 (m,
3H), 4.70-4.73 (m, 1H), 4.43-4.21 (m, 1H), 3.91 (s,
1H), 3.81-3.72 (m, 6H), 3.61-3.48 (m, 1H), 3.39-3.31
(m, 1H), 3.16-2.91 (m, 2H), 2.17 (s, 1H), 1.93-1.45 (m,
8H). MS (ESI*) m/z 669 (M+H)". Anal. Calcd
(C33H34CILN4O7 1 H,O, 1 TFA): C, 52.44; H, 4.65;
Cl, 8.85; F, 7.11; N, 6.99. Found: C, 52.20; H, 4.35;
Cl, 9.00; F, 6.76; N, 6.59; KF 2.20.

35: 'H NMR (CD;0D, rotamers): 6 8.79-8.71 (m, 1H),
8.62 (m, 2H), 8.47-8.34 (m, 1H), 7.92-7.77 (m, 1.5H),

7.67 (m, 0.5H), 7.52-7.42 (m, 2H), 7.33-7.21 (m, 2H),
4.68-4.62 (m, 1H), 4.42-4.30 (m, 1H), 4.00-3.95 (m,
1H), 3.56-3.29 (m, 1H), 3.17-2.92 (m, 3H), 2.30-2.17
(m, 1H), 2.08-1.15 (m, 8H). MS (ESI") m/z 610
(M+H)+. Anal. Calcd (C30H29C12 N505' 1.5 Hzo, 1.3
TFA): C, 49.83; H, 4.27; Cl, 9.02; F, 9.43; N, 8.91.
Found: C, 49.92; H, 3.78; N, 8.87; Cl, 8.95; F, 9.68;
KF 3.30.

37: 'H NMR (CD;OD, rotamers): d 8.78-8.26 (m, 5H),
8.00-7.93 (m, 1H), 7.56-7.48 (m, 2H), 7.35-7.29 (m,
2H), 4.70-4.67 (m, 1H), 4.41-4.35 (m, 1H), 4.21-4.17
(m, 1H), 4.05-3.95 (m, 1H), 3.70-3.34 (m, 1H), 3.20-
2.97 (m, 2H), 2.28-2.20 (m, 1H), 2.03-1.13 (m, 8H). MS
(ESI+) m/z 610 (M+H)+ Anal. Calcd (C30H29C12N505'
1 H,O,1TFA):C,51.76; H,4.34; F, 7.68; N, 9.43. Found:
C, 51.46; H, 4.69; F, 7.53; N, 9.69; KF 2.35.

39: 'H NMR (DMSO-d, rotamers): 6 10.85 and 10.83
(s, 1H), 8.76 and 8.75 (s, 2H), 7.50-7.43 (m, 2H),
7.30-7.18 (m, 7H), 4.25 (m, 0.5H), 4.20 (dd, J=12.7
and 7.2 Hz, 0.5H), 4.05 (m, 0.5H), 4.20 (dd, J=7.2
and 5.2Hz, 0.5H), 3.90 (m, 0.5H), 3.84 (m, 0.5H),
3.06-3.00 (m, 1H), 2.95-2.55 (m, 5H), 2.25-2.10 (m,
1H), 1.65-1.15 (m, 9H). MS (ESI") m/z 671 (M+H)".
Anal. Calcd (C32H31C13N505' 3.5 H20, 3.5 TFA) C,
41.30; H, 3.69; Cl, 9.38; F, 17.58; N, 6.18. Found: C,
41.26; H, 3.43; C1, 9.07; F, 17.92; N, 6.36; KF 5.35.

41:'H NMR (CD;OD, rotamers): é 8.63 (s, 2H), 7.60—
7.50 (m, 2H), 7.40-7.15 (m, 7H), 5.11 and 5.07 (m,
1H), 4.80-4.65 (m, 1H), 4.17 (m, 1H), 4.04 (m, 1H),
3.25-3.15 (m, 1H), 3.03-2.80 (m, 1H), 2.20-1.20 (m,
10H). MS (ESI") m/z 625 (M+H)*. Anal. Caled
(C31H;30CILN4Og): C, 59.53; H, 4.83; Cl, 11.34; N, 8.96.
Found: C, 59.26; H, 4.56; Cl, 11.59; N, 8.70.

48:'H NMR (CD;OD, rotamers): 6 8.65-8.61 (m, 2H),
7.65-7.55 (m, 2H), 7.31-7.08 (m, 7H), 3.81-3.72 (m,
1H), 3.58-3.31 (m, 3H), 3.16-2.78 (m, 2H), 2.75-2.48
(m, 2H), 2.23 (br s, 1H), 2.05-1.11 (m, 11H). MS
(EST*) m/z 609 (M+H)". Anal. Caled (C3,H3,CLN,Oy
0.5 H,O, 1.6 TFA): C, 52.78; H, 4.61; Cl, 8.85; F,
11.38; N, 6.99. Found: C, 52.72; H, 4.04; Cl, 9.00; F,
11.05; N, 6.97; KF 1.20.

49: '"H NMR (CD;OD, rotamers): d 8.63 (m, 2H), 7.57
(M, 2H), 7.34-7.24 (m, 7H), 3.97 (m, 1H), 3.16-3.04 (m,
3H), 2.52-2.29 (m, 4H), 2.29 (br s, 1H), 2.20-1.50 (m,
9H). MS (ESI") m/z 609 (M+H)*. Anal. Calcd
(C32H34C12N404' 04 HQO, 1.4 TFA) C, 5384, H,
4.70; Cl, 9.13; F, 10.28; N, 7.25. Found: C, 53.92; H,
4.91; Cl, 9.29; F, 10.35; KF 1.01.

50: '"H NMR (CD;OD, rotamers): & 8.67 (s, 2H), 7.57
(m, 2H), 7.42 (m, 2H), 7.39-7.23 (m, 3H), 7.02 (m,
2H), 4.43-4.32 (m, 2H), 4.30-4.20 (m, 1H), 3.80 (s,
1H), 3.57 (m, 1H), 3.03-2.92 (m, 1H), 2.77-2.67 (m,
1H), 2.42-2.21 (m, H), 2.18-2.02 (m, 1H), 1.98-1.72
(m, 4H), 1.63-1.52 (m, 2H). (ESI*) m/z 581 (M+H)".
Anal. Calcd (C30H30C12N404' 1.0 HzO, 1.6 TFA) C,
51.00; H, 4.33; Cl, 9.07; F, 11.66; N, 7.17. Found: C,
50.93; H, 3.75; Cl, 9.25; F, 11.45; N, 7.12; KF 2.15.
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51: '"H NMR(DMSO-dq): & 10.91 (s, 1H); 9.06-9.00 (m,
1H); 8.83 (d, J = 7.8 Hz, 1H); 8.80 (s, 2H), 8.00-7.92 (m,
1H), 7.57 (d, J = 8.5 Hz, 2H), 7.27 (d, J = 8.5 Hz, 2H),
4.57-4.52 (m, 1H), 3.92 (s, 1H), 3.37 (s, 1H), 3.13 (dd,
J=14.0 and 4.6Hz, 1H), 291 (dd, J=14.0 and
9.6 Hz, 1H, 2.12 s, 1H), 1.85-1.48 (m, 8H). MS (ESI*)
mlz 492 (M+H)+ Anal. Calcd (C23H24C12N404' 1.1
TFA): C, 49.07; H, 4.10; Cl, 11.50; F, 10.16; N, 9.08.
Found: C, 48.85; H, 3.72; Cl, 11.49; F, 10.25; N, 8.85.

7.9. Ramos cell adhesion assay (o4f; mediated adhesion/
VCAM-1)

Immulon 96-well plates (Dynex) were coated with
100 pL recombinant hVCAM-1 at 4.0 pg/mL in 0.05 M
NaCOj; buffer, pH 9.0, overnight at 4 °C (R&D Sys-
tems). Plates were washed two times in PBS with 1%
BSA and blocked for 1 h at room temperature in this
buffer. PBS was removed and compounds to be tested
(50 uL) were added at 2 times concentration. Ramos
cells (50 uL at 2 x 10%mL), labeled with 5 uM Calcein
AM (Molecular Probes) for 1 h at 37 °C, were added
to each well and allowed to adhere for 1 h at room tem-
perature. Plates were washed 4 times in PBS + 1% BSA
and cells were lysed for 15 min in 100 pL of 1 M Tris,
pH 8.0, with 1% SDS. The plate was read at 485 nm
excitation and 530 nm emission.

7.10. a4p-K562 cell adhesion assay (o4f; mediated
adhesion/MAdCAM-1)

M2 anti-FLAG antibody coated 96-well plates (Sigma)
were coated for 1h at 4 °C with 2-8 uL/well recombi-
nant FLAG-hMAdCAM-1 contained in 100 pL of Dul-
becco’s PBS, pH 7.4, with 1% BSA and 1 mM Mn?*
(PBS-BSA-Mn). Plates were washed once with PBS—
BSA-Mn. Buffer was removed and compounds to be
tested (50 plL) were added at 2 times concentration. Sta-
bly transfected K562 cells expressing human o3, inte-
grin, (50 uL at 2 x 10%mL) that had been labeled with
100 pg/mL carboxymethyl fluorescein diacetate succin-
imidyl ester (CFDA-SE; Molecular Probes) for 15 min
at 37 °C were added to each well and allowed to adhere
for 1 h at room temperature. Plates were washed 4 times
in PBS-BSA-Mn and then cells were lysed for 2 min by
addition of 100 puL of PBS without Ca, Mg supplement-
ed with 0.1 M NaOH. The plate was read on a 96-well
fluorescent plate reader at 485 nm excitation and
530 nm emission.

7.11. Pharmacokinetic assay

Rats were dosed intravenously (IV) at 3 mg/kg and by
oral gavage at 30 mg/kg with tested compound. Blood
samples (0.5-1.0 ml) were collected post dose into hepa-
rinized tubes and centrifuged for cell removal. Precisely
200 pL of plasma supernatant was then transferred to a
clean vial, placed on dry ice, and subsequently stored in
a —70 °C freezer prior to analysis. Plasma samples were
prepared by adding 400 uL of acetonitrile containing
internal standard to 200 pL of plasma to precipitate
proteins. Samples were centrifuged and supernatant
was removed for analysis by LC-MS-MS. Calibration

standards were prepared by adding appropriate volumes
of stock solution directly into plasma and treated iden-
tically to collected plasma samples. Calibration stan-
dards were prepared in the range of 0.01-10 uM for
quantitation. LC-MS-MS analysis was performed uti-
lizing multiple reaction monitoring for detection of
characteristic ions for each tested compound, additional
related analytes, and internal standard. The low detec-
tion limit was 0.01 pM.

7.12. Leukocytosis studies

Selected compounds were administered subcutaneously
in 0.5% methyl cellulose, at doses of 3 and 30 mg/kg,
to 8-week-old female Balb/C mice (Charles River Labo-
ratories, Kingston, NC). One hour later, 250 pL of
blood were removed and immediately added to micro-
tainer tubes containing lithium heparin (Becton—Dickin-
son, Franklin Lakes, NJ). Samples were analyzed for
total white blood cell counts and for lymphocyte counts
using an Advia 120 Hematology System (Bayer Diag-
nostics, Tarrytown, NY). ANOVA was used to evaluate
statistical significance.
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Abstract—Inositol phosphate glycan pseudotetrasaccharides consisting of man-(a1-6)-man-(a1-4)-gleN-(a,31-6)-myo-inositol-1,2-
cyclic phosphate possessing a sulfate group at either O-6 (compounds 3a,B) or O-2 (compounds 4a,) of the terminal mannose have
been prepared. Compound 4o was able to stimulate lipogenesis in native rat adipocytes to 78% of the maximal insulin response
(MIR) with an ECsy of 1.1 uM. The other compounds exhibited lower maximal stimulations (47-63% MIR) and higher ECs, values

(9.5-10.6 uM).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Insulin participates in glucose homeostasis by promot-
ing uptake of glucose and synthesis of lipids and/or gly-
cogen by insulin-sensitive cells. The mechanism by
which insulin concentration in the blood is transduced
into the metabolic effects within these cells is complex
and still under active investigation. It is well established
that binding of insulin to the extracellular domain of the
insulin receptor, a transmembrane tyrosine kinase, re-
sults in phosphorylation of a number of intracellular
proteins and lipids. Ultimately, this phosphorylation
cascade results in the activation of the enzymes control-
ling the various metabolic effects, including glycogen
and lipid synthesis and glucose transport. This part
of the signal transduction pathway has been extensively
reviewed.! ™

The insulin signal transduction pathway, however, ap-
pears to be even more complex since several cross-talk
mechanisms have been identified that can activate the
signaling cascade without requiring insulin receptor
occupancy. Members of one class of compounds, the
inositol phosphate glycans (IPGs), are capable of stimu-
lating the insulin-signaling cascade in the absence of
insulin. The IPGs, produced endogenously by insulin-
sensitive cells upon insulin stimulation, are structurally

Keywords: Inositol phosphate glycan; Insulin; Lipogenesis; Diabetes.
* Corresponding author. Tel.: +1 617 6273686; e-mail: marec.
dalarcao@tufts.edu

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2005.07.020

similar to the glycosylphosphatidylinositol (GPI) mem-
brane anchors. Indeed, IPGs capable of activating the
insulin signaling pathway have been generated in vitro
from T. bruceii®” and S. cerevisiae®'° by lipolytic and
proteolytic degradation of their GPI-anchored proteins.

Although it has been established that endogenously gen-
erated IPGs mimic many metabolic actions of insulin,
their exact chemical structures and the mechanism(s)
of action remain largely unknown. Labeling and degra-
dation studies of the natural IPGs have revealed that
there are (at least) two classes of molecules with the abil-
ity to mimic some of insulin’s activities. One class, re-
ferred to by Larner!' as the pH 2 mediators and by
Rademacher!? as Type P IPGs, contains chiro-inositol
and galactosamine, while the other class, known as the
pH 1.3 mediators or Type A IPGs, contains myo-inosi-
tol and glucosamine. The chemistry and biology of the
endogenous IPGs have been reviewed.!'3 16

To understand better the relationship between IPG
structure and biological activity, a large number of
IPG variants with known structures have been chemical-
ly synthesized.!”33 Early work established that even a
pseudodisaccharide containing a myo-inositol cyclic
phosphate moiety glycosidically linked to a glucosamine
(1, Fig. 1) was able to stimulate some insulin-like effects
in insulin-sensitive cells, although the activity is weak
and the concentration required for maximal stimulation
of lipogenesis in rat adipocytes is high (40 pM).2° In a
very impressive study, Miiller and his co-workers
reported?’ the syntheses and insulin-mimetic activity of
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Figure 1. A selection of synthetic IPGs.

forty-six IPG variants. The IPG referred to by these
workers as PIG 41 (Fig. 1), a pseudohexasaccharide
containing a myo-inositol-1,2-cyclic phosphate, a gluco-
samine, and four mannose residues with sulfate groups
on two of the mannoses, was identified as the most
actively insulin-mimetic synthetic IPG variant. Impor-
tantly, this compound was able to stimulate cells to al-
most the same level of activity as insulin, i.e., PIG 41
showed >90% of the maximal insulin response (MIR)
and an ECsy of 2.5 uM in stimulation of lipogenesis in
rat adipocytes. Miiller’s work established that at least
one anionic group on the mannose residues distal from
the inositol moiety is required for achieving a high pro-
portion of the MIR. This conclusion was confirmed by
the observation that IPG 23%32 (Fig. 1) has been shown
to be almost inactive.>® Miiller’s study, taken together
with previously published observations,®’ established
that the anomeric configuration between the glucosa-
mine and the terminal inositol residue is relatively unim-
portant to the activity, since compounds with either
anomeric configuration were found to be highly active.
More recent work by Miiller’s group®* demonstrated
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Figure 2. IPG pseudotetrasaccharides with high insulin-like activity.
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that attaching a tripeptide to the distal mannose via a
phosphoethanolamine linkage, as in YCN-PIG
(Fig. 1), further increased the activity of the compound.

While the syntheses of the complex oligosaccharides
PIG 41 and YCN-PIG are impressive, they are also rath-
er lengthy. To simplify future work on the mechanism of
IPG action, it would be desirable to establish the struc-
turally simplest IPG variant that still possesses a high
proportion of the MIR, thereby decreasing the difficulty
of the synthesis and increasing the availability of the
compound. Miiller’s most active IPGs were those
containing four mannoses and two anionic groups on
consecutive mannoses. Our goal was to investigate
whether simpler IPGs containing only two mannose res-
idues but retaining the requisite anionic group on the
distal mannose, the inositol cyclic phosphate, and gluco-
samine retain significant insulin-mimetic activity.

In this correspondence we report the syntheses and bio-
logical activities of IPG variants 3o, 3B, 4o, and 4P
(Fig. 2) that are considerably easier to synthesize than
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PIG 41 and YCN-PIG but that showed high percentages
of the MIR in stimulating lipogenesis in adipocytes
in vitro.

2. Results and discussion
2.1. Syntheses of IPGs 3 and 4

The syntheses of 3 and 4 involved glycosidic coupling of
the differentially protected mannoses 6 or 10 (Fig. 3),
respectively, with disaccharide 11 (Fig. 4), and then gly-
cosylation of myo-inositol 1832 with each of the resulting
trisaccharides. Subsequent modification of the protec-
tive groups and addition of the sulfate and cyclic phos-
phate moieties, followed by complete deprotection in
one step by dissolving metal reduction, yielded the final
products (Fig. 4). The modular nature of the syntheses
allowed room for modifications in the final structures,
if necessary. The glycosidic couplings were carried out

AcO 0Bn H

a
B ——
BnO
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_—

o OBn b
BnO -0 _ =
BnO
F F
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BnO
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using the glycosyl fluorides as donors and silver triflate
and bis(cyclopentadienyl)zirconium dichloride as the
promoters.>> This coupling method yielded the o-ano-
mer almost exclusively in all cases where a mannosyl
fluoride was the donor but produced a mixture of o
and B anomers (the former predominating) when gluco-
syl fluorides were used in the final coupling reaction.
Therefore, this coupling method was ideal for producing
both anomers at the glucosamine-inositol linkage, as
desired based on the earlier determination that both
anomers at this position of IPGs are generally active.

Synthesis of the differentially protected mannosyl fluo-
ride donor 6 was carried out in a two-step process from
the known®® mannosyl fluoride 5. This transformation
involved removal of the O-acetyl group with ammonia
in methanol and then formation of the allyl ether’’
in its place using allyl bromide and sodium hydride in
dry DMF. The mannosyl fluoride 6 was obtained in
77% yield over the two steps.

Allo

OBn
BnO -0
BnO
F

6

BnO OAll
BnO -0
BnO
E
10

Figure 3. Synthesis of differentially protected mannose units. (a) NH;, CH;0H, 20 °C; (b) allyl bromide, NaH, DMF, 20 °C; (c) NaHSO,4, DME/

H,O (4:1), 20 °C; (d) DAST, THF, 20 °C.
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Figure 4. Completion of the synthesis of 3 and 4. (a) 6 or 10, Cp,ZrCl,, AgOTT, toluene, 20 °C; (b) n-BuyNF, HOAc, THF, 20 °C; (c) DAST, THF,
20 °C; (d) 18, Cp,ZrCl,, AgOTH, toluene, 20 °C; (e) (Ph3P);RhCl, DABCO, EtOH/H,0 (9:1); 80% HOAC; (f) SO5-Py, 20 °C; (g) 1 M aq LiOH, THF,

0°C; (h) MeOPOCl,, Py, 20 °C; (i) Na, NHj, —78 °C.
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Synthesis of the mannosyl fluoride donor 10 was slightly
more complex, but was achieved in four steps from the
known?*® compound 7. The methyl orthoester protecting
group in 7 was removed by mild acid hydrolysis,* yield-
ing a mixture of products. Mannose 8 was easy to sepa-
rate from the l-acetate that was also formed in the
hydrolysis, and was obtained in 74% yield. It was further
transformed by anomeric fluorination using DAST in
dry THF in 88% yield,*® after which removal of the O-
acetyl group and allylation provided 10 in a 72% yield
over the final two steps.

The disaccharide acceptor 11 (Fig. 4), prepared by
deacetylation of the known corresponding acetate,’’
was glycosidically linked with either 6 or 10 using
bis(cyclopentadienyl) zirconium dichloride and silver tri-
flate in dry toluene to produce 12 and 13 in 70% and
76% yields, respectively. The o-configuration of the
new glycosidic linkage in the products was confirmed
by the 3C—'H coupling constant at the anomeric posi-
tion of the mannose according to the observation of
Bock and Pedersen*! that a-mannosides exhibit anomer-
ic Jc.u = ~ 170 Hz while f-mannosides exhibit anomeric
Jc.u = ~ 160 Hz. In every case in our work where a gly-
cosidic bond was formed from mannose, the anomeric
configuration of the product(s) was assigned by this
method.

Removal of the ferz-butyldimethylsilyl protecting group
was achieved by using tetrabutylammonium fluoride in
THF under acidic conditions, yielding 14 and 15 in
95% and 92% yields, respectively. Anomeric fluorination
with DAST in dry THF afforded the trisaccharide do-
nors 16 and 17 in 71% and 73% yields, respectively. Gly-
cosidic coupling of the trisaccharide donor with the
protected myo-inositol acceptor 1832 using the same cou-
pling method yielded a mixture of o and  anomers.
Pseudotetrasaccharide 19a was obtained in 38% yield
together with 15% 19, while 20a was obtained in 74%
yield along with 18% 20f. The anomers were separated
at this stage.

Selective removal of the O-allyl protecting groups of
19a, 19, 200, and 20p was achieved with Wilkinson’s
catalyst in a 9:1 ethanol/water solution, followed by
warming at reflux in 80% acetic acid.*? Products 21o.f
and 22a,p were obtained from this reaction in 75%,
46%, 70%, and 31% yields, respectively. The lower con-
version in the case of the f-anomers was likely due to the
lower solubility of these compounds in the ethanol/water
solution. Sulfur trioxide—pyridine complex in dry pyri-
dine solution was used to generate the sulfate ester of
the free hydroxyl group,*® yielding 230, and 24a,p in
55-61% yields. Removal of the cyclic carbonate group
on the myo-inositol moiety and replacing it with a cyclic
phosphate were crucial steps, but they were achieved by
reactions that were successfully used previously in our
laboratory.?? The cyclic carbonate was hydrolyzed using
1 M LiOH (aq) in THF at 0°C for 2 h, affording the
pseudotetrasaccharide diols in 55-60% yields for the
four compounds. Cyclic phosphorylation with MeO-
POCl, in pyridine** and deprotection by dissolving
metal reduction using the established procedure’?

yielded the final IPGs 3o, and 4a,3, which were desalt-
ed using a Sephadex G-10 size exclusion column to
afford pure products.

2.2. Lipogenesis in native rat adipocytes

Synthetic IPGs 3a, 3f, 40, and 4p were tested for their
ability to stimulate lipogenesis in isolated native rat adi-
pocytes. For comparison, IPG 1 and insulin were also
tested. The assays were carried out with slight modifica-
tions of the published procedures*#¢ by incubating
[6->H]glucose with a cell suspension and the correspond-
ing analyte (insulin: positive control, buffer: negative
control, or the synthetic IPG) for 1.5 h at 37 °C and then
measuring incorporation of tritium into toluene-extract-
able lipids (triglycerides).

The data obtained for the stimulation of lipogenesis by
IPGs (Fig. 5) are reported as the percentage of the max-
imal stimulation (MIR) of lipogenesis above the basal
activity (negative control) produced by insulin (positive
control). In a typical assay, insulin (5 nM) resulted in a
2- to 3-fold increase over the negative control of toluene
soluble tritium, under these conditions. The data relat-
ing IPG concentration to activity could be fit to a stan-
dard receptor model (Eq. 1, n = 1) with R values ranging
from 0.81 to 0.98, but the curve fits were significantly
better if the Hill constant n was allowed to be greater
than 1, suggesting cooperativity in IPG binding. The
parameters obtained from the best curve fits are present-
ed in Table 1.
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Figure 5. Stimulation of lipogenesis by synthetic IPGs 1, 30, and 4o.
Isolated native rat adipocytes were incubated with 6-[*H]glucose
(0.55 mM) and various concentrations of the analyte for 1.5 h. Incor-
poration of tritium into lipids was measured and is expressed as a percent
of the maximal insulin response (%MIR). Black circles (®): compound
1, (0-60 uM); blue diamonds (¢): compound 3a(0-60 uM); red squares
(M): compound 4o (0-50 pM). Each data point is the average of five
replicates. Solid lines are the result of curve fitting as described in the
text. Error bars represent = 1 SD.
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Table 1. Curve-fitting parameters for stimulation of lipogenesis by synthetic IPGs

IPG Enax (Yo MIR) ECso (ULM) [Glucose] (mM) n (Hill Constant) R value for curve fit
1 18 10.5 0.55 4.2 0.8850
1 19 7.0 5.50 2.5 0.9909
3o 63 10.6 0.55 22 0.9897
3o 51 9.8 5.50 5.6 0.9974
3B 61 139 0.55 3.8 0.9981
4o 78 1.1 0.55 1.8 0.9630
4B 47 9.5 0.55 7.7 0.9906

Activity(%MIR) = (Emax * [IPG]")/((ECs)" + [IPG]").
(1)

At low glucose concentration (0.55 mM), IPG 1 exhibit-
ed only modest ability to stimulate lipogenesis with a
maximal activity (En.x) of 18% that of the maximal
insulin response (MIR) and an ECs, of 10.5 uM, con-
firming the earlier report.?? In contrast, the pseudotetra-
saccharide 4o was extremely active, exhibiting an
Epax =78% MIR and an ECsy = 1.1 uM. The other
synthetic pseudotetrasaccharides were less active (both
lower E..x and higher ECso) than 4o, but still elicited
significantly higher E,,x than 1.

It has been reported that at low glucose concentration
the rate-limiting step in lipogenesis is glucose transport,
while at [glucose] > 1 mM, other processes limit the
rate.*’ Accordingly, we examined the ability of two rep-
resentative IPGs, 1 and 3o, to stimulate lipogenesis at
5.5mM glucose. The resulting E ., and ECs, values
(Table 1) are very similar to those obtained at
0.55mM glucose, but the Hill constants differ. The
molecular basis of this phenomenon, and indeed of the
observation that the Hill coefficients differ amongst the
compounds, is not clear and probably will have to await
isolation of the IPG receptor for further study. Work
toward this goal is underway.

3. Conclusions

Synthetic IPGs can mimic many of the metabolic actions
of insulin, but to varying degrees, depending on the
IPGs’ structures. Miiller’s work?’ demonstrated the
necessity of an anionic group on at least one of the distal
mannose residues, but left open the question of how
many mannose residues are necessary for high activity.
In the current work, we have demonstrated that the
pseudotetrasaccharides 3 and 4, containing two man-
nose residues, can stimulate lipogenesis in rat adipocytes
with high percentages of MIR. Furthermore, IPG 4a
has an ECsy value an order of magnitude lower than
those of the other synthetic IPGs reported here and
slightly lower than Miiller’s ‘PIG 41°, although the latter
compound has a slightly higher E,,..%” In fact, to the
best of our knowledge, IPG 4a has the lowest ECs
for stimulation of lipogenesis in adipocytes of any syn-
thetic IPG so far reported. Thus, we have successfully
designed and synthesized highly active IPGs that are
considerably simpler to synthesize than previously
reported highly active IPGs. We anticipate that IPGs 3

and 4, or their derivatives, will be useful tools for inves-
tigating the role of IPGs in the insulin signal transduc-
tion process.

4. Experimental
4.1. Lipogenesis in rat adipocytes

4.1.1. Adipocyte preparation. Epididymal fat pads were
dissected from freshly sacrificed male Long—Evans rats
and kept in 0.15 M NacCl solution at 37 °C until use;
not longer than 0.5 h. The fat pads were cut into small
pieces with scissors and incubated with collagenase
(Sigma—Aldrich; Type 2 from Clostridium histolyticum;
I mg/mL) in a KRB buffer (10 mM Hepes, 118 mM
NacCl, 4.75 mM KCl, 1.87 mM MgSO,, 1.9 mM CaCl,,
1.2 mM KHSOy, and 25 mM NaHCOs;, pH 7.4, saturat-
ed with 95% 0,/5% CO,) containing 4% BSA and
5.5mM glucose at 37 °C for 45 min. The digested fat
pads were filtered through silk in order to separate the
adipocytes from the cellular debris. The filtrate contain-
ing the cell suspension was centrifuged (Clay Adams
model 151 bench-top centrifuge), the solution below
the floating cells was discarded, and the cells were
washed three times with KRB buffer containing 1%
BSA and 0.55 mM glucose. After each wash, any oil
floating above the cells on the surface of the suspension
was removed by suction. The washed adipocytes were
diluted to a final concentration of approximately
5%10° cellssmL with KRB buffer (resaturated with
95%0,/5%CQ0,) containing 1% BSA and 0.55 mM glu-
cose, and incubated with 90 nM isoproterenol at 37 °C
for 45 min before use in the lipogenesis assay.

4.1.2. Lipogenesis assay. To assay stimulation of lipo-
genesis at low glucose concentration, 40 pLL of the cell
suspension from above was added to a solution contain-
ing [6->H]glucose (0.12 pCi, 0.55 mM) and the analyte in
10 pL KRB buffer containing 1% BSA at 37 °C for 1.5 h.
The assay was stopped by adding 450 pL water immedi-
ately followed by 5.0 mL of toluene-based scintillation
cocktail (2.5 g PPO and 0.15 g POPOP per 500 mL tol-
uene) and vortexing. The tubes were centrifuged to expe-
dite phase separation, 3.0 mL of the toluene phase was
removed, and [°’H] was measured by scintillation. For
high glucose concentration assays, the procedure was
identical, except that the wash buffer, isoproterenol
incubation buffer, and the assay mixture contained
5.5 mM glucose, and 0.25 pCi of [6-*H]glucose was used
in the assay.
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4.2. Synthesis of 6-0-allyl-2,3,4-tri-O-benzyl-o-D-manno-
pyranosyl fluoride (6)

Ammonia gas was bubbled through a solution of 5
(80 mg, 0.16 mmol) in methanol at 0 °C for 5 min. The
resulting solution was stirred at 20 °C for 12h in a
heavy-walled vessel. The reaction vessel was re-cooled
to 0°C, opened, and the solution was concentrated.
The crude product was dissolved in DMF (1 mL), and
allyl bromide (20 p L, 0.24 mmol) was added, followed
by sodium hydride (24 mg of a 50% suspension in min-
eral oil, 0.5 mmol). The mixture was stirred at 20 °C un-
til TLC (silica, 1:2 EtOAc/hexanes) showed completion
of reaction, about 2 h. Methanol was then added slowly
to quench the excess sodium hydride, and the solution
was diluted with water (5 mL) and extracted with chlo-
roform (3x 5mL). The combined organic layers were
washed with brine, dried (Na,SO,), and concentrated
in vacuo. Chromatography of the residue (silica, 1:3
EtOAc/hexanes) gave 6 (61 mg, 77%). R;=0.70 (1:2
EtOAc/hexanes). 'H NMR (CDCl;): d 3.59-4.08 (m,
8H), 4.61-5.03 (m, 6H, CH,Ph), 5.17 (dd, 1H, J=1.3,
10.4 Hz, allyl H-3a), 5.28 (dd, 1H, J = 1.3, 15.3 Hz, allyl
H-3b), 5.57 (dd, 1H, J=1.8, 50.6 Hz, H-1), 5.87-5.96
(ddt, 1H, J=10.4, 10.4 and 15.3 Hz, allyl H-2), 7.06—
7.40 (m, 15H, ArH).

4.3. Synthesis of 2-0-acetyl-3,4,6-tri-O-benzyl-p-manno-
pyranose (8)

To a solution of 7 (105 mg, 0.21 mmol) in 4:1 DME/
H,O (2mL) was added NaHSO, (32 mg, 0.27 mmol)
and the mixture was stirred at 20 °C until TLC (silica,
1:1 EtOAc/hexanes) showed completion of reaction,
approximately 30 min. The excess acid was quenched
with LIOH (1 M, 0.5mL), the reaction mixture was
diluted with water (5mL) and extracted with chloro-
form (3x 5 mL). The combined organic layers were dried
(MgS0O,4) and concentrated. The crude mixture of
products was purified by flash column chromatography
(silica, 1:2 EtOAc/hexanes) to yield 8 (76 mg, 74%).
Rr=0.55 (1:1 EtOAc/hexanes). '"H NMR (CDCl;): §
2.14 (s, 3H, OCOCHs;), 3.58-3.75 (m, 3H, H-4, H-6a,
H-6b), 4.03-4.10 (m, 2H, H-3, H-5), 4.44-4.87 (m, 6H,
CH,Ph), 520 (d, 1H, J=3Hz, H-1), 538 (dd, 1H,
J =3 Hz, H-2), 7.14-7.32 (m, 15H, ArH).

4.4. Synthesis of 2-O-acetyl-3,4,6-tri-O-benzyl-o-pD-manno-
pyranosyl fluoride (9)

DAST (40 pL, 0.23 mmol) was added to a solution of 8
(76 mg, 0.15 mmol) in dry THF (0.4 mL) at —42 °C. The
reaction was stirred at 20 °C for approximately 30 min,
until TLC (silica, 1:1 EtOAc/hexanes) showed comple-
tion of reaction. The mixture was cooled to —42 °C
and the excess DAST was quenched with methanol
(0.5mL). The mixture was warmed up to 20 °C, fol-
lowed by addition of NaHCO; (1M, 2 mL), and
extracted with ether (3x 3 mL). The combined organic
layers were dried (MgSQ,4) and concentrated. Purifica-
tion by flash column chromatography (silica, 1:3
EtOAc/hexanes) gave 9 (67 mg, 88%). R;=0.85 (1:1
EtOAc/hexanes). 'H NMR (CDCly): ¢ 2.12 (s, 3H,

OCOCH;), 3.63-3.99 (m, 5H), 4.43-4.89 (m, G6H,
CH,Ph), 547 (dd, 1H, J=2Hz, H-2), 5.61 (dd, 1H,
J =2, 50 Hz, H-1), 7.12-7.36 (m, 15H, ArH).

4.5. Synthesis of 2-0-allyl-3,4,6-tri- O-benzyl-o-pD-manno-
pyranosyl fluoride (10)

Deacetylation and then allylation of 9 (67 mg,
0.13 mmol) were carried out, as described above for
the synthesis of 6. The crude product from the reaction
was purified by chromatography (silica, 1:3 EtOAc/hex-
anes), yielding 10 (48 mg, 72%). R=0.72 (1:2 EtOAc/
hexanes). '"H NMR (CDCl;): 6 3.68-4.29 (m, 8H),
4.48-490 (m, 6H, CH,Ph), 523 (dd, 1H, J=1.3,
10.4 Hz, allyl H-3a), 5.30 (dd, 1H, J = 1.3, 15.3 Hz, allyl
H-3b), 5.56 (dd, 1H, J=1.8, 50.6 Hz, H-1), 5.90 (ddt,
1H, J=10.4, 104, 15.3 Hz, allyl H-2), 7.10-7.39 (m,
15H, ArH).

4.6. Synthesis of 2,3,4-tri-O-benzyl-p-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-1-O-tert-butyl-
dimethylsilyl-a-p-glucopyranoside (11).

Deacetylation of the known?’ compound 6-O-acetyl-2,
3,4-tri-O-benzyl-pD-mannopyranosyl-(al — 4)-2-azido-2-
deoxy-3,6-di-O-benzyl-1-O-tert-butyldimethylsilyl-o-D-
glucopyranoside (0.47 g, 0.48 mmol) was carried out
using the same procedure as described for the synthesis
of 6. Purification by flash column chromatography (silica,
1:3 EtOAc/hexanes) yielded 11 (0.33 g, 74%). Ry=0.5
(1:3 EtOAc/hexanes). '"H NMR (CDCls): 6 0.15 (s, 6H,
OSiCH;), 0.95 (s, 9H, OSiC(CH3)3), 2.26 (br s, 1H,
OH), 3.21-3.39 (m, 3H), 3.58-3.71 (m, 7H), 3.73-3.85
(m, 3H), 4.21 (d, 1H, J =12 Hz, HCHPh), 4.39 (d, 1H,
J=12Hz, HCHPh), 4.48-4.64 (m, 6H), 4.85 (d, 1H,
J=10.5Hz, HCHPh), 498 (d, 1H, J=10.5Hz,
HCHPh), 5.25 (d, 1H, J = 1.5 Hz, H-1 man), 7.09-7.32
(m, 25H, ArH).

4.7. Synthesis of 6-0-allyl-2,3,4-tri-O-benzyl-pD-manno-
pyranosyl-(al — 6)-2,3,4-tri-O-benzyl-pD-manno pyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-1-O-tert-butyl-
dimethylsilyl-a-p-glucopyranoside (12) or 2-O-allyl-3.,4,
6-tri-O-benzyl-p-mannopyranosyl-(a1 — 6)-2,3,4-tri-O-ben-
zyl-D-mannopyranosyl-(al — 4)-2-azido-2-deoxy-3,6-di-O-
benzyl-1-O-tert-butyldimethylsilyl-o.-D-glucopyranoside (13)

To a solution of the disaccharide 11 (63 mg, 0.07 mmol
or 20 mg, 0.02 mmol, respectively) and either 6 (61 mg,
0.13 mmol) or 10 (21 mg, 0.04 mmol) in dry toluene
(2 mL or 0.6 mL, respectively) was added 4A molecular
sieves, bis(cyclopentadienyl)zirconium dichloride
(99 mg, 0.34 mmol or 31 mg, 0.11 mmol, respectively),
and then silver trifloromethanesulfonate (174 mg,
0.68 mmol or 54 mg, 0.21 mmol, respectively) at
—42 °C. The reaction mixture was stirred at 20 °C in
the dark until TLC (silica, 1:2 EtOAc/hexanes) showed
complete disappearance of the limiting starting material,
approximately 12 h. The reaction was quenched with
NaHCO; (1 M, 0.5 mL or 0.2 mL, respectively), diluted
with methylene chloride (5§ mL or 2 mL, respectively),
and filtered through Celite. The layers were separated
and the aqueous layer was washed with methylene
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chloride (3x 5mL or 3x 2 mL, respectively). The com-
bined organic phase was washed with brine, dried
(MgS0,), and concentrated. Chromatographic purifica-
tion (silica gel, 1:4 EtOAc/hexanes) yielded 12 (67 mg,
70%) or 13 (23 mg, 76%), from reactions performed with
6 or 10, respectively. For 12, R;=0.60 (1:2 EtOAc/hex-
anes). 'H NMR (CDCl5): 6 0.15 (s, 6H, OSiCH3), 0.95
(s, 9H, OSIC(CH;)3), 3.20-4.20 (m, 24H), 4.31-4.64
(m, 9H), 4.80-5.29 (m, 8H), 5.78-5.91 (ddt, 1H,
J=10.4, 10.4, 15.3 Hz, allyl H-2), 7.03-7.39 (m, 40H,
ArH). C NMR (CDCls): 6 97.35 (d, 1H, J =161 Hz,
C-1 glc), 98.54 (d, 1H, J =170 Hz, C-1 man-2), 100.04
(d, 1H, J =167 Hz, C-1 man-1). For 13, Ry =0.65 (1:2
EtOAc/hexanes). '"H NMR (CDCls): & 0.17 (s, 6H,
OSiCH3), 0.95 (s, 9H, OSiC(CH3);3), 3.20-3.40 (m,
4H), 3.47-4.02 (m, 16H), 4.09-4.61 (m, 13H), 4.79-
5.32 (m, 8H), 5.77-5.90 (m, allyl H-2), 7.08-7.39 (m,
40H, ArH). '3C NMR (CDCly): 6 98.14 (d, 1H,
J =159 Hz, C-1 glc), 99.32 (d, 1H, J=170 Hz, C-1
man-2), 100.89 (d, 1H, J =171 Hz, C-1 man-1).

4.8. Synthesis of 6-0-allyl-2,3,4-tri-O-benzyl-D-mannopyr-
anosyl-(a1 — 6)-2,3,4-tri-O-benzyl-pD-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di- O-benzyl-p-glucopyr-
anose (14) or 2-0O-allyl-3,4,6-tri- O-benzyl-pD-mannopyrano-
syl-(a1 — 6)-2,3,4-tri-O-benzyl-p-mannopyranosyl-(a1 —
4)-2-azido-2-deoxy-3,6-di-O-benzyl-p-glucopyranose (15)

To a solution of 12 (67 mg, 0.05 mmol) or 13 (23 mg,
0.02 mmol) in dry THF (2 mL or 0.7 mL, respectively)
was added glacial acetic acid (100 pL, 1.82 mmol or
34 uL, 0.73 mmol, respectively), followed by tetra-
butylammonium fluoride (1 M solution in THEF,
0.8 mL, 0.8 mmol or 260 puL, 0.26 mmol, respectively).
The reaction mixture was stirred overnight at 20 °C
and quenched with NaHCO; (1M, 2mL or 1mL,
respectively). The aqueous layer was extracted with
chloroform (3x 5mL or 3x 2 mL, respectively), rinsed
with water (3x SmL or 3x 2 mL, respectively), brine,
dried with MgSO, and concentrated. Chromatographic
purifications (silica, 1:2 EtOAc/hexanes) produced 14
(61 mg, 95%) or 15 (20 mg, 92%), from reactions of
12 or 13, respectively. For 14, Ry=0.3 (1:2 EtOAc/
hexanes). 'H NMR (CDCly): 6 3.18 (br s, 1H, OH),
3.55-4.09 (m, 19H), 4.44-5.31 (m, 22H), 5.79-5.95
(ddt, 1H, J=104, 10.4, 15.3 Hz, allyl H-2), 7.09-
7.38 (m, 40H, ArH). For 15, Ry=0.35 (1:2 EtOAc/
hexanes). '"H NMR (CDCl;): 6 3.18-4.04 (m, 20H),
4.15-4.66 (m, 14H), 4.79-530 (m, 7H), 5.72-5.90
(ddt, 1H, J=104, 10.4, 15.3 Hz, allyl H-2), 7.03-
7.32 (m, 40H, ArH).

4.9. Synthesis of 6-0-allyl-2,3,4-tri-O-benzyl-pD-mannopyr-
anosyl-(a1 — 6)-2,3,4-tri-O-benzyl-pD-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-a-p-glucopyr-
anosyl fluoride (16) or 2-O-allyl-3,4,6-tri-O-benzyl-D-manno-
pyranosyl-(al — 6)- 2,3,4-tri-O-benzyl-D-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-a-pD-glucopyr-
anosyl fluoride (17)

Anomeric fluorination of 14 (61 mg, 0.05 mmol) or 15
(20 mg, 0.02 mmol) was carried out following the same
procedure as described above for the synthesis of 9.

Purification by flash column chromatography (silica,
1:4 EtOAc/hexanes) yielded 16 (43 mg, 71%) or 17
(15mg, 73%). For 16, R;=0.52 (1:3 EtOAc/hexanes).
'"H NMR (CDCls): § 3.55-3.73 (m, 19H), 3.80-4.09
(m, 12H), 4.46-5.29 (m, 9H), 5.50 (dd, 1H, J=2,
50 Hz, H-1 glc-a), 5.79-5.95 (ddt, 1H, J=10.4, 10.4,
15.3 Hz, allyl H-2), 7.18-7.48 (m, 40H, ArH). HRMS
(ESI) m/z caled for C77H82FN3014Z 1291.5781.
Found: 1291.5775. For 17, R;=0.55 (1:3 EtOAc/hex-
anes). 'H NMR (CDCly): & 3.37 (yt, 0.6H,
J=75Hz, H-2 glc-B), 3.45 (dd, 0.4H, J=3, 10 Hz,
H-2 glc-a), 3.50-3.95 (m, 17H), 4.00-4.05 (m, 2H, allyl
H-1), 4.28 (dd, 1H, J=2, 15 Hz), 4.38-4.68 (m, 13H),
4.79-5.19 (m, 7H), 5.61 (dd, 0.4H, J=2, 60 Hz, H-1
glc-a), 5.77-5.92 (ddt, 1H, J=10.4, 10.4, 15.3 Hz, allyl
H-2), 7.08-7.30 (m, 40H, ArH). HRMS (ESI): m/z
caled for C;7Hg:FN3Op4:  1291.5781.  Found:
1291.5772.

4.10. Synthesis of 6-0-allyl-2,3,4-tri-O-benzyl-pD-manno-
pyranosyl-(al — 6)-2,3,4-tri- O-benzylp-mannopyranosyl-
(o1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-p-glucopyrano-
syl-(a and p1 — 6)-3,4,5-tri- O-benzyl-1-p-myo-inositol-1,
2-cyclic carbonate (19a and 19p)

Trisaccharide 16 (43 mg, 0.03 mmol) was coupled with
inositol 18 (29 mg, 0.06 mmol), following the proce-
dures described for the synthesis of 12 and 13. The
products were purified by flash column chromatography
(silica, 1:3 EtOAc/hexanes), providing 19 (22 mg, 38%)
and 19B (9 mg, 15%). For 19a, Ry=0.55 (3:7 EtOAc/
hexanes). '"H NMR (CDCly):  3.38 (dd, 1H, J =3,
9 Hz, H-2 glc), 3.47-3.72 (m, 9H), 3.74-4.03 (m, 13H),
4.13-4.66 (m, 20H), 4.78-4.92 (m, 5H), 4.98-5.33 (m,
5H), 5.77-5.89 (ddt, 1H, J=10.4, 10.4, 15.3 Hz, allyl
H-2), 7.08-7.32 (m, 55H, ArH). For 198, R;=0.58 in
3:7 EtOAc/hexanes. '"H NMR (CDCly): & 3.25 (yt,
lH, J=8 Hz, H-2 glc), 3.41-4.05 (m, 22H), 4.11-4.91
(m, 25H), 5.01-5.40 (m, 6H), 5.78-5.94 (ddt, 1H,
J=10.4, 10.4, 15.3 Hz, allyl H-2), 7.04-7.40 (m, 55H,
ArH).

4.11. Synthesis of 2-0-allyl-3,4,6-tri-O-benzyl-pD-manno-
pyranosyl-(1 — 6)-2,3,4-tri-O-benzyl-pD- mannopyranosyl-
(1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-p-glucopyrano-
syl-(o and p1 — 6)-3,4,5-tri-O-benzyl-1-p-myo-inositol-
1,2-cyclic carbonate (20a and 20p)

Trisaccharide 17 (15 mg, 0.01 mmol) was coupled with
inositol 18 (10 mg, 0.02 mmol, respectively), following
the procedures described for the synthesis of 12 and
13. The products were purified by flash column chroma-
tography (silica, 1:3 EtOAc/hexanes), providing 200
(15 mg, 74%) and 20B (4 mg, 18%). For 200, Ry = 0.63
(3:7 EtOAc/hexanes). '"H NMR (CDCls): 6 3.37 (dd,
1H, J=34, 9.8Hz, H-2 glc), 3.48-4.02 (m, 22H),
4.16-4.65 (m, 20H), 4.78-5.12 (m, 10H), 5.61-5.86
(ddt, 1H, J=10.4, 10.4, 15.3 Hz, allyl H-2), 7.08-7.31
(m, 55H, ArH). For 208, R;=0.65 in 3:7 EtOAc/hex-
anes. 'H NMR (CDCly): 6 .21 (yt, 1H, J = 8.5 Hz, H-
2 glc), 3.45-4.05 (m, 20H), 4.16-4.95 (m, 25H), 5.05-
529 (m, 6H), 5.75-5.89 (ddt, 1H, J=10.4, 10.4,
15.3 Hz, allyl H-2), 7.01-7.35 (m, 55H, ArH).
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4.12. Synthesis of 2,3,4-tri-O-benzyl-D-mannopyranosyl-
(o1 — 6)-2,3,4-tri- O-benzyl-p-mannopyranosyl-(al — 4)-
2-azido-2-deoxy-3,6-di- O-benzyl-D-glucopyranosyl-(a1 — 6)-
3,4,5-tri-O-benzyl-1-p-myo-inositol-1,2-cyclic carbonate (21¢r)
or 3,4,6-tri-O-benzyl-p-mannopyranosyl-(a1 — 6)-2,3,4-tri-
O-benzyl-pD-mannopyranosyl-(al — 4)-2-azido-2-deoxy-3,6-
di-O-benzyl-p-glucopyranosyl-(a.1 — 6)-3,4,5-tri-O-benzyl-
1-p-myo-inositol-1,2-cyclic carbonate (22a)

To tetrasaccharide 19a (5 mg, 0.003 mmol) or 20a (5 mg,
0.003 mmol) and DABCO (1.3 mg, 0.012 mmol) in 9:1
EtOH:H,O (0.3 mL) was added chlorotris(triphenyl-
phosphine) rhodium(I) (0.4 mg) and the mixture was
stirred at 20 °C for 20 min, followed by warming at re-
flux for 25 min. The reaction was allowed to cool to
20 °C, water (0.2 mL) and chloroform (0.5 mL) were
added, and the layers were separated. The aqueous layer
was extracted with chloroform (3x 0.5 mL). The com-
bined organic layers were washed with brine, dried
(MgS0,), and concentrated. Chromatographic purifica-
tions (silica gel, 1:3 EtOAc/hexanes) yielded the interme-
diate enol ethers, which were dissolved in 80% acetic acid
(100 uL) and heated at 95 °C for 30 min. The reaction
was allowed to cool to 20°C, diluted with water
(100 pL), chloroform (100 pL), and neutralized by drop-
wise addition of sat. NaHCO;. The aqueous layer was
extracted with chloroform (4x 0.2 mL) and the combined
organic layers were dried (MgSO,4) and concentrated.
Purification with column chromatography (silica gel,
1:3 EtOAc/hexanes) yielded 21a (3.7 mg, 75%) or 22a
(3.4 mg, 70%). For 21a, Ry = 0.35 (3:7 EtOAc/hexanes).
'"H NMR (CDCly): 6 3.38 (dd, 1H, J=3, 9 Hz, H-2
glc), 3.47-4.05 (m, 16H), 4.31-4.68 (m, 22H), 4.81-4.96
(m, 9H), 5.05 (ys, 1H, H-1, man-2), 521 (d, 1H,
J=1.5Hz, H-1 man-1), 5.35 (d, 1H, J=3.5Hz, H-1
gle), 7.11-7.49 (m, 55H, ArH). For 22a, R;=0.38 (3:7
EtOAc/hexanes). 'H NMR (CDCl): § 3.37 (dd, 1H,
J=3.4, 9.8 Hz, H-2 glc), 3.49-4.02 (m, 16H), 4.35-4.71
(m, 22H), 4.82-4.99 (m, 9H), 5.06 (ys, 1H, H-1, man-
2), 5.23 (d, 1H, J=1.5Hz, H-1 man-1), 5.38 (d, 1H,
J =3.5Hz, H-1 glc), 7.15-7.51 (m, 55H, ArH).

4.13. Synthesis of 2,3,4-tri- O-benzyl-p-mannopyranosyl-
(a1 — 6)-2,3,4-tri-O-benzyl-p-mannopyranosyl-(al — 4)-
2-azido-2-deoxy-3,6-di- O-benzyl-p-glucopyranosyl-(1 — 6)-
3,4,5-tri-O-benzyl-1-nD-myo-inositol-1,2-cyclic carbonate (21f)
or 3,4,6-tri-O-benzyl-p-mannopyranosyl-(a 1 — 6)-2,3,4-
tri-O-benzyl-pD-mannopyranosyl-(a.1 — 4)-2-azido-2-deoxy-
3,6-di- O-benzyl-p-glucopyranosyl-(p1 — 6)-3,4,5-tri-O-ben-
zyl-1-p-myo-inositol-1,2-cyclic carbonate (22f)

Removal of the allyl groups from 193 (3.2 mg,
0.0015 mmol) and 20B (4.2 mg, 0.0024 mmol) was per-
formed exactly as described for 21a and 224, except that
0.65 mg (0.006 mmol) or 0.95 mg (0.009 mmol) of DAB-
CO and 0.2 mg or 0.32 mg of chlorotris(triphenylphos-
phine) rhodium(I) were used in 0.3 mL of 9:1 EtOH/
H,O, respectively. Purification with column chromatog-
raphy (silica gel, 1:3 EtOAc/hexanes) yielded 218
(1.5 mg, 46%) or 22 (1.3 mg, 31%). For 218, R;=0.35
(3:7 EtOAc/hexanes). '"H NMR (CDCls): § 3.25 (yt, 1H,
J=8Hz, H-2 glc), 3.41-3.96 (m, 16H), 4.25-4.65 (m,
22H), 4.76-4.91 (m, 10H), 5.07 (ys, 1H, H-1, man-2),

525 (d, 1H, J=1.5Hz, H-1, man-1), 7.05-7.45 (m,
55H, ArH). For 22, Ry = 0.35 (3:7 EtOAc/hexanes). 'H
NMR (CDCls): ¢ 3.21 (yt, 1H, J=8.5Hz, H-2 glc),
3.48-4.05 (m, 16H), 4.29-4.65 (m, 22H), 4.78-4.95 (m,
10H), 5.10 (ys, 1H, H-1, man-2), 525 (d, 1H,
J=1.5Hz, H-1, man-1), 7.11-7.49 (m, 55H, ArH).

4.14. Synthesis of 6-O-sulfato-2,3,4-tri-O-benzyl-p-manno-
pyranosyl-(al — 6)-2,3,4-tri-O-benzyl-D-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-p-glucopyrano-
syl-(al — 6)-3,4,5-tri-O-benzyl-1-D-myo-inositol-1,2-cyclic
carbonate (23a) or 2-O-sulfato-3,4,6-tri-O-benzyl-pD-manno-
pyranosyl-(al — 6)-2,3,4-tri-O-benzyl-pD-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di- O-benzyl-p-glucopyrano-
syl-(a1 — 6)-3,4,5-tri-O-benzyl-1-p-myo-inositol-1,2-cyclic
carbonate (240o)

To the solution of 21a (3.7 mg, 0.002 mmol) or 22a
(3.4 mg, 0.002 mmol) in dry pyridine (50 pL) was added
the sulfur trioxide—pyridine complex (9.5 mg, 0.06 mmol)
and the reaction mixture was stirred at 20 °C until TLC
(silica gel, 1:2 EtOAc/hexanes) showed completion of
reaction, approximately 2 h. The reaction was quenched
with NaHCO; (1M, 0.1 mL), diluted with water
(1 mL), extracted with ethyl acetate (3x 2 mL), dried
(MgS0,), and concentrated to yield 23a (2.4 mg, 61%)
or 240 (2 mg, 55%), respectively. For 23a, Rr = 0.45 (silica
gel, 3:1:0.05 toluene/EtOH/Et;N). '"H NMR (CDCl5): 6
3.38 (dd, 1H, J =3, 9 Hz, H-2 glc), 3.45-4.32 (m, 22H),
4.41-4.95 (m, 24H), 5.05 (¥ss, 1H, H-1, man-2), 5.21 (d,
1H, J=1.5 Hz, H-1 man-1), 5.35 (d, 1H, J = 3.5 Hz, H-
1 glc), 7.08-7.49 (m, 55H, ArH). For 240, Ry = 0.48 (silica
gel, 3:1:0.05 toluene/EtOH/Et;N). '"H NMR (CDCl5): 6
3.37 (dd, 1H, J =34, 9.8 Hz, H-2 glc), 3.52-4.02 (m,
16H), 4.11-4.95 (m, 31H), 5.06 (s, 1H, H-1, man-2),
523 (d, 1H, J=1.5Hz, H-1 man-1), 5.38 (d, 1H,
J =3.5Hz, H-1 glc), 7.15-7.45 (m, 55H, ArH).

4.15. Synthesis of 6-O-sulfato-2,3,4-tri-O-benzyl-p-manno-
pyranosyl-(al — 6)-2,3,4-tri-O-benzyl-D-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-p-glucopyrano-
syl-(p1 — 6)-3,4,5-tri-O-benzyl-1-p-myo-inositol-1,2-cyclic
carbonate (23p) or 2-O-sulfato-3,4,6-tri-O-benzyl-pD-manno-
pyranosyl-(a 1 — 6)-2,3,4-tri-O-benzyl-D-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-pD-glucopyrano-
syl-(B1 — 6)-3,4,5-tri-O-benzyl-1-D-myo-inositol-1,2-cyclic
carbonate (24p)

The procedure for forming the sulfate esters of 21P
(1.5 mg, 0.88 umol) and 228 (1.3 mg, 0.76 umol) was the
same as for 230 and 24a, except that 4 mg (0.026 mmol)
of sulfur trioxide—pyridine complex was used in 25 puL
dry pyridine in each case. 23 and 24 were obtained in
60% (0.8 mg) and 58% (0.7 mg) yields, respectively. For
238, Ry = 0.45 (silica gel, 3:1:0.05 toluene/EtOH/Et;N).
"H NMR (CDCly): § 3.25 (yt, 1H, J =8 Hz, H-2 glc),
3.45-4.15 (m, 20H), 4.28-4.91 (m, 27H), 5.07 (¥;s, 1H,
H-1, man-2), 525 (d, 1H, J=1.5Hz, H-1, man-1),
7.05-7.55 (m, 55H, ArH). For 24B, R; = 0.47 (silica gel,
3:1:0.05 toluene/EtOH/Et;N). '"H NMR (CDCl5): § 3.21
(yt, 1H, J = 8.5 Hz, H-2 glc), 3.45-4.18 (m, 18H), 4.25-
4,96 (m, 29H), 5.10 (yss, 1H, H-1, man-2), 5.25 (d, 1H,
J=1.5Hz, H-1, man-1), 7.10-7.42 (m, 55H, ArH).
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4.16. Synthesis of 6-O-sulfato-2,3,4-tri-O-benzyl-p-manno-
pyranosyl-(al — 6)-2,3,4-tri-O-benzyl-pD-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di- O-benzyl-p-glucopyrano-
syl-(a1 — 6)-3,4,5-tri-O-benzyl-1-pD-myo-inositol (25«) or
2-O-sulfato-3,4,6-tri-O-benzyl-p-mannopyranosyl-(al — 6)-
2,3,4-tri-O-benzyl-pD-mannopyrano-syl-(al — 4)-2-azido-2-
deoxy-3,6-di-O-benzyl-p-glucopyranosyl- (a1 — 6)-3,4,5-tri-
O-benzyl-1-p-myo-inositol (260)

To a stirred solution of 23a (2.4 mg, 0.001 mmol) or 24a
(2 mg, 0.001 mmol) in THF (100 pL) at 0 °C was added
LiOH (1 M, 20 uL). The reaction mixture was stirred at
0 °C for 1.5 h and quenched with NH4CI1 (1 M, 0.3 mL).
The aqueous layer was extracted with ethyl acetate (4x
0.5mL), and the combined organic layers were rinsed
with brine, dried (MgSQ,), and concentrated. Purifica-
tion via preparative TLC (silica gel, 2:1:0.05 toluene/
EtOH/Et3N) yielded 25a (1.4 mg, 60%) or 260 (1.2 mg,
60%). For 250, Ry =0.3 (2:1:0.05 toluene/EtOH/Et3N).
'"H NMR (CDCl): 6 2.52 (br s, 1H, OH), 3.21-4.05
(m, 22 H), 4.11-4.98 (m, 26H), 5.05 (¥s, 1H, H-1,
man-2), 5.21 (d, 1H, J= 1.5 Hz, H-1 man-1), 5.35 (d,
1H, J=3.5Hz, H-1 glc), 7.11-7.48 (m, 55H, ArH).
For 260, R;=0.35 (2:1:0.05 toluene/EtOH/Et;N). 'H
NMR (CDCls): 6 2.50 (br s, 1H, OH), 3.25-4.08 (m,
22H), 4.15-4.95 (m, 26H), 5.06 (ys, 1H, H-1, man-2),
523 (d, 1H, J=1.5Hz, H-1 man-1), 5.38 (d, 1H,
J=3.5Hz, H-1 glc), 7.11-7.50 (m, 55H, ArH).

4.17. Synthesis of 6-O-sulfato-2,3,4-tri-O-benzyl-p-manno-
pyranosyl-(al — 6)-2,3,4-tri-O-benzyl-pD-mannopyranosyl-
(a1 — 4)-2-azido-2-deoxy-3,6-di-O-benzyl-p-glucopyrano-
syl-(B1 — 6)-3,4,5-tri-O-benzyl-1-pD-myo-inositol (258) or
2-O-sulfato-3,4,6-tri-O-benzyl-pD-mannopyranosyl-(a1 — 6)-
2,3,4-tri- O-benzyl-pD-mannopyrano-syl-(al — 4)-2-azido-2-
deoxy-3,6-di-O-benzyl-p-glucopyranosyl-(f1 — 6)-3,4,5-tri-
O-benzyl-1-D-myo-inositol (26f)

Syntheses were carried out from 23f (0.8 mg, 0.44 umol)
and 24 (0.7 mg, 0.38 pmol) exactly as described for 25a
and 260. 250 and 26 were obtained in 55% and 58%
yields (0.4 mg of each), respectively. For 258, Ry=0.3
(2:1:0.05 toluene/EtOH/Et;N). '"H NMR (CDCl5): §
2.55 (br s, 1H, OH), 3.25-4.15 (m, 22H), 4.25-4.93 (m,
27H), 5.07 (ys, 1H, H-1, man-2), 525 (d, 1H,
J=15Hz, H-1, man-1), 7.08-7.51 (m, 55H, ArH).
For 26B, Ry=0.35 (silica gel, 2:1:0.05 toluene/EtOH/
Et;N). 'H NMR (CDCly): 6 2.55 (br s, 1H, OH),
3.20-4.11 (m, 22H), 4.20-4.98 (m, 27H), 5.10 (ys, 1H,
H-1, man-2), 5.25 (d, 1H, J=1.5Hz, H-1, man-1),
7.05-7.49 (m, 55H, ArH).

4.18. Synthesis of 6-O-sulfato-p-mannopyranosyl-(al — 6)-
D -mannopyranosyl-(a1 — 4)-2-amino-2-deoxy-p-glucopyr-
anosyl-(a0 1 — 6)-D-myo-inositol-1,2-cyclic phosphate (3ar)
or 2-O-sulfato-p-mannopyranosyl-(a1 — 6)-D-mannopyr-
anosyl-(a1 — 4)-2-amino-2-deoxy-p-glucopyranosyl-(a1 —
6)-D-myo-inositol-1,2-cyclic phosphate (4o)

PC1,O,Me (500 uL) was slowly added to dry pyridine
(5 mL). The reaction was stirred at 20 °C for 30 min. This
solution (30 uL) was added to a stirred solution of 25q
(1.4 mg, 0.7 umol) or 26a (1.2 mg, 0.7 umol) in dry pyri-

dine (20pL) and stirring was continued at 20 °C until
TLC (silica, 1:1:1 CHCl3—diethyl ether-MeOH) showed
completion of reaction. The reaction was quenched by
addition of sat. NaHCO; (0.2 mL) and co-evaporation
with heptane. The resulting solid was dissolved in water
(0.75 mL) and adjusted to pH 1 by dropwise addition of
2M HCI. The solution was extracted with EtOAc
(5x0.5mL) and the combined organic extracts were
dried (Na,SO,), concentrated, dried by coevaporation
with toluene, and dissolved in dry THF (0.5 mL). In a sep-
arate flask, NH; (1.5 mL) was condensed at —78 °C and
sodium (4 mg, 0.17 mmol) was added. Once the blue color
persisted, the THF solution of crude product from above
was added dropwise, stirred at —78 °C for 15 min, and
quenched with solid NH4Cl (9 mg, 0.17 mmol) at
—78 °C. Once the blue color had disappeared, methanol
(1.25 mL) was added. The reaction mixture was allowed
to warm to 20 °C and evaporated for 12 h. The resulting
white powder was dissolved in deionized water
(0.75 mL) and was desalted by passing through Sephadex
G-10 (washed with water), yielding after evaporation 3o
(0.3 mg, 50%) or 4a (0.3 mg, 50%). For 3a,'H NMR
(D20): 6 2.55 (yd, 1H, J=7.5 Hz, H-2 glc), 3.20-4.15
(m, 15H), 4.35 (ddd, 1H, H-1 inos), 4.55 (yt, 1H, H-2
inos), 4.85 (ys, 1H, H-1 man), 5.02 (s, 1H, H-1 man),
5.15(d, 1H, J = 3 Hz, H-1 glc). *'P NMR (D,0) ¢ 17.5.
HRMS (ESI): m/z calcd for CouH43NO,sPS: 808.1577.
Found: 808.1567. For 40, '"H NMR (D,0): 6 2.60 (y«d,
1H, J=17.5 Hz, H-2 glc), 3.22-3.95 (m, 15H), 4.38 (ddd,
1H, H-1 inos), 4.52 (yt, 1H, H-2 inos), 4.85 (s, 1H, H-
1 man), 4.95 (s, 1H, H-1 man), 5.15 (d, 1H, J =3 Hz,
H-1 glc). *'PNMR (D,0) 6 16.85. HRMS (ESI): m/z caled
for Co4H43NO,5PS: 808.1577. Found: 808.1571.

4.19. Synthesis of 6-O-sulfato-p-mannopyranosyl-(al — 6)-
p-mannopyranosyl-(al — 4)-2-amino-2-deoxy-b- glucopyr-
anosyl-(p1 — 6)-D-myo-inositol-1,2-cyclic phosphate (3) or
2-O-sulfato-p-mannopyranosyl-(a1 — 6)-p-mannopyrano-
syl-(a1 — 4)-2-amino-2-deoxy-bp-glucopyranosyl-(f1 — 6)-
D-myo-inositol-1,2-cyclic phosphate (4f)

Syntheses of these compounds were carried out from
258 and 26 (0.4 mg, 0.22 umol each) exactly as de-
scribed for 3o and 4o, yielding 3 and 48 (40%,
0.07 mg each), respectively. For 38, 'H NMR (D,0): ¢
3.01-4.05 (m, 22H), 4.31 (ddd, 1H, H-1 inos), 4.56-
5.01 (m, 4H). 3P NMR (D,0) § 16.65. HRMS (ESI):
m/z caled for C24H43NO25PS: 808.1577. Found:
808.1563. For 4B,'H NMR (D,0): 6 3.05-4.20 (m,
22H), 4.29 (ddd, 1H, H-1 inos), 4.50-5.05 (m, 4H). *'P
NMR (D,0O) ¢ 17.01. HRMS (ESI): m/z calcd for
C24H43NO25PS: 808.1577. Found: 808.1561.
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Abstract—A new series of donepezil-tacrine hybrid related derivatives have been synthesised as dual acetylcholinesterase inhibitors
that could bind simultaneously to the peripheral and catalytic sites of the enzyme. These new hybrids combined a tacrine, 6-chlo-
rotacrine or acridine unit as catalytic binding site and indanone (the heterocycle present in donepezil) or phthalimide moiety as
peripheral binding site of the enzyme, connected through a different linker tether length. One of the synthesised compounds emerged
as a potent and selective AChE inhibitor, which is able to displace propidium in a competition assay. These results seem to confirm
the ability of this inhibitor to bind simultaneously to both sites of the enzyme and make it a promising lead for developing disease-
modifying drugs for the future treatment of Alzheimer’s disease. To gain insight into the molecular determinants that modulate the
inhibitory activity of these compounds, a molecular modelling study was performed to explore their binding to the enzyme.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) is the most common form of
dementia accounting for about 50-60% of the overall
cases of dementia among persons over 65 years of
age.! It is a progressive, degenerative disorder of the
brain characterised by loss of memory and cognition.
Brain regions that are associated with higher mental
functions, particularly the neocortex and hippocampus,
are those most affected by the characteristic pathology
of AD.? This includes the extracellular deposits of p-am-
yloid (derived from amyloid precursor protein, APP) in
senile plaques,>* intracellular formation of neurofibril-
lary tangles (containing an abnormally phosphorylated
form of a microtubule associated protein, rau)>® and
the loss of neuronal synapsis and pyramidal neurons.’
Nevertheless, current treatment approaches in this dis-
ease continue being primarily symptomatic, with the
major therapeutic strategy based on the cholinergic

Keywords: Acetylcholinesterase inhibitors; Tacrine; Donepezil; Alzhei-

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

doi:10.1016/j.bmc.2005.09.029

hypothesis and specifically on acetylcholinesterase
(AChE) inhibition.® Accordingly, during the last decade,
several cholinergic drugs have been launched on the
market, primarily AChE inhibitors indicated for the
treatment of mild to moderate AD such as tacrine,’
donepezil,!° rivastigmine,!! or galantamine.!> More
recently, memantine,'> a moderate affinity NMDA-
receptor antagonists, has been approved for the treat-
ment of moderate to severe AD (Fig. 1).

The three-dimensional structure of AChE, as determined
by X-ray crystallography, revealed that its active site can
apparently be reached only through a deep and narrow
‘catalytic gorge’.!* Inhibitors directed to the active site
prevent the binding of the substrate molecule (acetylcho-
line), or its hydrolysis, either by occupying the site with a
high affinity molecule (tacrine)'’ or by reacting irrevers-
ibly with the catalytic serine (organophosphates and
carbamates).'® The peripheral site consists of a less well-
defined area, located at the entrance of the catalytic gorge.
Inhibitors that bind to that site include small molecules,
such as propidium,'”-'® and peptide toxins such as fascicu-
lin.'® Parallel to the development of antidementia drugs,
research efforts have been focused, among others, on the
therapeutic potential of AChE inhibitors to slow the
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Figure 1. Commercial available drugs for AD treatment.

disorder progression. This fact was based on a range of
evidences, which showed that AChE has secondary non-
cholinergic functions.?>-2! On the basis of these evidences,
it was postulated that AChE binds through its peripheral
site to the B-amyloid non-amyloidogenic form acting as a
pathological chaperone and inducing a conformational
transition to the amyloidogenic conformation with the
subsequent amyloid fibril formation.??> In fact, AChE
directly promotes in vitro the assembly of B-amyloid pep-
tide into amyloid fibrils forming stable AChE—B-amyloid
complexes.?® Considering the non-cholinergic aspects of
the cholinergic enzyme AChE, their relationship to Alz-
heimer’s hallmarks and the role of the peripheral site of
AChE in all these functions, an attractive target for the de-
sign of new antidementia drugs emerged.>* Recent exper-
imental results>>2® following this approach lead to
the synthesis of several chemically diverse structures
with potent AChE inhibition and interesting biological
profile (Fig. 2). These data corroborate the initial dual
site AChE hypothesis?® and provided a new way to delay
the neurodegenerative process.

Continuing our research on catalytic and peripheral
binding site inhibitors, that include N-benzylpiperidine
derivatives of 1,2,4-thiadiazolidinone®® and tacrine thia-
diazolidinone compounds,3' we present here the synthe-
sis, biological activity and propidium competition assay
of novel dual binding site AChE inhibitors. These new

i,

NH»

L
N/\/\H/\/\I}I/\/\l}l

O

NH,

Galantamine

6589

Donepezil
NH,

HsC
Memantine

dimeric compounds contain the tacrine heterocycle ring,
which is recognised as a catalytic AChE inhibitor and
indanone or related heterocycles as responsible for the
binding to the peripheral site of the enzyme. These
new family of inhibitors could be considered as donepe-
zil-tacrine hybrid related derivatives. To study further
the biological profile of these compounds, their butyr-
ylcholinesterase (BChE) inhibitory activity was also
evaluated. Finally, to explore the ability to bind the
peripheral site of AChE, assays were also performed
to explore the capacity to displace propidium binding.

2. Results and discussion
2.1. Chemistry

The synthesis of compounds 7-12 was achieved follow-
ing a convergent pathway strategy summarized in
(Scheme 1). Reaction of tetrahydroacridines 1 or 2 with
diaminoalkyl derivatives at reflux afforded the intermedi-
ates 9-alkylaminotetrahydroacridines 3a—e in good yields
(60-70%), following a procedure previously known.3?
Compounds 7 and 8 can be prepared through a Man-
nich-type reaction by treatment of commercially avail-
able indanone 4 with paraformaldehyde, and amines 3a
and 3b. The same reaction using the indadione 5 afforded
compound 9 in moderate yield. Coupling reaction of the

o]
HN/V\N)M
H

A S~g
Z

cl N

b
OCHj
CHg CHs
c

Figure 2. Representative dual binding site hybrid AChE inhibitors. a, Ref. 26; b, Ref. 27 and ¢, Ref. 28.
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2Y=Cl  \— 3d X=(CHy)s Y=Cl
3e X=CH3N(CH,), Y=CI
Y %
47=H R=OMe
57=CO R=H

7Z=H R=OMe X=(CH,),
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97=CO R=H  X=(CH,),

X3

i\ 1O Ni]@
o
6
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NN NH’\,X\/—NHJLN

O
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11 X:(CH2)3
12 X:CHgN(CHz)z

Scheme 1. Convergent pathway leading to the synthesis of compounds 7-12. Reagents and conditions: (i) NH,(CH,),X(CH,),NH,, pentanol, A;

(i) HCOH, EtOH/H,0, HCl, A; (iii) CDI, THF, rt.

intermediates 3a—e with N-phthalimide acetic acid 6 in
the presence of carbonyldiimidazole (CDI) afforded
compounds 10-12 in good yields (Scheme 1). These
derivatives 9-12 lack any quiral centre in their chemical
structures, which is a great advantage for further phar-
maceutical development regarding hybrids 7-8.

The alkylation of phthalimide with different di-
bromoalkyl derivatives 13a—d led to intermediates 15a—

d. Subsequent alkylation of 15a—d with 9-aminoacridine
and 9-aminotetrahydroacridine afforded compounds
17-22 in good yields (Scheme 2).

Unequivocal assignment of 'H and '*C chemical shifts
was performed for two representative compounds (12
and 22), using bidimensional experiments following
HMQC and HMBC sequences. Data are collected in
Table 1.

0 o)
i) N ii)
Br-" X" NBr + HN ——  Br— "x"—N + (v —
A
o}
13a X= (CHy), 14 15a X= (CHy), NHz. HCI
13b X= (CHy)3 15b X= (CHp)3 16a Y= C4H,
13c X=(CHy)4 15¢ X= (CHy)4 16b Y= Cy4Hg
13d X= (CH2)5 15d X= (CH2)5
iM) Na
- o)
Yl
o
17 X= (CHp)s Y= C4Hg
18 X= (CH)s Y= C4Hg
19 X= (CHp)s Y= Cy4Hg
20 X= (CHp)3 Y= C4Hg
21 X= (CHp)s Y= CqHg
22 X= (CHy)s Y= Cy4Hg

Scheme 2. Synthetic route leading to compounds 17-22. Reagents and conditions: (i) NaH, DMF, rt; (ii)) KOH, DMSO, A.
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Table 1. Chemical shifts of 12 and 22

Atom number Compound 12

Compound 22

'H (6 ppm) CDCls, 400 MHz '*C (6 ppm) CDCl;, 100 MHz 'H (6 ppm) CDCls, 400 MHz '3C (8 ppm) CDCls, 100 MHz

1 2.58 323
2 1.80 22.0
3 1.80 22.5
4 2.90 38.8
4a — 157.3
5 7.90 124.8
6 — 135.1
7 7.93 124.6
8 7.16 124.4
8a — 114.3
9 — 151.8
9a — 117.0
10a — 145.4
11 3.22 48.8
12 3.48 56.1
13 — 167.4
14 4.21 56.2
Iy - 166.0
2 131.6
3’ 7.82 123.2
4 7.68 134.0
5’ 7.68 134.0
6 7.82 123.2
7 — 131.6
8’ — 166.0
N-CH; 2.12 423

8.02 122.5
7.33 121.3
7.62 132.7
8.06 133.6
— 155.4
8.06 133.6
7.62 132.7
7.33 121.3
8.02 122.5
— 113.0
— 155.4
— 113.0
— 155.4
3.82 37.6
3.65 48.6
— 168.3
— 132.0
7.80 124.2
7.68 134.2
7.68 134.2
7.80 123.5
— 132.0
— 168.3

2.2. Biological activity and molecular modelling

To evaluate the biological profiles of these heterodi-
meric compounds for AD, AChE (bovine erythrocytes)
and BChE (human plasma) inhibition was assayed in
comparison with tacrine and donepezil as reference
compounds. The inhibitory potency against AChE
and BChE was evaluated by the method of Ellman
et al.’® Compounds 12 and 22 (see Table 2) exhibit
an optimum AChE inhibitory activity, as noted in
the fact that they are 8-fold and 70-fold more potent
than donepezil and tacrine, respectively. Moreover,
compounds 12 and 22 showed more than 20-fold selec-
tivity in AChE versus BChE assays (see Table 2). The
proper tether length for the linker between the two
anchoring groups, 9-aminoacridine and indanone/
phthalimide, seemed to be nine (compound 22) or 10
(compound 12).

To gain insight into the molecular determinants that
modulate the inhibitory activity of these compounds, a
molecular modelling study was performed to explore
their binding to the enzyme. The position of compounds
12 and 22 with respect to the key residues in the binding
site is shown in Figure 3. The tetrahydroacridine/acridine

moiety is firmly bound to the catalytic site of AChE, it
being stacked against the aromatic rings of Trp84 (aver-
age distance between rings of 3.6 and 4.0 A for com-
pounds 12 and 22, respectively) and Tyr330 (average
distances of 4.3 and 4.9 A). The aromatic nitrogen of tetra-
hydroacridine/acridine is hydrogen-bonded to the main-
chain carbonyl oxygen of His440 (average N---O
distance: 3.0 A) in 12. For compound 22 such an interac-
tion was replaced along the simulation by a water-medi-
ated contact (average N- - -O distance of 4.6 A along the
last ns). Finally, the chlorine atom in 12 occupies a small
hydrophobic pocket formed by Trp432, Met436 and
I1e439, a feature that has been identified in both mod-
elled®* and experimental®® structures of the AChE-hu-
prine Y complex.

With regard to the linker, the most relevant difference
between compounds 12 and 22 comes from the presence
of the tertiary amine group in the former. Thus, this
group forces the tether to reorient along the gorge to
form a coulombic interaction with the carboxylate
group of Asp72 (average N---O distance: 3.0 A). Note-
worthy, a relevant difference was found in the orienta-
tion of the side chain of Asp72 in the AChE
complexes with 12 and 22 (see Fig. 3). Finally, the amido
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Table 2. Biological activity of donepezil-tacrine hybrids: inhibitory activity on AChE (bovine erythrocyte) and BChE (human serum) and propidium

competition assay results

Compound 1Csy AChE (nM) 1Cso BChE (nM) Selectivity (AChE/BChE) Propidium competition (M)
7 100 50 2 >1000
8 25 0.6 41.6 >1000
9 504 98 5.1 >1000

10 10 220 0.04 10

11 20 660 0.03 100

12 2.8 75 0.04 10

17 3009 10 300 10

18 93 29 3.2 >1000

19 870 7.8 111.5 10

20 1550 711 2.2 100

21 1140 1010 1.1 >1000

22 2.4 90 0.02 1

Tacrine 167 24 6.9 1000

Donepezil 19 930 0.02 1

Each assay was repeated, at least, three independent times.

116439

TYr330——  m— ™~
Met436

Phe288

Figure 3. Representation of compounds 12 and 22 docked into the
binding site of AChE highlighting the protein residues that form the
main interactions with the different structural units of the inhibitor.
Compound 22 is shown in orange. For the sake of clarity the enzyme
residues in the AChE complex with 22 are not shown, but the side
chain of Asp72 is shown in magenta. The dotted (white) lines denote
hydrogen-bond contacts between the ligand and enzyme residues.

group of compound 12, which is buried inside the pro-
tein gorge, does not, however, make favourable contact
with suitable residues of the enzyme.

Finally, the phthalimide ring occupies a similar position
in heterodimers 12 and 22 at the peripheral site and re-
mains stacked onto the aromatic ring of Trp279. More-
over, the carbonyl groups of the phthalimide ring form a
direct hydrogen-bond contact with the backbone NH
group of Phe288 (average O---N distance of 3.1 A)
and a water-mediated interaction with the amide unit
of GIn74 (average O---N distance of 4.2 A).

The preceding findings suggest that the similar AChE
inhibitory activity of compounds 12 and 22 (see Table
2) stems not from the existence of a common pattern
of interactions, but from a subtle balance of different
forces. Compared to the tetrahydroacridine derivative,
the larger delocalization of the positive charge in the
acridine ring should weaken the stabilizing cation—n
interaction at the catalytic site of the enzyme. Binding
of compound 12 at the catalytic site should also be fa-
voured by the presence of the chlorine atom, since it is
well known that attachment of a chlorine atom at posi-
tion 6 of tacrine and related compounds leads to largely
enhancing the binding affinity.>® The favourable elec-
trostatic interaction between the tertiary amine in 12
with the side chain of Asp72 should a priori also con-
tribute to the binding of compound 12. However, this
effect must be largely counterbalanced by the desolva-
tion of the protonated amine. In fact, the desolvation
cost for compound 12 is estimated to be around
90 kcal/mol larger than for compound 22 according to
AMI1 semiempirical calculations (determined for the li-
gand in the bonded conformation) performed with the
MST continuum model.?” Moreover, the formation of
the salt bridge between the tertiary amine and Asp72
likely induces steric strain into the linker, thus explain-
ing the need to include an additional methylene group
into the tether compared to compound 22. At this
point, it is worth noting that increasing the length of
the tether from nine to 10 methylene units decreases
the inhibitory potency, as noted in the results deter-
mined for compounds 10 and 11 (see Table 2). Finally,
the lack of favourable interactions between the amido
group in 12 and the enzyme residues should also con-
tribute to decrease the inhibitory potency compared
to 22.

A propidium competition assay was performed to con-
firm the interaction of the compounds at the peripheral
binding site of AChE, since it is known that propidium
is a selective ligand for the peripheral site of the enzyme.
Moreover, this is an indirect method to predict the po-
tential effect of the inhibitors on B-amyloid aggrega-
tion.?® The fact that the more potent inhibitors 12 and
22 were able to displace propidium in the competition
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assay, showing ICs, values of 10 and 1 pM, respectively
is relevant. The finding that both compounds possess the
phthalimide moiety suggests that this chemical unit acts
as an efficient ligand for the peripheral site of the en-
zyme. As it was found for the AChE inhibition, the best
binding to the peripheral site of AChE was found for a
tether length between the two anchoring groups (9-ami-
noacridine and phthalimide) of nine units.

In conclusion, the interesting dual binding site AChE
profile of compound 22 makes this inhibitor a promising
lead for developing disease-modifying drugs for the fu-
ture treatment of AD.

3. Experimental
3.1. Chemistry

Reagents and solvents were purchased from common
commercial suppliers and were used without further
purification. Chromatographic separations were per-
formed on silica gel, using either flash chromatography
(CC, using Kieselgel 60 Merck of 230-400 mesh) or pre-
parative centrifugal thin layer chromatography (CTLC,
on a circular plate coated with a 1 mm layer of Kieseléel
60 PF,s4 gipshaltig, Merck, using a Chromatotron™)
Compounds were detected with UV light (254 nm), io-
dine chamber, or ninhydrin.

Nuclear magnetic resonance spectra were recorded in
CDCIl; solutions, using Varian Unity-500, Varian
Mercury 400 MHz or Varian 300 MHz spectrometers.
Typical spectral parameters for '"H NMR were: spec-
tral width 10 ppm, pulse width 9 ps (57°) and data
size 32 K. The acquisition parameters in decoupled
13C NMR spectra were: spectral width 16 kHz, acqui-
sition time 0.99 s, pulse width 9 pus (57°) and data size
32 K. Chemical shifts are reported in ¢ values (ppm)
relative to internal Me4Si and J values are reported
in hertz. Other experiments, such as heteronuclear
single-quantum coherence (HSQC) and heteronuclear
multiple bond correlation (HMBC), were obtained
in standard conditions. Mass spectra (MS) were ob-
tained by electronic impact (EI) at 70 eV in a Hew-
lett-Packard 5973 spectrometer (with direct insertion
probe) or by electrospray (ES) in a Waters ZQ2000
spectrometer.

3.1.1. General method for the synthesis of compounds 7-9.
To a stirred solution of diamine in a mixture of ethanol/
water (3:1), the paraformaldehyde and indanone were
added at room temperature. Afterwards the pH was
adjusted to 3 with 35% hydrochloric acid and the mix-
ture was refluxed for 24 h. Then, the reaction mixture
was cooled to 25 °C and the solvent was removed under
vacuum pressure. The resulting residue was treated with
K,COj; saturated solution and extracted with methylene
chloride. The combined organic extracts were washed
with water and dried with anhydrous Na,SOj,. The sol-
vent was removed under vacuum and the residue was
purified by preparative centrifugal thin layer
chromatography.

3.1.1.1. 5,6-Dimethoxy-2-{[6-(1,2,3,4-tetrahydro-acridin-
9-ylamino)-hexylamino]-methyl}-indan-1-one (7). Reagents.
(1,2,3,4-Tetrahydro-acridin-9-yl)-hexane-1,6-diamine (96 mg,
0.32 mmol), ethanol/water 3:1 (3.5 ml), paraformaldehyde
(19.2 mg, 0.64 mmol) and indanone (62 mg, 0.32 mmol).

Purification. Silica gel column chromatography using
AcOEt/MeOH (10:1)—(3:1) and 0.1% NHj saturated.
Yellow syrup, yield: Smg (1%). '"H NMR (CDCls,
300 MHz, 6 ppm): 7.99 (d, 2H, J=7.0 Hz), 7.57 (t,
1H, J=7Hz), 7.54 (t, 1H, J =7 Hz), 7.12 (s, 1H), 6.85
(s, 1H), 3.94 (s, 3H), 3.87 (s, 3H), 3.54 (t, 2H, J = 7.0),
3.19 (dd, 1H, J=6.83 Hz, J =16.90 Hz), 3.05 (m, 2H),
2.92 (m, 1H), 2.87 (m, 2H), 2.83 (dd, 1H, J =3.40 Hz,
J=17.10 Hz), 2.66 (m, 2H), 2.59 (m, 2H), 1.84 (m,
4H), 1.79 (m, 2H), 1.39 (m, 2H), 1.36 (m, 4H). '°C
NMR (CDCl;, 75 MHz, 6 ppm): 200.8, 155.30, 151.20,
149.20, 149.04, 129.10, 128.79, 128.30, 123.90, 123.00,
120.10, 119.00, 107.00, 107.38, 105.36, 104.18, 56.25,
56.08, 51.27, 49.73, 49.36, 47.29, 31.64, 31.31, 29.72,
26.98, 26.78, 24.61, 22.89, 22.52. ESI-MS [M+H*]" 502.

3.1.1.2. 5,6-Dimethoxy-2-{|7-(1,2,3,4-tetrahydro-acri-
din-9-ylamino)-heptylamino]-methyl}-indan-1-one (8). Re-
agents. (1,2,3,4-Tetrahydro-acridin-9-yl)-hexane-1,7-dia-
mine (134 mg, 0.43 mmol), ethanol/water 3:1 (3.5 ml),
paraformaldehyde (26 mg, 0.86 mmol) and indanone
(83 mg, 0.43 mmol).

Purification. Silica gel column chromatography using
AcOEt/MeOH (10:1)—(3:1) and 0.1% NH; saturated.
Yellow syrup, yield: 7 mg (6.8%). '"H NMR (CDCl;,
500 MHz, o6 ppm): 796 (dd, 1H, J=6.80,
J=1.06 Hz), 7.94 (dd, 1H, J=6.81, J = 1.08 Hz), 7.55
(dt, 1H, J=6.82, J=1.07 Hz), 7.36 (dt, 1H, J = 6.82,
J=1.07Hz), 7.14 (s, 1H), 6.86 (s, 1H), 3.95 (s, 3H),
3.89 (s, 3H), 3.50 (t, 2H, J=7.25Hz), 3.23 (dd, 1H,
J=6.61, J=16.85Hz), 3.08 (m, 2H), 2.89 (t, 2H,
J=5.97Hz), 2.92 (m, 1H), 2.88 (m, 2H), 2.81 (dd, 1H,
J=3.20, J=17.06 Hz), 2.69 (m, 2H), 1.91 (m, 4H),
1.67 (m, 2H), 1.48 (m, 2H), 1.33 (m, 4H). '*C NMR
(CDCl;, 125MHz, 6 ppm): 200.0, 155.86, 151.35,
149.69, 149.64, 129.60, 128.79, 128.42, 123.92, 123.18,
120.11, 119.06, 107.63, 107.44, 105.36, 104.43, 56.49,
56.328, 51.534, 50.114, 49.70, 47.60, 33.85, 31.92,
31.57, 30.01, 29.47, 27.13, 27.08, 24.92, 23.20, 22.80.
ESI-MS [M+H™]" 516.

3.1.1.3. 2-6-(1,2,3,4-Tetrahydro-acridin-9-ylamino)-hex-
ylamino]-indan-1,3-dione (9). Reagents. (1,2,3,4-Tetrahy-
dro-acridin-9-yl)-hexane-1,6-diamine  oxalate (339 mg,
0.87 mmol), ethanol/water 3:1 (3.5 ml), paraformaldehyde
(26.4mg, 0.88 mmol) and indan-1,3-dione (129 mg,
0.88 mmol).

Purification. Silica gel column chromatography using
AcOEt/MeOH (10:1)—(3:1) and 0.1% NHj saturated. Yel-
low syrup, yield: 17mg (4.4%). '"H NMR (CDCl;,
400 MHz, 6 ppm): 7.92 (m, 4H), 7.84 (dd, 2H, J=6,
J=2.8Hz), 7.54 (m, 1H), 7.32 (m, 1H), 3.70 (t, 2H,
J=6.4),3.60 (m, 1H), 3.50 (t, 2H, J = 6.4 Hz), 3.08 (m,
2H), 2.65 (m, 2H), 31.8-2.0 (m, 4H), 1.80 (m, 2H), 1.70
(m, 2H), 1.45 (m, 4H). >°C NMR (CDCl;, 100 MHz, ¢
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ppm): 200.0, 159.0, 151.3, 147.1, 140.6, 136.8, 136.1,
130.5, 129.9, 123.6, 123.0, 120.8, 120.4, 53.1, 52.9, 49.3,
48.9, 31.4, 29.8, 26.7, 26.4, 24.7, 22.6, 22.0. ESI-MS
[M+H*T* 457.

3.1.2. General method for the synthesis of compounds 10—
12. Compounds 10-12 have been synthesized following
the procedure previously reported in bibliography.*’
1,1’-Carbonyldiimidazole was added to a solution of
isoindol in THF anhydrous was added under N», and
the mixture was stirred for 4 h at room temperature.
Then the amine was added and the resulting amber solu-
tion was stirred for 20 h. The solvent was evaporated
under reduced pressure, water was added and the result-
ed mixture was extracted with dichloromethane. The
combined organic extracts were washed with saturated
aqueous NaCl solution and then were dried with anhy-
drous Na,SO,4. The solvent was evaporated under re-
duced pressure and the residue was purified by silica
gel column chromatography using as eluent mixtures
of solvents in the proportions indicated for each case.

3.1.2.1. N-[6-(6-Chloro-1,2,3,4-tetrahydro-acridin-9-yl-
amino)-hexyl]-2-(1,3-dioxo-1,3-dihydroisoindol-2-yl)aceta-
mide (10). Reagents. Isoindole acid (160.0 mg, 0.78 mmol),
THF anhydrous (10 ml), 1,1’-carbonyldiimidazole
(126.47 mg, 0.78 mmol) and 6-chloro-9-(6-aminohexyla-
mino)-1,2,3,4-tetrahydroacridine (260 mg, 0.78 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (30:1) and 0.5% NHj; saturated. Yellow
solid, vyield: 150mg (37%). 'H NMR (CDCls,
400 MHz, 6 ppm): 7.93 (d, 1H, J=8.9Hz), 7.90 (d,
1H, J=1.9 Hz), 7.82 (dd, 2H, J=5.0 Hz, J=2.7 Hz),
7.68 (dd, 2H, J=5.0Hz, J=2.7Hz), 7.16 (dd, 1H,
J=89Hz, J=19Hz), 6.64 (m, 1H), 4.30 (s, 2H),
4.21 (m, 1H) 3.50 (m, 2H), 3.30 (¢, 2H, J =7 Hz), 3.05
(m, 2H), 2.65 (m, 2H), 1.80 (m, 4H), 1.68 (q, 2H,
J=7Hz), 1.55 (q, 2H, J=7Hz), 1.40 (m, 4H). 1’C
NMR (CDCl;, 100 MHz, 6 ppm): 167.59, 166.08,
157.63, 151.56, 146.02, 134.88, 134.03, 131.73, 125.44,
124.83, 124.35, 123.32, 117.31, 114.62, 48.90, 40.81,
39.43, 32.80, 31.42, 29.39, 26.23, 24.52, 22.78, 22.28.
ESI-MS [M+H™]" 519.

3.1.2.2. N-[7-(6-Chloro-1,2,3,4-tetrahydro-acridin-9-yla-
mino)-heptyl]-2-(1,3-dioxo-1,3-dihydroisoindol-2-yl)aceta-
mide (11). Reagents. Isoindole acid (100 mg, 0.48 mmol),
THF anhydrous (10ml), 1,1’-carbonyldiimidazole
(83.0 mg, 0.51 mmol) and 6-chloro-9-(7-aminoheptyla-
mino)-1,2,3,4-tetrahydroacridine (165.5 mg, 0.48 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (30:1) and 0.1% NHj; saturated. Yellow
solid, yield: 80mg (30.8%). 'H NMR (CDCls,
400 MHz, 6 ppm): 7.93 (d, 1H, J=8.9 Hz), 7.90 (d,
1H, J=1.9 Hz), 7.82 (dd, 2H, J=5.0 Hz, J=2.7 Hz),
7.68 (dd, 2H, J=5.0Hz, J=2.7Hz), 7.16 (dd, 1H,
J=89Hz, J=19Hz), 6.64 (m, 1H), 4.30 (s, 2H),
421 (m, 1H) 3.48 (m, 2H), 3.26 (c, 2H, J =7 Hz), 2.90
(m, 2H), 2.65 (m, 2H), 1.80 (m, 4H), 1.68 (q, 2H,
J=7Hz), 1.50 (q, 2H, J=7Hz), 1.30 (m, 6H). '*C
NMR (CDCl;, 100 MHz, 6 ppm): 167.75, 166.30,

157.24, 152.04, 145.46, 135.11, 134.03, 131.69, 124.86,
124.62, 124.41, 123.27, 117.00, 114.36, 40.50, 39.62,
32.184, 31.27, 29.12, 28.66, 26.56, 26.42, 24.305, 22.56,
22.04. ESI-MS [M+H™]" 533.

3.1.2.3. N-(3-{[3-(6-Chloro-1,2,3,4-tetrahydro-acridin-9-
ylamino)-propyl]-methyl-amino}-propyl)-2-(1,3-dioxo-1,3-
dihydroisoindol-2-yl)acetamide (12). Reagents. Isoindole
acid (71.1 mg, 0.34 mmol), THF anhydrous (10 ml),
1,1’-carbonyldiimidazole (55.1 mg, 0.34 mmol) and N'-
[3-(6-chloro-1,2,3,4-tetrahydro-acridin-9-ylamino)-propyl]-
N'-methyl-propane-1,3-diamine (200 mg, 0.34 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (30:1) and 0.1% NHj; saturated. Yellow
solid, yield: 60mg (31.5%). 'H NMR (CDCls,
400 MHz, 6 ppm): 7.93 (d, 1H, J=8.9Hz), 7.90 (d,
1H, J=1.9 Hz), 7.82 (dd, 2H, J=5.0 Hz, J=2.7 Hz),
7.68 (dd, 2H, J=5.0Hz, J=2.7Hz), 7.16 (dd, 1H,
J=89Hz, J=19Hz), 6.04 (m, 1H), 421 (s, 2H),
4.12 (m, 1H) 3.48 (m, 2H), 3.22 (¢, 2H, J =7 Hz), 2.90
(m, 2H), 2.58 (m, 2H), 2.35 (t, 4H, J=7 Hz), 2.10 (s,
3H), 1.80 (m, 4H), 1.71 (q, 2H, J =7 Hz), 1.60 (q, 2H,
J=7Hz). “C NMR (CDCl;, 100 MHz, 6 ppm):
167.55, 166.02, 157.37, 151.85, 133.99, 131.77, 124.95,
124.16, 123.19, 117,01, 114.41, 56.29, 56.13, 48.88,
42.34, 40.89, 38.89, 32.37, 27.79, 26.15, 24.68, 22.71,
22.15. ESI-MS [M+H*]" 548.

3.1.3. General method for the synthesis of compounds 17—
22. The bromophthalimide derivates 15a—d were synthe-
sised following the procedure previously reported in bib-
liography.*®  9-Amino-1,2,3,4-tetrahydroacridine was
added to a solution of KOH in DMSO under N,, and
the mixture was stirred for 4 h at room temperature.
Then the brominated derivative was added and the
resulting orange solution was stirred for 12 h at room
temperature. The DMSO was eliminated by washing
with water and extracted with ethyl acetate. The com-
bined organic extracts were washed with saturated aque-
ous NaCl solution and dried with anhydrous Na,SOy.
The solvent was evaporated under reduced pressure
and the residue was purified by silica gel column chro-
matography using as eluent mixtures of solvents in the
proportions indicated for each case.

3.1.3.1. 2{7-(1,2,3,4-Tetrahydro-acridin-9-ylamino)-hep-
tyll-isoindole-1,3-dione (17). Reagents. 9-Amino-1,2,3,4-
tetrahydroacridine (100 mg, 0.42 mmol), DMSO (5 ml),
KOH (47 mg, 0.8 mmol) and 2-(7-bromo-heptyl)-isoin-
dole-1,3-dione (278 mg, 0.8 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (10:1) and 0.5% NHj; saturated. Yellow
syrup, yield: 17 mg (5%). "H NMR (CDCls, 400 MHz,
0 ppm): 8.41 (br s, 1H), 8.12 (d, 1H, J = 8.6 Hz), 7.82
(dd, 2H, J=5.0Hz, J=27Hz), 7.68 (dd, 3H,
J=5.0Hz, J=2.7Hz), 743 (t, IH, J=8.6 Hz), 3.83
(br s, 2H), 3.65 (t, 2H, J =7 Hz), 3.25 (br s, 2H), 2.61
(t, 2H, J=5.8 Hz), 1.97-1.92 (m, 4H), 1.84-1.80 (m,
2H), 1.78-1.72 (m, 2H), 1.47-1.43 (m, 6H). '3*C NMR
(CDCl;, 100 MHz, 6 ppm): 168.5, 166.5, 154.0, 133.8,
132.5, 132.0, 131.2, 128.9, 125.3, 124.1, 123.3, 119.3,
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54.6, 49.1, 38.5, 29.7, 29.2, 28.4, 28.2, 26.5, 25.2, 23.4,
22.9,22.5,22.1, 21.1, 14.4. ESI-MS [M+H"]" 443.

3.1.3.2. 2-8+1,2,3,4-Tetrahydro-acridin-9-ylamino)-octyl]-
isoindole-1,3-dione (18). Reagents. 9-Amino-1,2,3 4-tetrahy-
droacridine (100 mg, 0.42 mmol), DMSO (5ml), KOH
(47 mg, 0.8 mmol) and 2-(8-bromo-octyl)-isoindole-1,3-dione
(240 mg, 0.8 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (10:1) and 0.5% NHj saturated. Yellow syr-
up, yield: 30 mg (15%). '"H NMR (CDCl;, 400 MHz, §
ppm): 8.43 (br s, 1H), 8.12 (d, 1H, J = 8.6 Hz), 7.82 (dd,
2H, J=5.0Hz, J=2.7Hz), 7.68 (dd, 3H, J=5.0 Hz,
J=27Hz), 743 (t, 1H, J=8.6 Hz), 3.83 (br s, 2H),
3.65 (t, 2H, J=7Hz), 3.25 (br s, 2H), 2.61 (t, 2H,
J=5.8Hz), 1.97-1.92 (m, 4H), 1.84-1.80 (m, 2H), 1.78—
1.72 (m, 2H), 1.47-1.43 (m, 8H). *C NMR (CDCl;,
100 MHz, 6 ppm): 168.6, 166.2, 154.2, 134.1, 132.6,
132.3, 131.0, 129.0, 125.4, 124.0, 123.3, 119.3, 54.5, 49.0,
38.0, 29.8, 29.2, 28.9, 28.6, 26.7, 25.0, 23.6, 23.0, 22.8,
22.1, 21.0, 14.2. ESI-MS [M+H"]" 455.

3.1.3.3.  2-[6-(Acridin-9-ylamino)-hexyl]-isoindole-1,3-
dione (19). Reagents. 9-Amino-acridine (100 mg,
0.42 mmol), DMSO (5 ml), KOH (47 mg, 0.8 mmol) and
2-(6-bromo-hexyl)-isoindole-1,3-dione (240 mg, 0.8 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (10:1) and 0.5% NHj saturated. Yellow
syrup, vyield: 30mg (15%). 'H NMR (CDCls,
400 MHz, 6 ppm): 8.08 (d, 2H, J = 8.6 Hz), 8.02 (d,
2H, J=8.6Hz), 7.81 (dd, 2H, J=54Hz, J=
3.1 Hz), 7.68 (dd, 3H, J=5.4Hz, J=3.1 Hz), 7.59 (t,
2H, J=6.6 Hz), 7.30 (t, 2H, J=6.6 Hz) 3.85 (t, 2H,
J=7Hz), 3.67 (t, 2H, J=7Hz), 183 (q, 2H,
J=17Hz), 1.67 (q, 2H, J=7Hz), 1.45-1.34 (m, 6H).
13C NMR (CDCl;, 100 MHz, & ppm): 168.2, 156.3,
133.8, 133.6, 131.9, 128.7, 128.5, 124.7, 123.0, 122.8,
119.3, 111.9, 48.4, 37.68, 29.81, 26.37, 22.81. ESI-MS
[M+H™" 424.

3.1.34. 2-]7-(Acridin-9-ylamino)-heptyl]-isoindole-1,3-
dione (20). Reagents. 9-Amino-acridine (60 mg, 0.24 mmol),
DMSO (5 ml), KOH (27 mg, 0.48 mmol) and 2-(7-bromo-
heptyl)-isoindole-1,3-dione (80 mg, 0.24 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (10:1) and 0.1% NHj; saturated. Yellow syr-
up, yield: 80 mg (74%). '"H NMR (CDCl;, 400 MHz, §
ppm): 8.08 (d, 2H, J = 8.6 Hz), 8.02 (d, 2H, J = 8.6 Hz),
7.81 (dd, 2H, J=54Hz, J=3.1Hz), 7.68 (dd, 3H,
J=54Hz, J=3.1Hz), 7.59 (t, 2H, J= 6.6 Hz), 7.30 (t,
2H, J=6.6 Hz), 3.85 (t, 2H, J=7Hz), 3.67 (t, 2H,
J=7THz), 1.83 (q, 2H, J=7Hz), 1.67 (q, 2H, J =7 Hz),
1.45-1.34 (m, 6H). '*C NMR (CDCl;, 100 MHz, &
ppm): 168.3, 155.3, 133.8, 133.7, 132.7, 132.0, 124.5,
123.0, 1229, 121.7, 113.2, 49.0, 37.7, 30.4, 28.6, 28.3,
26.6, 26.5. ESI-MS [M+H]" 438.

3.1.3.5. 2-[8-(Acridin-9-ylamino)-octyl]-isoindole-1,3-
dione (21). Reagents. 9-Amino-acridine (60 mg,
0.24 mmol), DMSO (5 ml), KOH (27 mg, 0.48 mmol)

and 2-(7-bromo-heptyl)-isoindole-1,3-dione (68.64 mg,
0.24 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (10:1) and 0.1% NHj saturated. Yellow
syrup, yield: 20mg (18.5%). 'H NMR (CDCls,
400 MHz, 6 ppm): 8.06 (d, 2H, J=28.6Hz), 8.02
(d, 2H, J=86Hz), 7.80 (dd, 2H, J=54Hz,
J=3.1Hz), 7.68 (dd, 3H, J=5.4Hz, J=3.1 Hz), 7.59
(t, 2H, J=6.6 Hz), 7.30 (t, 2H, J=6.6 Hz) 3.82 (t,
2H, J=7Hz), 3.65 (t, 2H, J=7Hz), 1.83 (q, 2H,
J=7Hz), 1.68 (q, 2H, J=7Hz), 1.45-1.34 (m, 8H)
13C NMR (CDCl;, 100 MHz, 6 ppm): 168.3, 155.4,
134.1, 133.7, 132.7, 131.9, 124.6, 123.1, 122.8, 121.7,
113.1, 48.7, 37.6, 30.0, 28.5, 28.1, 26.4, 26.0, 23.2. ESI-
MS [M+H]* 451.

3.1.3.6. 2-[9-(Acridin-9-ylamino)-nonyl}-isoindole-1,3-dione
(22). Reagents. 9-Amino-acridine (150 mg, 0.60 mmol),
DMSO (10 ml), KOH (67.3 mg, 1.2 mmol) and 2-(9-bro-
mo-nonyl)-isoindole-1,3-dione (68.64 mg, 0.24 mmol).

Purification. Silica gel column chromatography using
DCM/MeOH (10:1) and 0.1% NHj; saturated. Yellow syr-
up, yield: 60 mg (55.5%). "H NMR (CDCls, 400 MHz, §
ppm): 8.06 (d, 2H, J = 8.6 Hz), 8.02(d, 2H, J = 8.6 Hz),
7.80 (dd, 2H, J=54Hz, J=3.1Hz), 7.68 (dd, 3H,
J=54Hz, J=3.1Hz), 7.62 (t, 2H, J=6.6 Hz), 7.33 (t,
2H, J=6.6 Hz), 3.82 (t, 2H, J=7Hz), 3.65 (t, 2H,
J=17Hz), 1.83 (q, 2H, J=7 Hz), 1.68 (q, 2H, J =7 Hz),
1.45-1.34 (m, 10H). *C NMR (CDCl;, 100 MHz, 6
ppm): 168.3, 1554, 134.2, 133.6, 132.7, 132.0, 124.2,
123.5, 122.5, 121.3, 113.0, 48.6, 37.6, 30.0, 27.5, 28.1,
26.2, 26.0, 23.2, 22.3. ESI-MS [M+H]" 451.

3.2. Biological activity and molecular modelling

3.2.1. Inhibition studies on AChE. The AChE inhibition
assays were performed using colorimetric method
reported by Ellman et al.3* The assay solution consisted
of 0.02 U AChE from bovine erythrocytes, 0.1 M sodi-
um phosphate buffer, pH 8, 0.3 mM 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB, Ellman’s reagent) and
0.5 mM acetylthiocholine iodide as the substrate of the
enzymatic reaction. The tested compounds were prein-
cubated with the enzyme for 10 min at 30 °C. Enzyme
activity was determined by measuring the absorbance
at 405 nm for 10 min with a Fluostar optima plate read-
er (BMG). The reaction rates were compared and the
percent of inhibition due to the presence of test com-
pounds was calculated. The ICs, is defined as the con-
centration of each compound that reduces by 50% the
enzymatic activity with respect to that without inhibi-
tors. Each reaction was repeated, at least, three indepen-
dent times.

3.2.2. Inhibition studies on BchE. BChE inhibitory activ-
ity was evaluated at 30 °C by the colorimetric method
reported by Ellman et al.3? The assay solution consisted
of 0.01 U BChE from human serum, 0.1 M sodium
phosphate buffer, pH 8, 0.3 mM DTNB and 0.5 mM
butyrylthiocholine iodide as the substrate of the enzy-
matic reaction. Enzyme activity was determined by
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measuring the absorbance at 405 nm for 5 min with a
microplate reader Digiscan 340 T. The tested com-
pounds were preincubated with the enzyme for 10 min
at 30 °C. The reaction rate was calculated with, at least,
triplicate measurements. The 1Csq is defined as the con-
centration of compounds that reduces by 50% the enzy-
matic activity with respect to that without inhibitors.

3.2.3. Propidium competition assay. Propidium exhibits
an increase in fluorescence on binding to AChE periph-
eral site, making it a useful probe for competitive ligand
binding to the enzyme. Fluorescence was measured in a
Fluostar optima plate reader (BMG). Measurements
were carried out in 100 pl solution volume, in 96-well
plates. The buffer used was 1 mM Tris/HCl, pH 8.0,
5 uM AChE which was incubated, for at least 6 h, with
the molecules at different concentrations. Twenty micro-
molar propidium iodide was added 10 min before fluo-
rescence measurement. The excitation wavelength was
485 nm, and that of emission, 620 nm. Each assay was
repeated, at least, three different times.

3.2.4. Molecular modelling of compounds 12 and 22. The
simulation system was defined following the protocol
used in our previous studies on AChE-ligand complex-
es,>**! which is briefly summarized here. The simulation
system was based on the X-ray crystallographic struc-
tures of the AChE complexes with tacrine (PDB entry
1ACJ),*? huprine Y (1E66)*° and donepezil (IEVE),*3
which were used as templates to position the 9-amino-
tetrahydroacridine or 9-aminoacridine unit in the cata-
lytic binding site, the linker along the gorge and the
phthalimide unit in the peripheral binding site. The en-
zyme was modelled in its physiologically active form
with neutral His440 and deprotonated Glu327, which
together with Ser200 form the catalytic triad. The stan-
dard ionization state at neutral pH was considered for
the rest of ionizable residues with the exception of
Asp392 and Glu443, which were neutral, and His471,
which was protonated, according to previous numerical
titration studies.'® Finally, Phe330 was replaced by Tyr
to reflect the binding site sequence in bovine AChE. The
heterodimer was protonated at the tetrahydroacridine or
acridine ring, as well as at the tertiary amine in com-
pound 12. The orientation of the methylene side chain
bonded to the tetrahydroacridine or acridine ring was
determined by means of geometry optimizations per-
formed at the MP2/6-31G(d) level using Gaussian-
03.* With regard to the phthalimide moiety, two differ-
ent starting orientations were initially chosen. In both
cases, the phthalimide ring was stacked against
Trp279, though they differed by a 180° rotation around
the bond linking the indole unit in Trp279. The system
was hydrated by centring a sphere of 40 A of TIP3P*
water molecules at the inhibitor, paying attention to fill-
ing the position of the crystallographic waters inside the
binding cavity. The parm98 file of the AMBER force
field*® was used to describe the enzyme. For the inhibi-
tor, the charge distribution of the tetrahydroacridine/ac-
ridine ring, linker and phthalimide unit was determined
from fitting to the HF/6-31G(d) electrostatic potential
using the RESP procedure,*’” and the van der Waals
parameters were taken from those defined for related

atoms in AMBER force field. The final model system
was partitioned into a mobile region and a rigid region.
The former included the inhibitor, all the protein resi-
dues containing at least one atom within 15 A from
the inhibitor, and all the water molecules, while the rest
of atoms defined the rigid part.

Starting from the two models of the inhibitor bound to
the enzyme, the system was energy minimized and equil-
ibrated using the AMBER program.*® First, all hydro-
gen atoms were minimized for 2000 steps of steepest
descent. Next, the position of water molecules was re-
laxed for 5000 steps steepest descent plus 3000 steps of
conjugate gradient. At this point, the rigid part of the
system was kept frozen and the thermalization of the
mobile part was started by running four 10 ps molecular
dynamics (MD) simulations to increase the temperature
up to 298 K. Subsequently, a 6 ns MD simulation was
carried out. Only one of the two simulations provided
a stable trajectory, as noted in a small positional root-
mean square deviation (around 0.8 A for the backbone
atoms in the mobile region with regard to the crystallo-
graphic structure) and favourable contacts with the en-
zyme (see text). The characterisation of the structural
features that mediate the binding of the heterodimers
to the enzyme was determined by averaging the geome-
trical parameters for the snapshots (saved every ps) sam-
pled along the last 2 ns of the MD simulation.
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Abstract—A series of near-linear biphenyl benzimidazole diamidines 5a—h were synthesized from their respective diamidoximes (4a—
h), through the bis-O-acetoxyamidoxime, followed by hydrogenation in glacial acetic acid/ethanol in the presence of Pd—C. Com-
pounds 4a-h were obtained in three steps, starting with the Suzuki coupling reaction of the appropriate haloarylcarbonitriles 1a-g or
4-bromo-2-fluorobenzaldehyde with 4-formylphenylboronic acid or 4-cyanophenylboronic acid to form the anticipated 4-formylbi-
phenyl carbonitrile analogues 2a-h. Subsequent condensation of the formyl derivatives 2a—h with 3,4-diaminobenzonitrile in the
presence of sodium bisulfite or 1,4-benzoquinone gave the desired dinitriles 3a-h, the precursors for 4a-h. All the diamidines showed
strong DNA affinities, as judged by high AT}, values with poly(dA.dT), The compounds were quite active in vitro versus 7rypan-
osoma brucei rhodesiense, giving 1Cs values ranging from 3 to 37 nM. These compounds were even more active versus Plasmodium
falciparum, exhibiting ICsy values ranging from 0.5 to 23 nM. The compounds showed moderate to good activity in vivo in the
STIB900 model for acute African trypanosomiasis. The most active compounds 5b and e gave 3/4 cures on an IP dosage of

20 mg/kg.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The antimicrobial activity of aromatic diamidines was
first reported in the 1930s.! Since that time, numerous
dicationic systems have been investigated, with the ma-
jor objective of discovering useful therapeutic agents.
Despite these efforts, pentamidine (I), first reported in
1942,% is the only compound from this class that has
seen significant clinical use. Currently, pentamidine is
used against antimony-resistant leishmaniasis, primary
stage human African trypanosomiasis (HAT), and for
AIDS-related Plasmodium jiroveci pneumonia.' An oral-
ly effective prodrug of furamidine (II) is currently in
Phase II clinical trials against malaria and pneumocystis
pneumonia and scheduled for Phase III trails against
HAT."*¢ These dicationic molecules are thought to
act by binding to the minor groove of DNA at AT-rich
sites.! Minor groove binding has been suggested to cause
inhibition of DNA-dependent enzymes or possibly even
direct inhibition of transcription.'-”1° The selectivity of

*Corresponding author. Tel.: +404 651 3798; fax:+404 651 1416;
e-mail: dboykin@gsu.edu

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

doi:10.1016/j.bmc.2005.07.024

these molecules, at least for trypanosomes, likely in-
cludes a cell entry component involving amidine trans-
porters'! and may involve interaction with kinetoplast
DNA.'® A key requirement in the designing of new min-
or groove binders has been that the molecular frame-
work bearing the amidine units should present a
crescent shape geometry complementary to the curve
of the minor groove of DNA.!? Van der Waals contacts
with the walls of the groove have been shown to be an
important contributor to binding affinity.!>!> A recent
theoretical analysis of the binding interactions of 25
minor groove binders has stressed the importance of
small molecule curvature to provide energetically favor-
able Van der Waals contacts.!® Pentamidine, furami-
dine, and many analogs answer this crescent shape
requirement.'!>!7-18 [t has been suggested that high
affinity minor groove binders either match the groove
curve or easily assume low energy conformations that
complement the groove on complex formation. Mole-
cules that present too great or too small curvature are
thought to lack significant contacts with the minor
groove and thus exhibit reduced binding affinities.!?
Recently, we reported excellent DNA affinities and anti-
protozoan activity of curved biphenyl benzimidazoles
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(IID).'° In addition to the study of curved molecules, re-
cent reports have shown that the diamidine, CGP
40215A (IV), which has a near-linear linking frame-
work, exhibits excellent anti-trypanosomal activity. Sur-
prisingly, this linear compound also had strong minor
groove binding affinity with AT base pair specificity.?* 2
Detailed analysis of binding data, crystal structure,
and molecular dynamic simulations results has indicated
that water-mediated interactions between CGP 40215A
and the DNA minor groove in effect provide the needed
curvature.?"?> We reported about modest antimicrobial
activity and strong DNA affinity for the linear dication
3,5-bis[4-(4,5-dihydro-1 H-imidazol-2-yl)phenyl]pyr-
idine.?3 In view of these cases of essentially linear dicat-
ionic molecules, which show promising antimicrobial
activity and significant DNA minor groove affinity, as
well as the promising properties of various benzimid-
azole aromatic diamidines,!® we have undertaken a
study of near-linear biphenyl benzimidazole dicationic
systems. In this work, we have also replaced the terminal
phenyl group with a pyridyl group. Such alterations in
structure can potentially change the base pair
recognition on DNA binding and yield different phar-
macokinetic profiles. We report the synthesis of novel
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near-linear biphenyl benzimidazole dications and their
initial evaluation as minor groove binders and anti-pro-
tozoan agents.

2. Results and discussion
2.1. Chemistry

Acetate salts of a series of benzimidazole aromatic
diamidines 5a-h were synthesized from their respective
diamidoximes 4a-h, through the corresponding bis-O-
acetoxyamidoximes, followed by hydrogenation in
glacial acetic acid/ethanol in the presence of Pd-C
(Scheme 1). Compounds 4a-h were obtained in three
steps, starting with the Suzuki coupling reaction of the
appropriate haloarylcarbonitriles 1la-g or 4-bromo-2-
fluorobenzaldehyde with 4-formylphenylboronic or
4-cyanophenylboronic acid to form the anticipated 4-
formylbiphenyl carbonitrile analogues 2a-h. Subsequent
condensation of the formyl derivatives 2a-h with 3,4-
diaminobenzonitrile in the presence of an equimolar
ratio of sodium bisulfite or 1,4-benzoquinone gave the
desired dinitriles 3a-h. The dinitriles were allowed to

-
(i)
Ri Ry R, Ry Rs
/:& 0) — (iii) or (iv)
v )Y — CHO
NC)E*X NC Z
la-g 2a-h
— N W)
s /H % —
NC Z—X H CN
3a-h Ri R R3
— :< N
/ 7
NOH
23 X Z R R, Ry CN HON—"Z—x H
NH NH
CH CH H H H pCN 2 4a-h
b, CH CH H H H mCN
G CH CH F H H pcCN i)
df CH CH H Me H pcCN
€ CH CH H OBn H pCN R R Rs
= :< N
f;, N CH H H H pcCN / $
HN 7—X N NH
% CH N H H H pCN H
NH, NH;
h), CH CH H H F poCN 5a-h

Scheme 1. Reagents and conditions: (i) 4-formylphenyl boronic acid, Pd(PPhj),; (ii) 4-cyanolphenyl boronic acid, Pd(PPhj),; (iii) 3,4-
diaminobenzonitrile, sodium bisulfite, DMF, reflux; (iv) 3,4-diaminobenzonitrile, 1,4-benzoquinone, EtOH, reflux; (v) NH,OH-HCI/KO-z-Bu,

DMSO; (vi) (2) AcOH/Ac,O, (b) Hy/Pd-C, AcOH.
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react at room temperature for 24 h with a mixture of
hydroxylamine hydrochloride and potassium tert-butox-
ide in DMSO solution to furnish 4a—h in excellent yield.
Thus, we have described a straightforward methodology
to obtain a variety of dicationic diphenylbenzimidazole
derivatives for evaluation versus Trypanosoma brucei
rhodesiense (T.b.r.) and Plasmodium falciparum (P.f.).

2.2. Biology

The DNA affinities and in vitro evaluation of the newly
synthesized dicationic diphenylbenzimidazole derivatives
against T.b.r. and P.f. are given in Table 1. The DNA
affinities, as indicated by AT}, values for their complexes
with polydA.polydT, are quite high with one exception.
Based on the curvature arguments described above, it is
quite surprising that these near-linear compounds have
higher affinities for AT sequences in DNA than their
curved isomers (compare values for III to 5a and see
Ref. 19). The drastic difference in the curvature of more
‘classical’ minor groove binding agents, such as DB75
(II in Fig. 1), and DB911 (III in Fig. 1), compared to
DB921 (5a) can easily be seen in Fig. 2. The models in
Fig. 2 are planar projections of ab initio energy-mini-
mized, geometry-optimized structures for the three com-
pounds and in the projections the curvature differences
can easily be seen. The calculated torsion angles for Sa
are typical of the group of derivatives: approximately,
35-40° for the biphenyl junction, 10-15° for the benz-
imidazole-phenyl, and 35-40° for the amidine-aromatic
angle. These angles are probably reduced when the com-
pounds fit into the minor groove of DNA.

The one compound, 5d, which shows a somewhat lower
AT,, value than the other analogues in Table 1 has a
methyl group located adjacent to the biphenyl ring junc-
tion. Energy minimization studies of the compound with
and without the methyl group indicate a significantly
larger torsion angle rotation for 5d. Thus, it appears that

Table 1. DNA affinities and in vitro anti-protozoan activity

such a torsion angle change is detrimental to minor
groove binding in this system, as would be expected
from the requirement that the aromatic system fit deeply
into the minor groove to make favorable contacts with
AT base pairs at the floor of the groove. Detailed
DNA binding studies of these compounds have been ini-
tiated and preliminary results confirm the very strong
binding and AT base pair specificity of the linear com-
pounds. Based on the water-mediated interactions of
IV (Fig. 1; CGP 40215A), we speculate that DB921
may also have an indirect, water-mediated interaction
of the phenyl-amidine end of the molecule with AT base
pairs. Such an interaction would provide a crescent
shape to the compound-water system and could explain
the strong DNA interactions of the linear compounds.

The ICsq values for the dicationic diphenylbenzimidaz-
ole derivatives against 7.h.r. range from 3 to 37 nM.
These near-linear analogs are generally more active in vi-
tro against trypanosomes than their curved isomers
(type III), which we recently reported.!” These com-
pounds were even more active in vitro versus P.f., giving
1Cs¢ values ranging from 0.5 to 23 nM. Compound 5a,
with an ICs value of 0.5 nM, is the most active dication
against P.f., which we have reported to date. There is
quite good selectivity for the parasitic organisms by
these dicationic compounds compared to their cytotox-
icity for mammalian cells (see Table 1). The selectivity
ratios range from near 522 to 34,000. Consequently,
these compounds are quite promising candidates for ani-
mal model studies.

The results from studying these compounds in the
STIB900 mouse model for acute African trypanosoma-
sis are given in Table 2. All the near-linear molecules ex-
tend the life of the treated animals beyond that of the
untreated controls. Four of the compounds 5b—e provid-
ed one or more cures. Only compounds 5b and e gave
3/4 cures, in contrast to the results that were obtained

Ri R, R3
N
Agey et
A L
Z=X HN "
Code X Z R| R2 R3 A ATmpOIy dA-dT* IC50
Thr®mM)  P.f°@M)  Lécells (uM)
I NA NA NA NA NA p-(C=NH)NH, 25 4.5 155 6.4
I NA NA NA NA NA p-(C=NH)NH, 25.6 4.4 27.5 19.3
5a CH CH H H H p-(C=NH)NH, >28 10.6 0.5 17.0
5b CH CH H H H m-(C=NH)NH, >28 9.1 23 19.2
5¢ CH CH F H H p-(C=NH)NH, >27 37 1 219
5d CH CH H Me H p-(C=NH)NH, 25.5 6 12.5 26.4
Se CH CH H OH H p-(C=NH)NH, ~27-28 27 19.1 14.1
5f N CH H H H p-(C=NH)NH, ~27-28 32 72 25.5
5g CH N H H H p-(C=NH)NH, >28 3 7 25.9
5h CH CH H H F p-(C=NH)NH, ~27-28 8 1 30.8

2DNA: polydA.polydT; buffer MES10; compound/DNA ratio = 0.3. For compounds with AT}, values listed as >28 °C, no melting was observed at
the highest temperature of the experiment, 96 °C. For compounds with ATy, values listed as ~27-28, the complex was beginning to melt at 96 °C

but only part of the T;, curve could be obtained.

®The T.b.r. strain employed was STIB900 and the P.f. strain was K1; see Refs. 24 and 25. ICs, values are the average of duplicate determinations.
¢ Cytotoxicity was evaluated using cultured L-6 rat myoblast cells using the Alamar Blue assay, see Ref. 25.
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Figure 1. Structures of important dicationic antiprotozoan agents.

Figure 2. Energy minimized space filling models for DB75(II),
DBI11(11I), and DB921(5a) are shown. The structures were projected
onto a planar surface to assist in visualization of differences in overall
compound molecular curvature. Equivalent arcs are shown overlaid on
each model. The amidine-amidine curvature is essentially equivalent
for DB75(11) and DB911(III), and is favorable for interactions with the
DNA minor groove. Clearly DB921(5a) does not have the intrinsic
molecular curvature to match the groove and its strong groove
interactions must be the result of additional interactions which may be
mediated by bound water molecules.

for the curved analogs III'® where several compounds
provided 4/4 cures. Thus, the in vivo efficacy of the
near-linear molecules does not match that of their
curved analogues, despite an overall superior intrinsic

NH
Il NH
H
N N’N\\rN\N 2
H,N NH, NH,
NH NH
\Y

Table 2. In vivo anti-trypanosomal activity of dicationic compounds
in the STIB900 mouse model*

Compound Cures® Survival (days)®
I 0/4 >39.5
1 4/4 >60

5a 0/4 36.5
5b 3/4 >51.5
5¢ 1/4 >335
5d 1/4 >42

Se 3/4 >51.5
5f 0/4 27

5g 0/4 11

Sh 0/4 27.75

#See Ref. 24 for details of STIB900 model. Dosage was intraperitoneal
at 20 mg/kg for 4 days.

® Number of mice that survive 60 days and are parasite free.

¢ Average days of survival; untreated controls died between day 7 and 8
post infection.

anti-trypanosamal activity. Factors, such as adsorption
and distribution, are likely causes of these differences.
To capitalize on the inherent activity of these near-linear
compounds, various drug delivery strategies will have to
be explored.

2.3. Experimental

2.3.1. Biology. In vitro assays with 7.5.r. STIB 900 and
P.f. K1 strain, as well as efficacy study in an acute mouse
model for T.b.r. STIB 900, were carried out as previous-
ly reported.?*?

2.3.2. T,, measurements. Thermal melting experiments
were conducted with a Cary 300 spectrophotometer. Cuv-
ettes for the experiment are mounted in a thermal block
and the solution temperatures are monitored by a therm-
istor in a reference cuvette. Temperatures are under com-
puter control and are increased at 0.5 °C/min. The
experiments were conducted in 1 cm path length quartz
curvettes in MES 10 buffer (MES 10 mM, EDTA 1 mM,
and NaCl 100 mM). The concentrations of DNA were
determined by measuring the absorbance at 260 nm. A ra-
tio of 0.3 compound per base was used for the complex
and DNA with no compound was used as a control.
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2.3.3. Molecular modeling. The energy-minimized, geom-
etry optimized structures were calculated by the Har-
tree—Fock 6-31G** method in the Spartan04 software
package. Geometry-optimized, minimum-energy struc-
tures were also calculated with the Spartan04 MMFF
molecular mechanics force field and similar structures
were obtained as with the Hartree-Fock method. For
curvature visualization, planar projections of energy-
minimized structures were obtained by adjusting all
dihedral angles to zero after energy minimization and
comparing all compounds in the same plane.

2.4, Chemistry

Melting points were recorded on a Thomas-Hoover
(Uni-Melt) capillary melting point apparatus and are
uncorrected. TLC analysis was carried out on silica gel
60 F,s4 precoated aluminum sheets and detected under
UV light. "H and '*C NMR spectra were recorded mea-
sured on a Varian Unity Plus 300 spectrometer, and
chemical shifts (J) are, in ppm, relative to TMS as inter-
nal standard. Mass spectra were recorded on a VG ana-
lytical 70-SE spectrometer (ion source ESI, unless
otherwise stated). Elemental analyses were obtained
from Atlantic Microlab (Norcross, GA). The com-
pounds reported as salts frequently analyzed correctly
for fractional moles of water and/or ethanol of solva-
tion. In each case, proton NMR showed the presence
of indicated solvent(s). All chemicals and solvents were
purchased from Aldrich Chemical, Fisher Scientific,
Frontier, or Lancaster.

2.4.1. 4'-Formylbiphenyl-4-carbonitrile (2a). To a stirred
solution of 4-bromobenzonitrile (1.82 g, 10 mmol) and
tetrakis(triphenylphosphine) palladium (300 mg) in tolu-
ene (20 mL) under a nitrogen atmosphere was added
10 mL of a 2 M aqueous solution of Na,COs;, followed
by 4-formylphenylboronic acid (1.80 g, 12 mmol) in
8 mL methanol. The vigorously stirred mixture was
warmed to 80 °C for 12 h. The solvent was evaporated
and the precipitate was partitioned between methylene
chloride (200 mL) and 2 M aqueous Na,COj (25 mL)
containing 5 mL of concentrated ammonia. The organic
layer was dried (Na,SO,) and then concentrated to dry-
ness under reduced pressure to afford 2a in 87% yield,
mp 150-150.5°C (chromatography, SiO,, hexanes/
EtOAc, 80:20). '"H NMR (DMSO-d;); 6 7.98-8.05 (m,
8H), 10.09 (s, 1H). °C NMR (DMSO-dy); é 192.7,
143.7, 143.2, 135.9, 132.9, 130.1, 128.0, 127.8, 118.6,
111.0.

2.4.2. 2-(4'-Cyanobiphenyl-4-yl)-1 H-benzimidazole-5-car-
bonitrile (3a). A solution of 2a (1.54 g, 7.48 mmol) 3,4-
diaminobenzonitrile (1.0 g, 7.48 mmol) and sodium
bisulfite (0.8 g, 7.64 mmol) in 10 mL DMF was allowed
to reflux overnight. After cooling, the reaction mixture
was poured onto water. The solid was collected by filtra-
tion and washed with aqueous sodium bicarbonate
(2.5%) and water to furnish 3a in a 83% yield, mp
311-312°C (DMF). '"H NMR (DMSO-dy); 6 7.58 (d,
J=8.0Hz, 1H), 7.74 (d, J=8.0Hz, 1H), 7.96 (m,
6H), 8.13 (s, 1H), 8.32 (d, J = 6.8 Hz, 2H). '3*C NMR
(DMSO-dg); 6 154.6, 143.5, 142.5, 140.5, 139.6, 132.8,

130.0, 127.6, 127.5, 127.4, 125.2, 120.6, 120.2, 118.7,
115.8, 110.4, 103.4. HRMS (EI): calcd mass 320.347,
obsd mass 320.106. Anal. Calcd for C,;H{,N40.25H50:
C, 77.65; H, 3.85. Found: C, 77.59; H, 3.92.

2.4.3. 2-[4'-(N-Hydroxyamidino)-biphenyl-4-yl]-1 H-benz-
imidazole-5-N-hydroxyamidine (4a). A mixture of
hydroxylamine  hydrochloride (1.04 g, 15 mmol,
10 equiv) in anhydrous DMSO (8 mL) was cooled to
5°C under nitrogen and potassium z-butoxide (1.68 g,
15 mmol, 10 equiv) was added in portions. The mixture
was stirred for 30 min and added to the bis-cyanoderiv-
ative 3a (480 mg, 1.5 mmol, 1 equiv). The reaction mix-
ture was stirred overnight at room temperature and then
poured slowly onto ice water (100 mL). The precipitate
was filtered and washed with water to afford 4a in a
94% vyield; mp dec. at 340 °C. 'H NMR (DMSO-dy); ¢
591 (s, 4H), 7.61 (s, 2H), 7.82 (s, SH), 7.93 (d,
J=7.2Hz, 2H), 8.30 (d, J=7.2 Hz, 2H), 9.62 (s, 1H),
9.75 (s, 1H). °C NMR (DMSO-dg); & 151.7, 150.4,
140.6, 139.4, 132.7, 129.0, 127.5, 127.0, 126.9, 126.2,
1259, 120.2. Anal Calcd for C21H18N602'1.5H201 C,
61.00; H, 5.12. Found: C, 60.94; H, 5.12.

2.4.4. 2-(4'-Amidinobiphenyl-4-yl)-1H-benzimidazole-5-
amidine (5a). To a solution of 4a (386 mg, 1 mmol) in
glacial acetic acid (10 mL), acetic anhydride (0.35 mL;
3.7 mmol) was slowly added. After stirring overnight,
TLC indicated complete acylation of the starting mate-
rial, the solvent was removed under reduced pressure;
and 10% palladium on carbon (80 mg) was added to
the acetoxy derivative in 40 mL glacial acetic acid/etha-
nol (1:3). The mixture was placed on Parr hydrogena-
tion apparatus at 50 psi for 4 h at room temperature.
The mixture was filtered through hyflo and the filter
pad was washed with water. The filtrate was evaporated
under reduced pressure and the precipitate was collected
and washed with ether to give 5a in a 64% yield, mp
241-242°C. '"H NMR (DMSO-ds); 6 1.82 (s, 2.8x
CHy), 7.65 (d, J=8.4Hz, 1H), 7.79 (d, J=8.4, 1H),
8.00 (m, 7H), 8.13 (s, 1H), 8.36 (d, J=8.4 Hz, 2H).
HRMS as free base: Caled mass+1 = 355.410; obsd
mass, 355.167. Anal Calcd for C,;H;gNg2.8AcOH2.5-
H,O: C, 56.31; H, 6.03; N, 14.84. Found: C, 56.29; H,
5.75; N, 15.19.

2.4.5. 4'-Formylbiphenyl-3-carbonitrile (2b). The same
procedure described for 2a was used employing 3-bro-
mobenzonitrile, instead of 4-bromobenzonitrile. Yield:
91%, mp 132-133 °C. 'H NMR (DMSO-dy); & 7.28 (t,
J=78Hz, 1H), 7.92 (d, /= 7.8 Hz, 1H), 7.99-8.05 (m,
4H), 8.13 (d, J = 7.8 Hz, 1H), 8.28 (s, 1H), 10.08 (s, 1H).
3C NMR (DMSO-dg); & 192.7, 143.5, 139.8, 135.6,
132.0, 131.8, 130.7, 130.2, 130.1, 127.6, 118.5, 112.2. MS
(mlz, rel. int.); 207 (M™, 100), 178 (45), 151 (35). Anal.
Calcd for C4,HoNO: C, 81.14; H, 4.37. Found: C, 80.89;
H, 4.52.

2.4.6. 2-(3'-Cyanobiphenyl-4-yl)-1 H-benzimidazole-5-car-
bonitrile (3b). The same procedure described for 3a was
used starting with 2b. Yield: 86%, mp 316-317.5°C
(EtOH). '"H NMR (DMSO-dy); § 7.63 (d, J=8.1 Hz,
1H), 7.70-7.79 (m, 2H), 7.89 (d, J = 8.1 Hz, 1H), 8.01
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(d, J=7.8 Hz, 2H), 8.16 (d, J = 8.1 Hz, 2H), 8.30-8.35
(m, 3H), 13.60 (br s, 1H). 3*C NMR (DMSO-d;); ¢
153.6, 140.0, 139.7, 131.3, 131.2, 130.1, 130.0, 128.8,
127.4, 127.3, 127.1, 125.5, 119.7, 118.4, 112.1, 104.0.
MS (m/z, rel. int.); 321 (M*+1, 100), 283 (50), 229
(10). Anal. Caled for C,H;pN4: C, 78.73; H, 3.78.
Found: C, 78.41; H, 3.89.

2.4.7. 2-|3'-(N-Hydroxyamidino)-biphenyl-4-yl]-1 H-benz-
imidazole-5-/N-hydroxyamidine (4b). The same procedure
described for 4a was used starting with 3b. Yield: 95%,
mp 290-293 °C. '"H NMR (DMSO-dy); & 5.89 (s, 2H),
5.99 (s, 2H), 7.48-7.53 (m, 4H), 7.73 (d, J=28.1 Hz,
1H), 7.79 (d, J = 8.1 Hz, 1H), 7.94 (d, J = 8.1 Hz, 2H),
8.06 (s, 1H), 8.30 (d, J=28.1 Hz, 2H), 9.60 (s, 1H),
9.71 (s, 1H), 13.07 (br s, 1H). >°C NMR (DMSO-dy);
0 151.7, 150.7, 141.2, 139.1, 134.0, 129.1, 128.8, 127.2,
127.1, 127.0, 124.9, 123.7. MS (m/z, rel. int.); 387
(M*+1, 80), 194 (100). Anal. Calcd for C5;H gN¢O,-1.0-
H,O0: C, 62.36; H, 4.98. Found: C, 62.40; H, 4.93.

24.8. 2-(3’-Amidinobiphenyl-4-yl)-1 H-benzimidazole-5-
amidine acetate salt (5b). The same procedure described
for 5a was used starting with 4b. Yield: 77%, mp 211-
212.5°C. '"H NMR (D,O/DMSO-d); 6 1.89 (s, 3x CH;
of acetate), 7.62-7.75 (m, 4H), 7.80-8.15 (m, 4H), 8.20
(s, 1H), 8.38 (d, J = 8.1 Hz, 2H). MS (m/z, rel. int.); 355
(M*+1, 20), 339 (60), 322 (100). Anal. Caled for
C1HsNg3.0AcOH2.4H,0O: C, 56.12; H, 6.07; N,
14.55. Found: C, 56.09; H, 5.81; N, 14.80.

2.4.9. 3-Fluoro-4'-formylbiphenyl-4-carbonitrile (2c). The
same procedure described for 2a was used employing
4-bromo-2-fluorobenzonitrile, instead of  4-bro-
mobenzonitrile. Yield: 78%, mp 186-187 °C. '"H NMR
(DMSO-dg); 6 7.83-7.87 (m, 1H), 7.99-8.09 (m, 6H),
10.09 (s, 1H). '*C NMR (DMSO-dy); 6 192.7, 164.5,
161.1, 146.2, 146.1, 142.4, 136.3, 134.4, 130.1, 128.0,
124.1, 115.1, 114.8, 113.9, 99.8, 99.6 (fluorine splitting).
MS (mlz, rel. int.); 225 (M, 75), 224 (100), 195 (25), 169
(20). Anal. Calcd for C4HgFNO: C, 74.66; H, 3.58.
Found: C, 74.63; H, 3.55.

2.4.10. 2-(4’-Cyano-3’'-fluorobiphenyl-4-yl)-1H-benzimid-
azole-5-carbonitrile (3c). The same procedure described
for 3a was used starting with 2c¢. Yield: 84%, mp: 302—
305°C. '"H NMR (DMSO-d); & 7.62 (d, J=8.1 Hz,
1H), 7.78 (d, J = 8.1 Hz, 1H), 7.88 (d, /= 8.1 Hz, 1H),
8.00-8.07 (m, 4H), 8.17 (s, 1H), 8.33 (d, J=28.1 Hz,
2H), 13.60 (br s, 1H). '3C NMR (DMSO-d); 6 164.5,
161.2, 146.5, 146.4, 138.7, 134.3, 129.8, 127.9, 127.5,
123.5, 119.9, 115.5, 114.5, 114.3, 114.0, 104.1, 99.2,
99.0 (fluorine splitting). EI-MS (m/z, rel. int.); 338
(M*, 100), 222 (5), 195 (5), 169 (10). High resolution
mass calcd for C,H;;FN4: 338.09677. Obsd: 338.09778.

2.4.11. 2-[3'-Fluoro-4'-(N-hydroxyamidino)-biphenyl-4-yl]-
1H-benzimidazole-5-N-hydroxyamidine (4c). The same
procedure described for 4a was used starting with 3c.
Yield: 96%, mp: 281-283°C. '"H NMR (DMSO-dy); ¢
5.86 (s, 4H), 7.60-7.74 (m, 6H), 7.98 (d, J=8.4 Hz,
2H), 8.32 (d, J = 8.4 Hz, 2H), 9.60 (s, 1H), 9.74 (s, 1H),

13.09 (br s, 1H). >*C NMR (DMSO-dy); 6 161.7, 158.4,
151.7, 151.5, 148.0, 141.6, 141.5, 139.2, 130.4, 129.6,
1272, 127.0, 122.2, 121.2, 121.0, 114.2, 113.9. MS (m/z,
rel. int.); 405 (M*+1, 70), 203 (100). Anal. Calcd for
C21H17FN602'0.8H201 C, 6017, H, 4.44. Found: C,
60.00; H, 4.37.

2.4.12. 2-(4'-Amidino-3’-fluorobiphenyl-4-yl)-1 H-benzimid-
azole-5-amidine acetate salt (5¢). The same procedure de-
scribed for Sa was used starting with 4e¢. Yield: 85%, mp:
210-212°C. '"H NMR (D,O/DMSO-dy); 6 1.78 (s, 3x
CH3), 7.61 (d, J=8.4 Hz, 1H), 7.84-8.05 (m, 6H), 8.12
(s, 1H), 8.39 (d, J = 8.4 Hz, 2H). MS (m/z, rel. int.); 373
(M*+1, 8), 357 (100), 340 (40). Anal. Caled for
C,1H{7FNg3.0AcOH-1.3H,0: C, 56.30; H, 5.52; N,
14.59. Found: C, 56.12; H, 5.18; N, 14.21.

2.4.13. 4’-Formyl-2-methylbiphenyl-4-carbonitrile (2d).
The same procedure described for 2a was used employ-
ing 4-bromo-3-methylbenzonitrile, instead of 4-bro-
mobenzonitrile. Yield: 71%, mp: 130-130.5°C. 'H
NMR (DMSO-dg); 6 2.28 (s, 3H), 7.46 (d, J=7.8 Hz,
1H), 7.63 (d, J = 8.1 Hz, 2H), 7.77 (d, J = 7.8 Hz, 1H),
7.86 (s, 1H), 8.02 (d, J=38.1 Hz, 2H), 10.08 (s, 1H).
3C NMR (DMSO-dy); & 192.7, 145.4, 144.9, 136.6,
135.3, 133.9, 130.3, 129.7, 129.6, 129.5, 118.6, 110.7,
19.6. MS (ml/z, rel. int.); 221 (M*, 100), 203 (5), 192
(40), 177 (20), 165 (25). Anal. Calcd for C;5sH;;NO: C,
81.42; H, 5.01. Found: C, 81.50; H, 5.13.

2.4.14. 2-(4'-Cyano-2'-methylbiphenyl-4-yl)-1 H-benzimid-
azole-5-carbonitrile (3d). The same procedure described
for 3a was used starting with 2d. Yield: 74%, mp: 269—
270 °C. '"H NMR (DMSO-dq); 6 2.34 (s, 3H), 7.49 (d,
J=17.8Hz, 1H), 7.60-7.63 (m, 3H), 7.77 (d, J = 7.8 Hz,
2H), 7.85 (s, 1H), 8.16-8.32 (m, 3H), 13.57 (br s, 1H).
13C NMR (DMSO-dy); 145.1, 141.6, 136.7, 133.8, 130.4,
129.7, 129.5, 128.5, 126.8, 119.9, 118.7, 110.3, 104.0,
19.7. MS (mlz, rel. int.); 335 (M*+1, 100), 306 (5), 176
(35). Anal. Caled for Cy,H 4Ny C, 79.02; H, 4.22.
Found: C, 78.67; H, 4.39.

2.4.15. 2-|4'-(N-Hydroxyamidino)-2'-methylbiphenyl-4-yl|-
1H-benzimidazole-5-N-hydroxyamidine (4d). The same
procedure described for 4a was used starting with 3d. Yield:
93%, mp: 300-302 °C. "H NMR (DMSO-d;); 2.33 (s, 3H),
5.84 (s, 4H), 7.29 (d, J = 7.8 Hz, 1H), 7.53-7.66 (m, SH),
7.82 (s, 1H), 7.99 (s, 1H), 8.26 (d, J = 7.8 Hz, 2H), 9.59
(s, 1H), 9.66 (s, 1H), 13.02 (br s, 1H). MS (m/z, rel. int.);
401 (M*+1, 100), 163 (25). Anal. Caled for
C22H20N602'2.0H20: C, 6049, H, 5.50. Found: C, 6082,
H, 5.54.

2.4.16. 2-(4'-Amidino-2'-methylbiphenyl-4-yl)-1 H-benzimid-
azole-5-amidine acetate salt (5d). The same procedure de-
scribed for 5a was used starting with 4d. Yield: 82%,
mp: 193-195°C. '"H NMR (D,O/DMSO-dy); & 1.82 (s,
3x CHj), 2.40 (s, 3H), 7.60-8.00 (m, 7H), 8.20 (s, 1H),
8.25-8.38 (m, 2H). MS (m/z, rel. int.); 369 (M"+1, 10),
353 (100), 336 (30). Anal. Calcd for C,,H,0Ng3.0AcO-
H-0.25H,0: C, 60.80; H, 5.92; N, 15.19. Found: C,
60.57; H, 5.73; N, 15.33.
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2.4.17. 2-Benzyloxy-4'-formylbiphenyl-4-carbonitrile (2e).
The same procedure described for 2a was used employing
3-benzyloxy-4-bromobenzonitrile,?® instead of 4-bro-
mobenzonitrile. Yield: 69%, mp: 131-132°C. '"H NMR
(DMSO-dg); 6 5.24 (s, 2H), 7.30-7.39 (m, 5H), 7.54-
7.61 (m, 2H), 7.76 (s, 1H), 7.80 (d, J=8.4 Hz, 2H),
796 (d, J=8.4Hz 2H), 10.04 (s, 1H). *C NMR
(DMSO-dg); ¢ 192.7, 155.3, 142.3, 136.1, 135.3, 133.8,
131.5, 130.0, 129.1, 128.4, 1279, 127.4, 125.1, 118.5,
116.5, 111.9, 70.2. MS (m/z, rel. int.); 313 (M*, 70), 285
(5), 220 (10), 193 (30), 164 (50), 91 (100). Anal. Calcd
for C,;H5NO,: C, 80.49; H, 4.82. Found: C, 80.23; H,
4.75.

2.4.18. 2-(2'-Benzyloxy-4'-cyanobiphenyl-4-yl)-1H-benz-
imidazole-5-carbonitrile (3e). The same procedure de-
scribed for 3a was used starting with 2e. Yield: 75%,
mp: 205-208 °C. "H NMR (DMSO-dy); & 5.24 (s, 2H),
7.31-7.43 (m, 6H), 7.56-7.64 (m, 3H), 7.70-7.81 (m,
4H), 8.23-8.26 (m, 2H), 13.57 (br s, 1H). MS (m/z, rel.
int.); 427 (M*+1, 75), 371 (10), 293 (15), 241 (100). Anal.
Calcd for CogH3N4O-0.5H50: C, 77.22; H, 4.39. Found:
C, 77.20; H, 4.24.

2.4.19. 2-[2'-Benzyloxy-4'-(N-hydroxyamidino)-biphenyl-
4-yl]-1 H-benzimidazole-5-N-hydroxyamidine (4e). The
same procedure described for 4a was used starting with
3e. Yield: 90%, mp: 250-253 °C. 'H NMR (DMSO-dy);
5.21 (s, 2H), 5.83 (s, 2H), 5.93 (s, 2H), 7.28-7.43 (m,
7H), 7.48-7.62 (m, 4H), 7.75-7.80 (m, 2H), 8.16-8.21
(m, 2H), 9.59 (s, 1H), 9.73 (s, 1H), 13.00 (br s, 1H).
MS (m/z, rel. int.); 493 (M*+1, 45), 247 (100). Anal.
Caled for CygHy4NgO5:0.7H,0: C, 66.57; H, 5.06.
Found: C, 66.59; H, 4.98.

2.4.20. 2-(4'-Amidino-2’'-hydroxybiphenyl-4-yl)-1H-benz-
imidazole-5-amidine acetate salt (Se). The same proce-
dure described for Sa was used starting with 4e. Yield:
73%, mp: 220-222°C. '"H NMR (D,O/DMSO-dy); 6
1.82 (s, 3x CHj3), 7.30-7.50 (m, 3H), 7.60-7.78 (m,
2H), 7.85 (m, 2H), 8.20-8.38 (m, 3H). MS (m/z, rel.
int.); 371 (M*+1, 80), 186 (100). HRMS calcd for
C,1Hi19gNgO MH+ 371.1620. Obsd: 371.1618. Anal.
Caled for C,H;gsNgO-3.0AcOH-0.4H,0-1.0EtOH: C,
57.68; H, 6.14; N, 13.91. Found: C, 58.10; H, 5.75; N,
13.50.

2.4.21. 6-(4-Formylphenyl)-nicotinonitrile (2f). The same
procedure described for 2a was used employing 6-chlo-
ronicotinonitrile, instead of 4-bromobenzonitrile. Yield:
82%, mp: 200201 °C. "H NMR (DMSO-dq); 6 8.07 (d,
J=8.1Hz, 2H), 8.33 (d, J=8.4Hz, 1H), 8.40 (d,
J =8.1Hz, 2H), 8.47 (dd, J=8.4, 2.1 Hz, 1H), 9.16 (d,
J=2.1Hz, 1H), 10.11 (s, 1H). >*C NMR (DMSO-dy);
0 192.8, 157.7, 152.6, 142.0, 141.2, 137.1, 130.0, 127.9,
121.1, 117.0, 108.3. MS (m/z, rel. int.); 208 (M*, 85),
207 (100), 179 (55), 152 (15). Anal. Caled for
C3HgN,O: C, 74.98; H, 3.87. Found: C, 74.81; H, 3.95.

2.4.22. 2-[4-(5-Cyanopyridin-2-yl)-phenyl]-1 H-benzimid-
azole-5-carbonitrile (3f). The same procedure described
for 3a was used starting with 2f. Yield: 91%, mp: 346—
347°C. '"H NMR (DMSO-dy); 6 7.61 (d, J=7.8 Hz,

1H), 7.79 (d, J=7.8Hz, 1H), 8.19 (s, 1H), 8.32 (d,
J=84Hz 1H), 8.33-8.41 (m, 4H), 843 (dd, J =84,
2.1Hz, 1H), 9.17 (d, J=2.1 Hz, 1H), 13.60 (br s, 1H).
13C NMR (DMSO-dy); & 158.0, 152.6, 141.1, 138.6,
130.8, 127.8, 127.4, 1259, 120.5, 119.9, 117.2, 107.8,
104.2. EI-MS (m/z, rel. int.); 321 (M™, 100), 293 (5), 204
(5), 160 (10). High resolution mass calcd for C,oH;{Ns:
321.10145. Obsd: 321.10151.

2.4.23. 2-{4-|5-(N-Hydroxyamidino)-pyridin-2-yl]-phenyl}-
1H-benzimidazole-5-N-hydroxyamidine (4f). The same
procedure described for 4a was used starting with 3f.
Yield: 96%, mp: 305-308 °C. '"H NMR (DMSO-dy);
5.82 (s, 2H), 6.07 (s, 2H), 7.50-7.65 (m, 2H), 7.85 (s,
1H), 8.10-8.20 (m, 2H), 8.38 (s, 4H), 9.02 (s, 1H), 9.60
(s, 1H), 9.97 (s, 1H). 13.16 (br s, 1H). MS (m/z, rel.
int.); 388 (M'+1, 100), 194 (40). Anal. Caled for
Cy0H{7N-0,2.5H,0: C, 55.54; H, 5.12. Found: C,
55.42; H, 5.17.

2.4.24. 2-[4-(5-Amidinopyridin-2-yl)-phenyl]-1 H-benzimid-
azole-5-amidine acetate salt (5f). The same procedure de-
scribed for 5a was used starting with 4f. Yield: 82%, mp:
240-241 °C. '"H NMR (D,O/DMSO-dg); & 1.80 (s, 2.7x
CHs3), 7.58 (d, J=8.4 Hz, 1H), 7.74 (d, J = 8.4 Hz, 1H),
8.11 (s, 1H), 8.28-8.42 (m, 6H), 9.08 (s, 1H). MS (m/z,
rel. int.); 356 (M*+1, 10), 340 (100), 323 (60). Anal. Calcd
for C20H17N7'2.7ACOH'1.3H20: C, 5639, H, 566, N,
18.12. Found: C, 56.15; H, 5.49; N, 18.43.

2.4.25. 5-(4-Formylphenyl)pyridine-2-carbonitrile (2g).
Adopting the same procedure used for the preparation
of 2a, a Suzuki coupling reaction was performed using
5-bromopyridine-2-carbonitrile, instead of 4-bro-
mobenzonitrile, in the presence of NaHCO; as a base
to yield compound 2g in 64% yield, mp: 193-194 °C.
'"H NMR (DMSO-dg); & 8.06 (s, 4H), 8.18 (d,
J=8.4Hz, 1H), 8.45 (dd, /=84, 2.4 Hz, 1H), 9.17 (d,
J=2.4Hz 1H), 10.08 (s, 1H). >*C NMR (DMSO-dy);
0 192.7, 149.5, 140.7, 137.6, 136.2, 135.9, 131.9, 130.1,
129.0, 128.1, 117.3. MS (m/z, rel. int.); 208 (M", 95),
207 (100), 179 (30). Anal. Calcd for C;3HgN,O: C,
74.98; H, 3.87. Found: C, 74.66; H, 4.03.

2.4.26. 2-[4-(6-Cyanopyridin-3-yl)-phenyl]-1 H-benzimid-
azole-5-carbonitrile (3g). A solution of 2g (520 mg,
2.5 mmol), 3,4-diaminobenzonitrile (332.5 mg,
2.5 mmol), and 1,4-benzoquinone (270.2 mg, 2.5 mmol)
in ethanol (40 mL) was allowed to reflux under nitrogen
for overnight. The solvent was distilled under reduced
pressure. The residue was triturated with ether and fil-
tered to afford 3g in 79% yield, mp: >300 °C (EtOH).
"H NMR (DMSO-dg); & 7.58-7.75 (m, 2H), 8.04-8.10
(m, 4H), 8.34-8.42 (m, 3H), 9.17 (s, 1H), 13.0 (br s,
1H). *C NMR (DMSO-dg); & 153.3, 149.1, 137.7,
136.9, 135.2, 131.4, 129.7, 128.9, 127.8, 127.6, 127.5,
125.6, 119.7, 117.3, 104.1. MS (m/z, rel. int.); 322
(M*+1, 100), 250 (10), 228 (15). Anal. Caled for
CooH11Ns: C, 74.75; H, 3.45. Found: C, 74.40; H, 3.59.

2.4.27. 2-{4-[6-(N-Hydroxyamidino)-pyridin-3-yl]-phenyl}-
1H-benzimidazole-5-N-hydroxyamidine (4g). The same
procedure described for 4a was used starting with 3g.
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Yield: 94%, mp: 296-298 °C. '"H NMR (DMSO-dq); 5.73
(s, 2H), 5.84 (s, 2H), 7.55 (s, 2H), 7.89-7.94 (m, 4H), 8.14
(d, J= 7.8 Hz, 1H), 8.29 (d, J = 7.8 Hz, 2H), 8.93 (s, 1 H),
9.80 (s, 2H), 12.90 (br s, 1H). '*C NMR (DMSO-dy); ¢
152.2, 151.6, 149.3, 149.2, 146.3, 137.8, 134.7, 134.6,
129.7, 127.8, 127.3, 127.2, 120.4, 119.5. MS (m/z, rel.
int.); 388 (M*+1, 100), 356 (5), 176 (10), 163 (10).

2.4.28. 2-[4-(6-Amidinopyridin-3-yl)-phenyl]-1 H-benzimid-
azole-5-amidine acetate salt (5g). The same procedure de-
scribed for 5a was used starting with 4g. Yield: 75%, mp:
217-219°C. '"H NMR (D,O/DMSO-dg); & 1.84 (s, 3x
CHs;), 7.69 (s, 1H), 7.82 (s, 1H), 8.05-8.20 (m, 3H), 8.41
(s, 4H), 9.09 (s, 1H). MS (m/z, rel. int.); 356 (M*+1,
100), 339 (25), 275 (5), 178 (30). Anal. Calcd for
C20H17N7'3.0ACOH'2.6H20: C, 5362, H, 587, N,
16.85. Found: C, 53.24; H, 5.51; N, 17.15.

2.4.29. 3’-Fluoro-4'-formylbiphenyl-4-carbonitrile (2h).
The same procedure described for 2a was used employing
4-bromo-2-fluorobenzaldehyde, instead of 4-bro-
mobenzonitrile and using 4-CP/anophenylb0ronic acid.
Yield: 66%, mp: 169-170 °C. '"H NMR (DMSO-d); ¢
7.76-7.87 (m, 3H), 7.90-8.01 (m, 4H), 10.23 (s, 1H).
MS (m/z, rel. int.); 225 (M*, 70), 224 (100), 195 (10),
169 (10). Anal. Calcd for C;;HgFNO: C, 74.66; H,
3.58. Found: C, 74.38; H, 3.59.

2.4.30. 2-(4'-Cyano-3-fluorobiphenyl-4-yl)-1 H-benzimid-
azole-5-carbonitrile (3h). The same procedure described
for 3a was used starting with 2h. Yield: 90%, mp: 268—
270°C. '"H NMR (DMSO-dy); & 7.61 (d, J=8.7Hz,
1H), 7.79-8.02 (m, 7H), 8.13 (s, 1H), 8.35 (t, J = 8.1 Hz,
1H), 12.60 (br s, 1H). MS (m/z, relint.); 339 (M"+1,
100), 318 (40), 291 (30), 265 (15). Anal. Caled for
C,1H1FNy: C, 74.55; H, 3.28. Found: C, 74.17; H, 3.46.

2.4.31. 2-[3-Fluoro-4'-(/N-hydroxyamidino)-biphenyl-4-yl|-
1H-benzimidazole-5-N-hydroxyamidine (4h). The same
procedure described for 4a was used starting with 3h.
Yield: 98%, mp: 291-293 °C. '"H NMR (DMSO-dy); 6
590 (s, 2H), 6.05 (s, 2H), 7.60 (d, J=28.7Hz, 1H),
7.72-791 (m, 8H), 8.28 (t, J=8.1 Hz, 1H), 9.60 (s,
1H), 9.73 (s, 1H), 12.70 (br s, 1H). MS (m/z, rel. int.);
405 (M*+1, 75), 203 (100). Anal. Caled for
C21H17FN602'1.0H20I C, 5971, H, 4.52. Found: C,
59.61; H, 4.35.

2.4.32. 2-(4'-Amidino-3-fluorobiphenyl-4-yl)-1 H-benzimid-
azole-5-amidine acetate salt (5h). The same procedure de-
scribed for Sa was used starting with 4h. Yield: 82%, mp:
237-238 °C. 'H NMR (D,O/DMSO-d;); & 1.80 (s, 3x
CH3), 7.71 (d, J=8.7Hz, 1H), 7.83-7.88 (m, 3H),
7.97-8.05 (m, 4H), 8.23 (s, 1H), 8.39 (t, J=7.8 Hz,
1H). MS (m/z, rel. int.); 373 (M*+1, 60), 187 (100). Anal.
Caled for C, H;7FNg3.0AcOH 1.25H,0: C, 56.39; H,
5.53; N, 14.62. Found: C, 56.16; H, 5.61; N, 14.64.
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Abstract—This work is devoted to the development of quantitative structure—activity relationship (QSAR) models of the biological
activity of 123 1-phenylbenzimidazoles as inhibitors of the PDGF receptor. The molecular features are represented by chemical
descriptors that have been calculated on geometrical, topological, quantum mechanical, and electronic basis by using CODESSA
PRO. The obtained models, linear (multilinear regression) and nonlinear (artificial neural network), are aimed to link the structures
to their reported activity log 1/ICso. The former model can be used for physico-chemical interpretation, while the latter possesses a

superior predictive ability.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The call for the discovery of less toxic, more selective,
and more effective agents to treat cancer becomes ever
more urgent. Inhibition of angiogenesis continues to
be one of the mainstreams in current cancer drug
activity. Insights into the biology of tumor angiogenesis
have led to the identification of various molecules that
promote tumor development. Of particular interest are
such factors as the platelet-derived growth factor
(PDGF), which plays a major role as a regulator of cell
growth.!? This factor and its corresponding receptor
tyrosine kinases (PDGFR) have become important tar-
gets for inhibition of the proliferation of endothelial
cells, the main component of blood vessels. Their ability
to promote cell proliferation and migration and to
induce changes in the pattern of protein synthesis
and secretion has made growth factors candidates for
therapeutic approaches to treat pathophysiological
conditions in which growth factors seem to be missing
or inhibited. Binding of PDGF to its transmembrane
receptor (PDGFR) results in tyrosine phosphorylation
of active substrates in various biochemical pathways,
including the involvement of phosphatidylinostiol 3-
kinase.

Keywords: QSAR; Neural network; CODESSA PRO; PDGF receptor.
* Corresponding author. Tel.: +1 352 392 0554; fax: +1 352 392 9199;
e-mail: katritzky@chem.ufl.edu

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

doi:10.1016/j.bmc.2005.06.067

Various groups of compounds have been reported as
selective inhibitors of PDGFR.? The 3-arylquinolines
are one such class*® that display diverse ICs, values
for inhibition of autophosphorylation of PDGFR de-
rived from vascular smooth muscle cells, acting by inhi-
bition of ATP binding. Some 3-arylquinolines show an
IC5o of 300 nM for inhibition of autophosphorylation
of PDGFR in a 3T3 cell line;® others are reported to
inhibit PDFG-mediated signaling and are used in clini-
cal trial for the treatment of glioma.’
Phenylaminopyramidines,®® which comprise another
class of inhibitors, are capable of inhibiting cellular
PDFG-receptor autophosphorylation at nanomolar con-
centration. Potential clinical application of these inhibi-
tors includes their use as anticancer agents, as well as
drugs for the treatment of the conditions characterized
by inappropriate fibroblast and vascular intimal
hyperplasia.
1-Phenylbenzimidazoles'®!! were recently reported as
promising selective inhibitors of PDGF, with clear
evidence of the relationship between their molecular
features and their inhibitory activity.

Few structure—activity relationship studies involving 1-
phenylbenzimidazoles have been published'> !> and the
QSAR models reported were not completely satisfactory.
We have now applied quantitative structure—property
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Figure 1. Main skeleton with the different functional positions for
1-phenylbenzimidazoles.

activity relationship (QSPR/QSAR) methodology!® to
these inhibitors.

Shen et al.!” proposed several QSAR models for the esti-
mation of the inhibitory activities of 1-phenylbenzimida-
zoles as PDGFR inhibitors. They considered compounds
with various substituents on the benzimidazole ring (see
Fig. 1). Several correlation equations were obtained with
R? in the range 0.66-0.73 for the data set of 75 com-
pounds. Further QSAR models were obtained by Zhong
etal.,'® who extended this set by taking into account func-
tional groups in the 1-phenylbenzimidazoles used in Ref.
17. Zhong et al. employed variable connectivity indices as
the main descriptors involved in their main QSAR model
(R*> = 0.78 for the training set of 55 1-phenylbenzimidaz-
ole derivatives). This work also used an external test set of
24 compounds and satisfactory results were obtained in
terms of R* = 0.75.

Artificial neural networks (ANNs)'*2! have become an
important modeling technique for QSAR and QSPR,
and artificial neural network (ANN) modeling has been
applied in numerous application areas of chemistry and
pharmacy.???* The mathematical adaptability of ANN
commends them as a powerful tool for pattern classifica-
tion and building predictive models. A particular advan-
tage of ANNSs is their inherent ability to incorporate
nonlinear dependencies between the dependent and inde-
pendent variables without using an explicit mathematical
function.

Guha and Jurs? recently investigated the biological activ-
ity of 79 derivatives of 4-piperazinylquinazoline PDGFR
inhibitors using linear models and neural networks. For a
NN model 7-3-1, they obtained R* for the training and
prediction sets of 0.93 and 0.61, respectively. The NN
model had better predictive ability than the linear model.

Methodology for a general QSAR/QSPR approach has
been developed and coded as the CODESSA PRO
software package. CODESSA PRO enables the calcula-
tion of numerous quantitative descriptors solely on the ba-
sis of molecular structural information (Hansch-type
approach).?%2” Research using CODESSA PRO has suc-
cessfully correlated and predicted various physical proper-
ties,?® including gas chromatographic properties, melting
and boiling points, solvent scales, and refractive indexes.’
Recent examples include QSPR treatments of (i) the bind-
ing energies for 1:1 complexation systems between various
organic guest molecules and B-cyclodextrin,° (ii) the in vi-
tro minimum inhibitory concentration (MIC) of 3-arylox-

azolidin-2-one antibacterials to inhibit the growth of
Staphylococcus aureus,?" and (iii) partition coefficients of
drugs between human breast milk and plasma.??

The present study involves two main treatments of the
logarithms of the effectiveness of 1-phenylbenzimidazoles
as inhibitors of the platelet-derived growth factor, log(1/
ICsp): (1) QSAR modeling, by multilinear regression per-
formed with the CODESSA PRO program that applies
up to 800 different constitutional, geometrical, topologi-
cal, electrostatic, quantum chemical, and thermodynamic
molecular descriptors and (ii) nonlinear modeling, per-
formed using artificial neural networks (ANNs) with
backpropagation learning algorithm and sigmoid activa-
tion function developed in-house. In both these treat-
ments, all descriptors used are derived solely from a
molecular structure and do not require experimental data
or expensive theoretical calculations to be obtained.

Here, we show that a combination of these two different
approaches (multilinear and nonlinear) leads to perti-
nent QSAR models, and their joint application improves
the robustness of predictions.

2. Experimental data

Experimental data for the limiting concentrations to
inhibit the phosphorylation of a random glutamate/tyro-
sine (4:1) copolymer by PDFGR proteins (ICs) were tak-
en from Refs. 11, 12 and 13. The combined data set
consists of 123 I-phenylbenzimidazoles and their 1Cs
values with reported experimental errors of 15%. Loga-
rithmic 1/ICsy was used in the QSAR treatment. All 1-
phenylbenzimidazoles possess the skeleton of Figure 1.
Table 1 lists the substituents and their positions for all
123 compounds.

3. Molecular modeling

Three-dimensional conversions and pre-optimization
were performed using the molecular mechanics
(MM+) implemented in the HyperChem 7.5 package.>?

Final geometry optimization of the molecules was car-
ried out using the semi-empirical quantum-mechanical
AMI1 parameterization.* The optimized geometries
were loaded into CODESSA PRO software.?> Overall,
more than 800 theoretical descriptors were calculated.
These descriptors can be classified into several groups:
(1) constitutional, (ii) topological, (iii) geometrical, (iv)
thermodynamic, (v) quantum chemical, and (vi) char-
ge-related descriptors.

4. Multilinear and nonlinear approaches—general
algorithms
4.1. Multilinear regression modeling

An important stage of the multilinear regression QSAR
methodology is the search for the best multilinear
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Table 1. Positions of the substituents
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Table 1 (continued)

No R X No R X
1 H H 67 H 4'-OH
2 4-OMe H 68 H 4'-Cl
3 4-OH H 69 H 4’-COOMe
4 5-Me H 70 H 4'-CONH,
5 5-OMe H 71 H 4'.NO,
6 5-OH H 72 H 4'-NH,
7 5-Cl H 73 H 4'-COMe
8 5-COOH H 74 H 4'-CHO
9 5-COOMe H 75 H 4'-CN
10 5-CONH, H 76 H 4'-Aza
11 5-NO, H 77 5-OMe 2'-Thienyl
12 5-COMe H 78 5-OMe 3’-Thienyl
13 5-CHO H 79 5-OMe 4'-NH,
14 5-OC;H; H 80 4-COOH H
15 5-OC,H; H 81 4-COOMe H
16 5-OCH(Me), H 82 4-CONH, H
17 5-OC4Hy H 83 4-NO, H
18 5-OCH,CHCH, H 84 4-NH, H
19 5-0O(CH,),OH H 85 7-Me H
20 5-OCH,(oxiranyl) H 86 7-OH H
21 5-0CH,CH(OH)CH,OH H 87 7-Cl H
22 5-O(CH,),OH H 88 7-COOH H
23 5-O(CH,),N(Me), H 89 7-COOMe H
24 5-O(CH,);N(Me), H 90 7-CONH, H
25 5-0(CH2)4N(M6)2 H 91 7-N02 H
26 5-O(CH,),N morph H 92 7-NH, H
27 5-O(CH,);N morph H 93 4-OMe, 5-OH H
28 5-O(CH,)4N morph H 94 4,5-DiOMe H
29 5-SH H 95 4-Br, 5-OH H
30 5-SMe H 96 4-Br, 5-OCH,CHCH, H
31 5-0CSN(Me), H 97 4-CH,CHCH,, 5-OH H
32 6-Me H 98 5-S(CH;);N morph H
33 6-OMe H 99 4-Me H
34 6-OH H 100 4-Cl H
35 6-Cl H 101 2-Me H
36 6-COOH H 102 2-OH H
37 6-COOMe H 103 2-NH, H
38 6-CONH, H 104 H 2'-Me
39 6-NO, H 105 H 2’-OMe
40 6-NH, H 106 H 2’-OH
41 7-OMe H 107 H 2'-Cl
42 4,5-DiOH H 108 H 2’-COOH
43 4-OH, 5-OMe H 109 H 2’-COOEt
44 4-CH,CH(Me)O-5 H 110 H 2’-CONH,
45 5,6-(OH), H 111 H 2’-NO,
46 5,6-Me, H 112 H 2’-NH,
47 5-OCH,0-6 H 113 H 2’-COMe
48 5-OMe, 6-Me H 114 H 2’-CHO
49 5-OH, 6-Me H 115 H 2’-CN
50 5-OMe, 6-COOH H 116 H 3'-COOH
51 5-OH, 6-COOH H 117 H 3’-COOEt
52 5-OMe, 6-COOMe H 118 H 3’-CONH,
53 5-OMe, 6-CH,OH H 119 H 3’-CN
54 5-OMe, 6-CHO H 120 H 4'-Me
55 5-NH, H 121 H 4'-COOH
56 5-Aza H 122 H 2'-Aza
57 7-Aza H 123 H 3'-Aza
58 H 3'-Me
39 H 3:'OMe equation among a given pool of descriptors. In other
60 H 3’-OH C ey L.
61 - 3.Cl wprds, Eq. 1 correlates the best inhibitory activity (A4)
62 H 3-NO, with a certain number n of molecular descriptors (D;)
63 H 3'-NH, weighted by the regression coefficients b;:
64 H 3-COMe .,
65 H 3’-CHO
66 H 4/—OMC A —b0+lzl:lel (1)
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The best multilinear regression method (BMLR),3¢-37
encoded in CODESSA PRO software, was used to select
significant descriptors for building multilinear QSAR
models. The treatment started with a reduction in the
number of molecular descriptors. If two descriptors
were highly correlated, then only one descriptor was
selected; those descriptors with insignificant variance
were also rejected. This helps to speed up the selection
of descriptors and reduce the probability of including
by chance any unrelated descriptors.

The strategy used to develop physically meaningful mul-
tilinear QSAR equations from a very large pool of
descriptors is a combination of the multilinear regres-
sion and forward selection procedures. This strategy in-
volved the following steps:

(1) Detection of all orthogonal pairs of descriptors i and j
from the given descriptor space. Pairs of descriptors with
a correlation coefficient Rf/. > 0.5 were considered inter-
correlated and such pairs were eliminated at this stage.
(2) From a complete set of all two-parameter regression
equations of orthogonal pairs, only the 400 possessing
the highest R? value two-parameter equations were used.
(3) Search for superior multiparameter regression equa-
tions: for each descriptor pair, retained in the previous
step, additional non-collinear descriptor vectors were
successively added, and the appropriate (n + 1)-parame-
ter regression treatment was carried out. When the Fish-
er criterion F (or cross-validation coefficient R.,),
obtained for any of these correlations, was lower than
for the best correlation of the previous rank (), the lat-
ter was designed as the final result and the search was
given up. Otherwise, the descriptor sets with the highest
coefficient of determinations were stored and the current
step was repeated with the number of parameters
(descriptors) increased by one (n + 2).

The final result had therefore the maximum value of the
Fisher criterion and the highest cross-validated coeffi-
cient of determination.

A major decision in developing successive QSAR is
when to stop adding descriptors to the model during
the stepwise regression procedure. A simple technique
to control the model expansion is the so-called ‘breaking
point’ in the improvement of the statistical quality of the
model, by analyzing the plot of the number of descrip-
tors involved in the obtained models versus squared cor-
relation coefficient values corresponding to those
models. Frequently, improvement of the statistical qual-
ity of the regression model is less significant
(AR? < 0.02) after a certain number of independent vari-
ables in the model (‘breaking point’). Consequently, the
model corresponding to the breaking point is considered
the best/optimum model.

To validate the models internally, the parent data set
was divided into three subsets (a, b, c): the first, fourth,
seventh, etc., data points go into the first subset (a), the
second, fifth, eighth, etc., into the second subset (b), and
the third, sixth, ninth, etc., into the third subset (c).
Then, three training sets A, B, and C were prepared as

combinations of two subsets (a and b), (a and c), and
(b and c), respectively. The remaining subsets (c, b,
and a, respectively) become the corresponding test sets.

For each of the training sets, the correlation equation
was derived with the same descriptors. Then, the equa-
tion obtained was used to predict log(1/ICsy) values
for the compounds from the corresponding test set.

The efficiency of QSAR models to predict log 1/ICs val-
ue was estimated using the cross-validation (leave-one-
out method).3®

4.2. Nonlinear modeling

An artificial neural network (ANN) is a biologically in-
spired computer program designed to simulate the way
in which the human brain processes information. ANNs
are composed of a number of single processing elements
(PEs) or units (nodes). Each PE has weighted inputs,
transfer function, and one output. PEs are connected
with coefficients (weights) and are organized in a layered
topology as follows: (i) the input layer, (i) the output
layer, and (iii) the hidden layers between them. The
number of layers and the number of units in each layer
determine the functional complexity of the ANN.

In this work, a backpropagation network3%4° was devel-
oped and used to obtain a nonlinear QSAR model.
Topologically, it consists of input, hidden, and output
layers of neurons or units connected by weights, as
shown in Figure 2. Each input layer node corresponds
to a single independent variable (molecular descriptor),
with the exception of the bias node. Similarly, each out-
put layer node corresponds to a different dependent var-
iable (property under investigation).

Associated with each node is an internal state designated
by I, H,, and O,, for the input, hidden, output layers,
respectively. Each of the input and hidden layers has
an additional unit, termed a bias unit, whose internal
state is assigned a value of 1. The input layer’s I; values
are related to the corresponding independent variables
by the scaling Eq. 2:

D; — D;(min) + 0.1

L= D;(max) — D;(min) + 0.1’ 2)

where Dj is the value of the ith descriptor, Djmax) and
Dimin) are its maximum and minimum values, respec-

Output layer

Hidden layer

Input layer

Figure 2. Three layer backpropagation neural network.
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tively. The state H), of each hidden unit is calculated by
the squashing (sigmoid, logistic) function:

1
Hiylp,) = ————
(o) = T (30)
Pn = E wiid; + Oy, (3b)

where wy,; is the weight of the bond that connects hidden
unit /4 with input unit i and 6, is the weight connecting
hidden unit % to the input layer bias unit. The state
O,, of output unit m is calculated by

1
On(py) = T+eon’ (4a)
@m - Z Wthh + 9m> (4b)
h

where W, is the bond that connects output unit m to
hidden layer bias unit. The network calculated O,, val-
ues are within the range [0, 1].

Training of the neural network is achieved by minimiz-
ing an error function E with respect to the bond weights
{Whia Wmh}

F=Y 5= Y Ylam 0w, (9

where E, is the error of the pth training pattern, defined
as the set of descriptors and activity corresponding to
the pth data points, or chemical compound; a,, corre-
sponds to the experimentally measured value of the
mth dependent variable, in this case it is the ICso. These
values were also scaled in the same manner as in Eq. 2.

One of the standard algorithms for minimizing E is the
delta rule.?**° The algorithm is based on an iterative pro-
cedure for updating the weights of the neural network
from their initially assigned random values. The equa-
tions for updating the weights are given below in Egs.
6a and 6b:

n n E
Wit = Wi = (6a)
n n E
Whj‘l =w, —n Wh, (6b>
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Figure 3. ‘Breaking point’ for choice of descriptors involved in the
model in Table 2.

In Egs. 6a and 6b, the superscript n indicates the consec-
utive iterations in the minimization procedure and # is
the learning rate with values typically less than 1. Simi-
lar equations are used for 0, and 0,,,.

5. Results and discussion
5.1. Multilinear QSAR model

A selection of reliable data for multilinear regression
analysis was required first. In the data taken for regres-
sion, for 45 out of 123 compounds, only the upper limit
of the IC5y was reported; consequently, only the remain-
ing 78 compounds with precise experimental values were
utilized for building the MLR QSAR model.

Next, by using ‘the best multilinear’ method encoded in
CODESSA PRO, up to ten multilinear models were ob-
tained. The best model for all 123 compounds that was
found according to the breaking rule is shown in Table 3.
As can be seen from Figure 3, the optimum number of
descriptors is seven. The coefficient of determination of
the model for all 78 compounds is R* = 0.71 (R?, = 0.65)
and the Fisher criterion is F' = 24.33. The method allows
constraints for the intercollinearity coefficient to be set.
In our case, the intercollinearity coefficient was set to be
less than R%*c=0.70 to extend the search space of the
descriptors to find better QSAR models. For all descrip-
tors in the model, the coefficients are Ry < 0.62.

Table 2. The main multilinear QSAR model obtained for 78 1-phenylbenzimidazoles (R?=0.71, F=24.33)

No. X X ¢ test R? R s? Descriptor

0 —40.187 8.469 —4.745 Intercept

1 0.011 0.001 7.181 0.391 0.367 0.341 PPSA2 Total charge weighted PPSA (Zefirov PC), D,
2 0.190 0.023 8.176 0.497 0.465 0.530 Min e-e repulsion for bond C-C, D,

3 —13.373 2.549 —5.246 0.545 0.504 0.260 RNCG charge (QMNEG/QTMINUS) (MOPAC), D;
4 —0.504 0.112 —4.477 0.597 0.546 0.234 Min exchange energy for bond C-C, Dy,

5 1.488 0.386 3.84 0.643 0.589 0.210 Tot entropy (300 K)/n atoms, Ds

6 —10.645 3.086 —3.449 0.681 0.624 0.191 Relative number of N atoms, Dg

7 8.061 3.100 2.600 0.708 0.651 0.176 Max bonding contribution of one MO, D

# All descriptor definitions are given in Supplementary data.





Table 3. Experimental and predicted log(1/ICsy) for the multilinear
QSAR model for the data that consist of 78 diverse values and 45
values given with their upper limit
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No Exp. MLR model
1 5.03 4.69
2 4.3 4.76
3 4.85 5.17
4 5.36 5.35
5 6.37 5.41
6 6.36 5.6
7 5.4 4.96
8 5.03 5.31
9 6.08 5.55

10 4.8 4.98

11 4.8 4.57

12 6.07 5.21

13 6.37 5.78

14 6.6 6.34

15 6.62 6.24

16 5.51 6.1

17 5.89 5.95

18 6.22 6.19

19 6.35 6.88

20 6.5 5.56

21 6.51 6.37

22 6.19 6.21

23 5.82 5.9

24 6.82 6.6

25 6.8 6.68

26 6.14 6.36

27 6.77 6.7

28 6.57 6.68

29 5.48 5.51

30 6.13 6.14

31 5.34 4.88

32 44 5.39

33 5.19 5.17

34 5.68 5.39

35 5.27 4.93

36 43 5.17

37 4.89 4.65

38 4.6 4.52

39 4.3 4.62

40 4.64 5.11

41 4.43 4.88

42 4.6 4.95

43 5.15 5.19

44 4.54 4.82

45 5.64 5.45

46 5.92 5.25

47 5.66 5.81

48 6 5.56

49 5.6 6.1

50 4.68 5.11

51 5.37 5.44

52 6.06 5.49

53 6.43 6.58

54 6 5.98

55 5.57 5.42

56 5 4.82

57 4.55 493

58 4.55 5.26

59 4.6 5.01

60 5.42 5.25

61 4.33 4.55

62 4.8 4.66

63 5.44 5

64 4.72 4.6
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Table 3 (continued)

No Exp. MLR model
65 5.17 5.2
66 4.89 5.38
67 5.75 5.45
68 4.3 4.79
69 5.14 4.84
70 4.64 4.61
71 4.52 4.53
72 5.25 5.38
73 4.62 4.96
74 4.89 5.31
75 4.8 5.14
76 4.92 4.59
77 5.6 5.79
78 6.16 6.35
79 <43 6.19
80 <43 5.1
81 <43 4.69
82 <43 3.88
83 <43 4.18
84 <43 4.14
85 <43 4.87
86 <43 4.76
87 <43 4.32
88 <4.3 4.81
89 <43 4.36
90 <43 4.22
91 <43 4.16
92 <43 4.51
93 <43 4.68
94 <43 5.17
95 <43 4.15
96 <43 6.43
97 <43 5.38
98 <43 6.22
99 <43 5.38

100 <43 4.23

101 <43 4.1

102 <43 4.25

103 <43 4.99

104 <43 5.14

105 <43 4.07

106 <43 4.37

107 <43 4.32

108 <43 4.21

109 <43 4.01

110 <43 4.39

111 <43 4.4

112 <43 4.6

113 <43 4.48

114 <43 4.37

115 <43 4.28

116 <43 4.69

117 <43 4.81

118 <43 4.42

119 <43 4.67

120 <43 4.56

121 <43 4.85

122 <43 4.39

123 <43 4.73

Table 2 also shows an increase in R* and R’ with an
increase in the number of descriptors. The cross-valida-
(leave-one-out method) is a measure
of relative predictivity of the current data. In addition,

tion coefficient R;

2
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Figure 4. Experimental versus predicted log(1/IC50) for the seven-
parameter multilinear QSAR model of Table 2.

all the descriptors possess a f-value >3.00, except for
descriptor D,. However, D5 increases the model R” value
by 0.02 and thus agrees with our breaking rule.

The linear plot of experimental and predicted log(1/
ICsp) of the model from Table 2 is given in Figure 4.
The predicted values are given in Table 3 along with
the experimental ones.

This model includes seven descriptors (D;—D-) relating
the activity of the compounds to PDGFR inhibition.
The most statistically significant descriptor, according
to the ¢ test in the table is, min e—e repulsion for bond
C-C, D,. This is a quantum mechanical descriptor that
characterizes the energy of the electrostatic interactions
between the chemically bonded atoms. It can be of
importance in determining the conformational change
within a molecule, which, in turn, may affect a inhibitory
activity. In addition, the same conjecture is valid for
descriptor D4. Descriptors D; and Dj are charge-related
descriptors that could be connected to the charge distri-
bution in the molecule, which is likely to govern the elec-
trostatic interactions with the PDFG receptor. The next
two descriptors Ds and Dg are total entropy (300 K)/
number of atoms and relative number of N atoms,
respectively. The latter descriptor is not unexpected,
since all the compounds include N atoms. Ds is related
to the conformational changes in the molecule. There-
fore, the latter two descriptors could also be addressed
to the processes of the inhibitory activity phenomenon.
The last descriptor D5 relates the quantum chemically
calculated bond orders that contain information on
the molecular stability.

Table 4. Internal validation of the QSAR model
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Five outliers were detected, according to the error of the
model. Two of the biggest outliers are compounds 32
and 36 that were predicted as active compounds though
their experimental values show them to be inactive. The
reason for this faulty prediction is that the values for the
descriptor D; seem to be apparently overestimated.

However, most of the values predicted by the model are
in a good agreement with experiment.

The efficiency of the QSAR model to predict log ICs
value was also estimated using the internal cross-valida-
tion. The correlation coefficients and standard devia-
tions of linear correlations between experimental and
predicted for test sets of log 1/ICs, values were also cal-
culated and the results are shown in Table 4. The aver-
age values of R? (Fit) and R? (Pred) are very close (0.684
and 0.698, respectively), which suggests a relatively sta-
ble predictivity of the model for these data. In addition,
as can be seen from Table 4, the average sample varianc-
es are close to each other.

Another validation challenge was used for the MLR
model, that is, we predicted values of those 45 inactive
compounds that are given with their upper limits of
the log 1/ICsy. The resulted predictions of the log 1/
ICsq are given in Table 3. The overall prediction of the
log 1/ICsy values is quite satisfactory having in mind
the experimental error. However, there were still three
compounds (79, 96, and 98) that were predicted as ac-
tive. A possible reason is that the descriptor D, was
somewhat overestimated for these compounds. Also,
five compounds (80, 94, 97, 99, and 104) were predicted
with values larger than 5.00.

5.2. Nonlinear QSAR model

In this study, we used ANN methodology for classifica-
tion of the log(1/ICsy). The experimental values (123
data points) of log(1/ICso) were divided into eight clas-
ses according to the experimental error * 0.31 (15% for
1Csp) and the range (4.30-6.82) of all values. Thus, the
first class includes compounds for which the experimen-
tal values are less than 4.61, second class 4.61-4.92, and
so on, up to eighth class, as shown in Table 5. The high-
er the class the more active the compound.

In the first stage, before the neural network treatment
began, both experimental classes and descriptor values
were normalized to a range 0-0.9 (see Eq. 2). All net-
works had one input layer, one hidden layer, and one
output layer. The next stage of ANN modeling is the
selection of significant descriptors from a large descrip-
tor pool and the division of the available data into

Training set N R? (Fit) R2, (Fit) S? (Fit) Test set N R? (Pred) S? (Pred)
A+B 52 0.672 0.638 0.223 C 26 0.716 0.207
A+C 52 0.653 0.613 0.238 B 26 0.694 0.218
B+C 52 0.728 0.711 0.169 A 26 0.683 0.111
Average 0.684 0.654 0.210 0.698 0.179
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Table 5. Classification of the log(1/ICs) according to the ranges

Range Class

<4.3-4.61 Class 1
4.61-4.92 Class 2
4.92-5.23 Class 3
5.23-5.54 Class 4
5.54-5.85 Class 5
5.85-6.17 Class 6
6.17-6.48 Class 7
6.48-6.82 Class 8

training and validation sets. First, one-third (41) of the
compounds were randomly selected and used as valida-
tion set for the networks to avoid over-training of the
models. Second, values calculated of all CODESSA
PRO descriptors (811) were examined for intercorrela-
tions. Descriptors with high intercorrelations (+* > 0.5),
small variances (<107°), and descriptors for which no
values available for all structures were excluded from
further treatment. Thus, the descriptor pool was reduced
approximately by 80% to 161 descriptors. From this re-
duced pool of descriptors were excluded 72 descriptors
since they showed random variations with the property,
as shown by exploring the scatter plots. The final
descriptor pool was reduced to 89 descriptors for which
sensitivity-stepwise analysis was performed by building
the ANN models (with 1-1-1 architecture) for each rele-
vant descriptor. Those descriptors (around 10) that
showed the lowest prediction error at the ANN output
were chosen for building the optimum ANN model.

Before the training process started, the weights of the
network were initialized with random values between
—0.5 and 0.5. During the training stage, the weights
were adjusted, according to the output prediction error
by using the backpropagation algorithm. The validation
set error (also R?) was monitored to avoid over-training
of the ANN and to stop the training process.

We found that a five descriptor model (5-4-1) was
appropriate for the log (1/ICsy) property. The root-
mean-squared (RMS) error for the training and valida-
tion data is 0.77 and 1.54, respectively. In addition, an
exploration of the standard deviations of the neural net-
work models with different numbers of hidden units was
performed. The six descriptor models (6-4-1) did not
show any significant improvement over the five-descrip-
tor models (RMS = 1.11). The same result was found for
the 6-5-1 models with increased hidden units
(RMS =0.95). The predicted classes of log(1/ICsg) ob-
tained are given in Table 6.

In Figure 5 shows the confusion matrix for the training
set. As can be seen, the most predicted values lie on the
left diagonal showing a good accordance for the training
set. The percentage of correct predicted classes (as the
ratio between the whole number of compounds in a cer-
tain class and the exactly predicted ones) was as follows:
class 1—78%, class 2—40%, class 3—40%, class 4—66%,
class 5—80%, class 6—57%, class 7—71%, and class 8-
100%. It is interesting that class 8 is predicted as 100%
for the two compounds that fall in this class. The first

Table 6. Predicted and experimental classes for the training and
validation sets of compounds by using ANN models 5-4-1

Compound Exp. Pred. Compound Exp. Pred.

Class Class Class Class

Training set

1 3 1 54 6 5
2 1 3 56 3 2
3 2 2 60 4 3
4 4 2 61 1 2
5 7 6 62 2 2
6 7 6 63 4 2
7 4 2 64 2 1
8 3 3 65 3 2
9 6 5 66 2 5
10 2 3 67 5 4
12 6 4 68 1 2
13 7 5 69 3 1
14 8 7 71 1 1
15 8 7 72 4 4
16 4 7 73 2 2
18 7 5 74 2 4
19 7 7 77 5 7
20 7 6 79 8 7
21 8 7 81 1 1
22 6 7 82 1 1
25 8 8 83 1 1
26 6 6 84 1 2
27 8 8 86 1 2
28 8 8 87 1 1
29 4 4 88 1 1
31 4 3 89 1 1
32 1 1 90 1 1
33 3 3 92 1 1
34 5 5 95 1 1
35 4 2 96 1 2
36 1 1 98 1 1
37 2 1 101 1 1
38 1 1 105 1 1
40 2 2 106 1 1
41 1 1 107 1 2
42 1 1 110 1 1
43 3 3 111 1 1
45 5 5 113 1 1
49 5 5 114 1 1
50 2 3 118 1 1
52 6 6 120 1 2
Validation set

11 2 1 85 1 2
17 6 8 91 1 1
23 5 7 93 1 4
24 8 8 94 1 5
30 6 6 97 1 2
39 1 1 99 1 2
44 1 3 100 1 3
46 6 2 102 1 2
47 5 1 103 1 1
48 6 5 104 1 2
51 4 4 108 1 1
53 7 7 109 1 1
55 5 2 112 1 1
57 1 1 115 1 2
58 1 2 116 1 1
59 1 2 117 1 1
70 2 1 119 1 2
75 3 3 121 1 1
76 2 1 122 1 1
78 6 7 123 1 1
80 1 1
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Figure 5. Distribution of predicted versus experimental activity classes for the main five descriptor NN model for the training set.

class comprises the largest number of compounds (40).
Thirty-one are correctly predicted as class 1, and all
the others as class 2. In contrast, prediction for the clas-
ses 2, 3, 4, 6, and 7 was spread out as more than one
class. However, the number of confused compounds is
much smaller than that correctly predicted.

Table 6 also gives the predicted classes of the validation
set for the ANN model from which the maximum possi-
ble prediction for the descriptors involved in the model
was obtained.

The confusion matrix for the validation set is given in
Figure 6. The same pattern is also seen here. The most
accurately predicted classes lie on the left diagonal.
The percentage of the accurate predicted classes are:
class 1—81%, class 2—66%, class 3—100%, class 4—
100%, class 5—33%, class 6—25%, class 7—100%, class
8—100%. It is important to note that, for only 8 com-
pounds out of 39 (20%) does the predicted class differ
by more than one from the correct experimental class.
Therefore, the prediction that a compound belongs
within one class was achieved for 80% of compounds,
which is a remarkably good result. Since, the RMS of
the validation set is bigger than the training set, the
accuracy is less. As can be noted from Figure 6, classes
5 and 6 were predicted correctly to within two classes,
except for single compounds in classes 1 and 2, respec-
tively. However, the class 8 (the most active) consists
of only one compound that was predicted correctly. A
feature, that also holds for classes 3 and 4.

The ANN model included the following descriptors
used as inputs: moment of inertia B, Dg, min e—¢ repul-
sion for C-C bond, D,, DPSA1 Difference CPSAs
(PPSA1-PNSA1) Zefirov, Dy, difference (Pos—Neg) in
charged part of charged surface area, D19, RNCG rela-
tive negative charge (QMNEG/QTMINUS) (MOPAC
PC), D;. Most of these descriptors are charge-related
descriptors. A comparison among the descriptors be-
tween the linear model in Table 2 and the nonlinear
shows that there are two descriptors (min e—e repulsion
for C-C bond, relative negative charge (QMNEG/
QTMINUS) (MOPAC PC)) that appear in both mod-
els. However, the nonlinearities of the ANN model
compared (in terms of the coefficient of determinations
of the training set NN and the linear models 0.81 and
0.71, respectively), with the linear one seem to improve
the prediction of data. In addition, the selection of
descriptors for the two models led to a different number
of descriptors related to two different approaches. The
BMLR method selects descriptors mainly based on cri-
teria as R%and F parameters of the models, whilst the
ANN descriptor selection is based on variables that pos-
sess the lowest output error. Also, our selection aimed
to generalize of the models is based on the least possible
number of descriptors.

6. Conclusions

Our present attempt to correlate the log (1/ICsp) with
theoretically calculated molecular descriptors has led





A. R Katritzky et al. | Bioorg. Med. Chem. 13 (2005) 6598-6608 6607

@

Class 1

@

@ © @ © @

Class 4

Predicted Classes
Class 5

Class 6

Class 7

Class 8

Class 1 Class 2 Class 3 Class 4

@

@ © ©

@

Class 5 Class 6 Class 7 Class 8

Experimental Classes
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to a relatively successful QSAR model that relates this
complex molecular property to structural characteris-
tics of the molecules. Notably, all descriptors appear-
ing in the seven-parameter regression equation and the
ANN model have been derived from theoretical
molecular calculations. The current computational
power available for chemical research allows such cal-
culations for large data sets in realistic time. Thus, in
principle, the QSAR models developed in our present
work can be used for the prediction of inhibitory
activity. The descriptors appearing in these models
can be related to the essential electrostatic and confor-
mational interactions between the inhibitory com-
pounds and PDGF receptor.

The results obtained for this work indicate that the
regression and ANN models exhibit reasonable predic-
tion capabilities. Though the linear model was devel-
oped mainly for the purpose of structure-activity
interpretation, the ANN model was primarily developed
for predictive ability and classification.

In summary, this work was based on 2D QSAR model-

ing that should be able to provide prediction of analo-
gous compounds for their log (1/ICsy) values.
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Abstract—Medermycin shows the same frans (3S,15R) configuration as actinorhodin in the pyran ring crucial for its bioactivity.
One medermycin biosynthetic gene, med-ORF12, is assumed to be involved in the stereochemical control at C-3. Functional com-
plementation suggested that it plays a similar role as actVI-ORF1 previously proved to determine the stereospecificity at C-3 in
actinorhodin biosynthesis. Co-expression of med-ORF12 with actinorhodin early biosynthetic genes further demonstrated that
med-ORF12 encodes a ketoreductase responsible for the enantioselective reduction at C-3 in the formation of the pyran ring.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The aromatic polyketide medermycin (MED, Fig. 1, 1),
originally isolated from Streptomyces sp. K73,' is a C-
glycoside antibiotic with potential therapeutic utility as
an anticancer and antibacterial agent.>* MED was
highlighted in the first production of ‘hybrid’ antibiotics
by genetic engineering reported by Hopwood et al. in
1985° and Omura et al. in 1986.° MED also includes a
number of structural elements to allow studies on inter-
esting biosynthetic problems concerning the polyketide
synthases (PKSs),” post-PKS (‘tailoring’) modification,?
and deoxysugar biosynthesis.® In particular, among tai-
loring steps determining structural diversity in antibiotic
biosynthetic pathways, the stereochemical control of a
functional group becomes one of the most important
medicinal issues related to critical influence on their bio-
logical activity. The formation of the two chiral centers
at C-3 and C-15 in the pyran ring in MED biosynthesis
still has not been studied to date. Thus, it is of high
chemical, biological, and pharmacological importance
to understand how the stereochemistry is determined
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in MED biosynthesis, especially, as a step toward meta-
bolic engineering to generate ‘unnatural’ or ‘hybrid’ nat-
ural products with improved or novel pharmacological
profiles in a combinatorial fashion.”

MED and actinorhodin (ACT, Fig. 1, 2), produced by
the most genetically characterized polyketide producer,
Streptomyces coelicolor A3(2),'° are members of a class
of Streptomyces aromatic antibiotics known as benzois-
ochromanequinone (BIQ'!) antibiotics. All members of
BIQs show a trans configuration in respect of two chiral
centers at C-3 and C-15, which are either (3S,15R) or
(3R,15S). MED and ACT represent the former type
and the opposite stereochemistry is exemplified by
dihydrogranaticin (DHGRA, Fig. 1, 3) produced by
Streptomyces violaceoruber Tii22,'1713

MED, ACT, and DHGRA are proposed to share a
common early biosynthetic stage for the generation of
the aromatic core structure, followed by different post-
PKS modifications (Fig. 1).7''* The minimal PKS,
consisting of the three proteins, ketosynthase (KS),
chain length factor (CLF), and acyl carrier protein
(ACP), determines a fundamental polyketide chromo-
phore skeleton. The resulting linear polyketide precur-
sor undergoes a C-9 ketoreduction by ketoreductase
(KR, defined hereafter as functioning at C-9) followed
by cyclization with aromatase (ARO) and cyclase
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Figure 1. Proposed stereochemical control and a shunt pathway in the biosynthesis of medermycin, actinorhodin, and dihydrogranaticin. Presumed
enzyme-bound intermediates are indicated as RCO-SE and shunt products are shown as free acids. Enzymes or putative complexes are shown as
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by REDI and 2, defined as stereospecifc ketoreductases for reduction at C-3). Numbering of carbon atoms is based on the biosynthetic origin.
pPAYT22 and plJ5660'7 derived from pRMS are used for co-expression of actVI-ORF1 and med-ORF12, respectively, together with the act early

PKS genes. pAYT30 acts as a negative control.

(CYCQ) to yield a common bicyclic intermediate (Fig. 1,
4). The subsequent pyran ring formation under the
stereochemical control occurs in the tailoring biosyn-
thetic stages, in which the bicyclic intermediate is as-
sumed to be a direct substrate for post modifications
at C-3 and C-15.

In the tailoring stage of ACT biosynthesis,”'%!> act-
VI-ORF1 was previously proved to encode a
dedicated stereospecific ketoreductase (REDI type),
to establish the (S)-configuration at C-3 in the
formation of a further advanced chiral intermediate,
4,10-dihydro-9-hydroxy-1-methyl-10-oxo0-3- H-naphtho-
[2,3-c]-pyran-3(S)-acetic acid, (S)-DNPA (Fig. 1,
5).16-18 Interestingly, the (R)-configuration at C-3 of
DNPA (Fig. 1, 6) in DHGRA biosynthesis was dem-
onstrated to be determined by a gra-ORF6 product
(RED2 type) which shows no significant similarity to
REDI at the amino acid level.'*?* Our recent studies
showed the remarkable difference between REDI1 and
RED?2 in their substrate specificities as well as in the
three-dimensional structures and catalytic mechanisms,
though both recognize the same substrate motif of the
bicyclic intermediate.?! Further examples of the relat-
ed reductases would allow us to understand the
unusual mode of stereochemical controls involved in
the BIQ antibiotics.

The full sequence of the MED biosynthetic gene cluster
cloned from Streptomyces sp. AM-7161 reported
recently' was the third example of the cloning of an

entire cluster for BIQ biosynthesis, apart from
act'®?223 and gra clusters'>!3 for the biosynthesis of
ACT and DHGRA, respectively (Fig. 2), making it
available to understand the MED biosynthesis and the
mechanism of controlling the stereochemistry by com-
parative analysis of these gene clusters. We assumed
the presence of a REDI1 family gene (Fig. 1) in MED
biosynthesis to produce (S)-DNPA. Similarity searches
revealed that med-ORF12 shares a high similarity
(65%) at the amino acid level with actVI-ORF1,'* mak-
ing this gene one candidate for study on stereochemical
control in MED biosynthetic pathway.

To clarify the stereochemical control during MED bio-
synthesis, we have investigated here the function of
med-ORF12 with complementation and co-expression
approaches and elucidated its involvement in the forma-
tion of the chiral center at C-3 in the pyran ring.

2. Results

2.1. Comparative analysis of proposed ketoreductase
genes in act, gra, and med clusters

The crucial role of multiple ketoreductase activities in
establishing the diversity of chemistry and stereochemis-
try of the PKS products allowed our present study to
focus initially on the analysis of genes potentially
responsible for the reduction either at C-3 or C-9 in
MED biosynthesis. KRs functioning at C-9 of aromatic
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polyketide intermediates are highly homologous (>70%)
in numerous type II PKS systems. All of them belong to
typical short-chain alcohol dehydrogenases/reductases
(SDRs)”?* and are exemplified in the BIQ systems by
products of actIlI?> for ACT and gra-ORF5!%13.19.20
for DHGRA. The two putative ketoreductase genes
(med-ORF6 and med-ORF12) were also found in the
med cluster.'* The med-ORF12 product sharing a rather
high homology with ActVI-ORF1 (65/57%)'* was fur-
ther classified into a dehydrogenase with a specific func-
tion as a 3-hydroxyacyl CoA dehydrogenase (3HAD)
essential for B-oxidation of fatty acids. No significant
similarity was found between Med-ORFI12 and Gra-
ORF6 (as defined by the BLAST2 Sequences program),
though both are proposed to recognize the same sub-
strate (Fig. 1). Phylogenetic analysis in Figure 2 shows
that the RED members, Med-ORF12, ActVI-ORF1,
and Gra-ORF6, occupy a distinguished position from
the KRs including Med-ORF6, Actlll, and Gra-
ORF5, convincingly supporting our putative functional
assignments of the reductase genes.

2.2. Complementary analysis of med-ORF12 in actVI-
ORF1-deficient strain

The initial trial to confirm the involvement of med-
ORF12 in the formation of a chiral center at C-3 in
MED biosynthesis was its expression in the actVI-
ORF1-deficient mutant, S. coelicolor B22,% to investigate
whether it could complement the functional mutation
of actVI-ORF1. Plasmid pAYTI19 was designed for
expression of med-ORF12 under the control of a thio-
strepton-inducible  promoter, tipAp, carried by
plJ8600.2° PEG-assisted delivery into B22, as described
previously,?® was followed by the treatment with apra-
mycin and thiostrepton to select transformants. Plasmid
integration into the chromosome of B22 was confirmed
by PCR amplification with genomic DNA of transfor-
mants as templates (data not shown). The inducibility
of med-ORF12 expression in the recombinant B22/
PAYT19 was tested in the liquid culture with or without

addition of thiostrepton (12.5 pg/mL). The typical pH
indicator properties of ACT (red under acidic conditions
and blue under basic ones) allow carrying out a simple
complementation test using pigmentation to reveal
ACT production.

Successful complementation of actVI-ORF1 mutation
was observed with pAYT19: the broth of recombinant
strain B22/pAYT19 under the thiostrepton induction
gave a blue pigmentation, which turned into red after
acid treatment, as well as wild type strain, M 145, imply-
ing the accumulation of ACT as a result of the expres-
sion of med-ORF12, whereas B22/pAYTI19 without
addition of thiostrepton failed to produce a blue pig-
ment, showing the same phenotype with mutant B22
(Fig. 3A). The culture of B22/pAYTI19 was also ana-
lyzed by LC/ESI/MS measurement under previous con-
ditions.'® The quite efficient accumulation of ACT in the
mycelium could be detected (Figs. 3B and C) under the
induced conditions and two shunt products, DMAC
(Fig. 1, 7) and aloesaponarin II (Fig. 1, 8),2”-2% disap-
peared (data not shown), indicating that the common
bicyclic intermediate in B22/pAYTI19 was further
metabolized into ACT, likely, with the assistance of
med-ORF12 expressed under the induced conditions.

2.3. Co-expression of med-ORF12 with act early PKS
genes

To further characterize the function of med-ORF12 rel-
evant to the configuration at C-3 in MED biosynthesis,
co-expression in vivo of med-ORF12 with an early-act-
PKS-gene cassette consisting of act minimal PKS (KS,
CLF, and ACP), KR, ARO, and CYC genes was ex-
plored to clarify whether the common bicyclic interme-
diate was converted into (S)-DNPA by a stereospecific
reduction of the carbonyl group at C-3 in the presence
of med-ORF12.

One expression plasmid based on this gene cassette
provided by pRM5,%® was designed to be added by
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med-ORF12 and expressed in S. coelicolor CH999, an
act-deficient mutant.”® The act early PKS genes on
pRMS5 are required to produce the bicyclic intermediate,
that undergoes further spontaneous cyclization to pro-
duce shunt products, DMAC and aloesaponarin II
(Fig. 1). The initial trial by adding of med-ORF12 into
pRMS system to generate pAYT3 and delivering it into
CH999 failed due to the gene rearrangement occurring
in CH999 (data not shown). Therefore, a new expression
plasmid, designated as pAYT22 (Fig. 1), was construct-
ed by delivering the same gene cassette released from
PAYT3 consisting of act early PKS genes together with
an additional med-ORF12 into an integrative vector,
pSET152.26

LC/APCI/MS measurement (Figs. 4A and B) demon-
strated that the new S. coelicolor recombinant strain,
CH999/pAYT22, produced a high amount of DNPA
with the same retention time, characteristic absorbance
pattern (data not shown), and molecular weight with
authentic (S)-DNPA produced by CH999/plJ5660 con-
sisting of actVI-ORF1 and same act early PKS genes
(Fig. 1).!7 It was also observed that the amount of two
shunt products, DMAC and aloesaponarin II, was
markedly decreased in CH999/pAYT22, as well as in
CH999/plJ5660, whereas the negative control, CH999/
pAYT30, failed to produce (S)-DNPA due to the ab-
sence of med-ORF12, indicating that DNPA in
CH999/pAYT22 is derived from the common bicyclic
intermediate that undergoes specific reduction at the
C-3 keto-group in the expression of med-ORF12.

2.4. Stereochemistry at C-3 of DNPA produced by
med-ORF12

The configuration at C-3 of DNPA produced by CH999/
PAYT?22 was proved by the chiral HPLC analysis. The
large-scaled culture of CH999/pAYT22 extracted with
chloroform was subjected to silica-gel column chroma-
tography and further preparative HPLC for purification
of DNPA, which was used for chiral HPLC analysis on
the configuration at C-3.2° Figure 4C shows the clear
difference (>1 min) in retention time between authentic
(S)-DNPA and (R)-DNPA.?° Under the same condi-
tions, DNPA produced by CH999/pAYT22 gave a sin-
gle peak with a similar retention time with authentic
(S)-DNPA, suggesting that the product of CH999/
pAYT22 is DNPA with a specific (S)-configuration at
C-3 without any trace of (R)-DNPA. This result further
confirmed that med-ORF12 protein in the co-expression
system of pAYT22 reduces stereospecifically the com-
mon bicyclic intermediate to establish the (S)-configura-
tion at C-3 of the pyran ring and lead to an
accumulation of (S)-DNPA (Fig. 1).

3. Discussion
3.1. Role of Med-ORF12
Mechanistically, most of the post-PKS tailoring steps

for the aglycone formation in MED biosynthesis were
expected to follow the ACT pathway.'* Observation
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of med-ORF12 sharing a high similarity with actVI-
ORF]1 critical in the ACT biosynthetic pathway provid-
ed a clue to study the stereochemical control in MED
biosynthesis. Based on the fact that the common
bicyclic intermediate was reduced into DNPA with the
definite (3S) configuration, assisted by med-ORF12,
med-ORF12 was suggested to encode a stereospecific
ketoreductase the same as the actVI-ORF1 product to
recognize the common bicyclic intermediate as its sub-
strate. The present results clearly demonstrated a
MED biosynthetic gene, med-ORF12, is involved in

the stereochemical control in the formation of the pyran
ring in the MED biosynthetic pathway. This study pro-
vides the second example of functionally proved REDI
family reductases in the BIQ biosynthesis, allowing fur-
ther mechanistic study on an interesting biosynthetic
problem of the opposite stereochemical controls by
ketoreductases with virtually no similarity to either
sequences®’ or gross three-dimensional structures.?!

Co-expression of genes of interest with the act early PKS
gene cassette carried by pRMS in CH999 is one com-
monly used strategy to perform functional analysis,
especially on tailoring PKS genes. However, in our ini-
tial trial using a direct derivative from pRMS5 and
expressing it in CH999, plasmid DNA was not able to
maintain stably in CH999 due to the gene rearrange-
ment. Co-expression system in CH999 finally was
accomplished functionally using the integrative vector,
pSET152, and yielded a comparable amount of (S)-
DNPA in CH999/pAYT22, together with a still detect-
able production of the shunt products, DMAC and
aloesaponarin 11, as well as in CH999/p1J5660. General-
ly, the amount of (S)-DNPA in CH999/pAYT22 is still
slightly lower than that in CH999/plJ5660 probably
due to the possible presence of an ‘unnatural’
combination of enzymes between heterologous Med-
ORF12 and act early PKSs to lead to less efficient
enzymatic reaction than that between native REDI
(ActVI-ORF1) and act early PKSs. Another possibility
for lower but efficient production of (S)-DNPA in
CH999/pAYT22 is the lower copy number of pAYT22
integrated into the host genome than autonomously
replicative pRMS derivatives.

3.2. Comparison between Med-ORF12, ActVI-ORF1,
and Gra-ORF6

Based on sequence comparison and phylogenetic analy-
sis, three REDs in BIQ biosynthesis were proposed to be
classified into two types (RED1 and RED2) without any
mutual homology, although all of them recognize the
same substrate motif. This is different from the case
for tropinone reductases I and II (TR-I and TR-II) shar-
ing 64% identity at the amino acid level and well-con-
served overall structures and recognizing a common
alkaloid intermediate, tropinone, as their substrate to
yield 3a- or 3B-hydroxytropane, respectively. The pres-
ence of different charged residues in TR-1 and TR-II
was proposed to contribute controlling the binding ori-
entation of tropinone to determine the stereospecificity
of the reaction product.?’

PSI-BLAST analysis categorized more specifically
REDI1 into 3HAD which reversibly catalyzes the B-
oxidation of the hydroxyl group of L-3-hydroxyacyl-
CoA with a partially similar structure to the reactive
portion of the bicyclic intermediate,® whereas RED2
comes under the category of SDR with expected charac-
teristic sequence patterns.?%-2!

Recent investigations revealed the obvious difference of
proposed catalytic mechanisms of these two types
of REDs, based on homodimer models: in the case of
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3HAD 151 QDRFAGIHFF NPVPVMKLVE VIKTEMT 177
ActVI-1 122 PGRLVVAHPF NPPHIVPLVE VVRGERT 148

Med-12 134 SGRLVVGHPF NSPHIVPLVE VVGGERT 160

Figure 5. Sequence alignment of the conserved regions between
3HAD, ActVI-ORF1 (ActVI-1), and Med-ORF12 (Med-12). Con-
served residues are in bold and the key catalytic residues are marked
with bold underline. The numbers indicate amino acid positions of
each entry.

REDI, the appropriate interaction between His'* and

Glu'*! is essential for the reduction of the C-3 keto
group by the proton of His'? and for transferring pro-
S proton of nicotinamide of cofactor NAD(P)H to C-
3 of the bicyclic intermediate, whereas, in the case of
RED?2, the Ser'*-Tyr'*’-Lys'®! triad performs an essen-
tial role for its acid—base catalysis, in which Lys'®! and
Tyr'*” are hydrogen bonded to both 2'- and 3’-hydroxy
groups of nicotinamide of NAD(P)H to allow transfer-
ring pro-S proton of nicotinamide of NAD(P)H to the
substrate.?!

Further alignment of the amino acid sequences of the
REDI-type proteins with 3HAD indicated that highly
conserved residues, including the proposed His-Glu
catalytic dyad,**32 are present in Med-ORF12
(Fig. 5), implying that Med-ORF12 might perform
its reducing activity to give the (S)-configuration at
C-3 of DNPA in a similar catalytic mechanism to
ActVI-ORF1.

3.3. Proposed evolution of Med-ORF12

The present functional analysis convincingly proved the
similar role between ActVI-ORF1 and Med-ORFI12.
The same stereospecific reducing activity, high resem-
blance at the amino acid level, and well-conserved cata-
Iytic residues imply that they might share a common
evolutional origin, although they are present in different
bacterial strains.

3HADs are critical for the B-oxidation of short chain
fatty acids in primary metabolisms, and are widely
distributed in nature. Particularly, nine homologues
of 3HAD were found on the genome of ACT-produc-
ing S. coelicolor.® The origin of ActVI-ORF1 was
proposed to be deduced from one copy of 3HAD
somewhere else on the genome of S. coelicolor, which
was inserted into the act gene cluster with mutation
and acquired the reduction activity of the bicyclic
intermediate.?! Therefore, it could be hypothetical that
Med-ORF12 might undergo a similar evolutionary
route, probably also deduced from 3HAD. Further-
more, the sequence identity (18%) between Med-
ORF12 and 3HAD is lower than that (24%) between
ActVI-ORF1 and 3HAD, implying that Med-ORF12
was evolved farther than ActVI-ORF1 if they had
originated from a common ancestor.

4. Conclusion

Toward metabolic engineering of an increasing num-
ber of polyketide antibiotic biosynthetic gene clusters
to generate ‘unnatural’ natural compounds for effective
therapeutics, a better functional understanding of each
tailoring enzyme is critically important. The stereo-
chemical control in BIQ biosynthetic pathways is
one of the most important tailoring modifications to
determine their bioactivity. We clarified here one key
stereospecific ketoreductase encoded by med-ORF12
in the medermycin biosynthetic gene cluster, which
catalyzes the enantioselective ketoreduction at C-3 of
the bicyclic intermediate to control the (3S) configura-
tion in the pyran ring, based on the facts of functional
complementation of actVI-ORF1 mutation with med-
ORF12 and (S)-DNPA accumulation by co-expression
of med-ORF12 together with act early PKS genes.
Furthermore, the present result is one of the key
frameworks to understand a new example of opposite
stereochemical controls in antibiotic biosynthesis to
provide diverse chiral metabolites.

5. Experimental procedures
5.1. Bacterial strains, plasmids, and culture conditions

Streptomyces strains in this study are ACT-producing
S. coelicolor M145 as a wild type control’® and an
actVI-ORF1-deficient strain, S. coelicolor B22,%> and
an act-cluster-deficient mutant, S. coelicolor CH999,%8
used for recombinant expression. pT7Blue T-vector
was obtained from Novagen for PCR cloning. plJ226,
as a template for amplification of med-ORF12 by
PCR, is a subclone carrying a 2.3 kb BamHI genetic
fragment from pIK340 used for sequencing of the med
gene cluster.!* plJ8600%° contains the tipA promoter
used for induced expression of med-ORF12 in S. coeli-
color B22. pRM5?® provides an expression cassette con-
sisting of act early PKS genes for the production of a
common bicyclic intermediate in the early stage of
ACT biosynthetic pathway (Fig. 1). pSET152%¢ acts as
an integrative vector for the construction of expression
plasmids. Streptomyces strains were maintained on
R4,2! SFM, or GYM agar medium and grown in
YEME or TSB liquid medium.?® The production cul-
tures of Streptomyces recombinant strains were liquid-
inoculated in R4 liquid medium, according to previous
procedures.?!-3*

5.2. Computer analysis of DNA and protein sequences

Sequence comparison was performed with updated
BLAST programs online (PSI-BLAST, BLAST2
Sequences, and rpsBLAST). Phylogenetic analysis of
protein sequences was conducted with the clustalw pro-
gram provided by DDBIJ (http://www.ddbj.nig.ac.jp/
search/clustalw), based on a neighbor-joining method
and a phylogenetic tree was created with the TreeView
program (version 1.6.2, freely available from the Taxon-
omy and Systematics server at the University of
Glasgow, UK).
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5.3. General genetic manipulations

PEGe-assisted transformation with Streptomyces proto-
plast and genomic DNA isolation from Streptomyces
strains were described previously.?® General molecular
biology manipulations were performed as described by
Sambrook et al.’> DNA amplification by PCR with Ex
Taq (TaKaRa) kit was conducted in the RoboCycler®
Gradient 40 (Stratagene®) using a step program
(0.5min at 94°C, 0.5min at 68 °C and 1 min at
72 °C), according to the manufacturer’s protocol, except
for the addition of 5% of DMSO. Three primers used in
PCRs were designed using the GenBank data (accession
number is AB103463) and obtained from Nihon Bioser-
vice (Saitama, Japan): (1) Med12S-Ndel (5'-CCATATG
AGCGGAACCGGCCGGC; underline, Ndel site; bold,
start codon); (2) Med12S-Sp (5'-ACATGCATGCAT
GGGAGAACGAAAACGATGAGCGG AAC; under-
line, Sphl; bold, start codon; italic, ribosome-binding
site, RBS); 3. Med12A-Bam-EI (5'-CG GGATCCCG
GAATTCCGGCGCCCTCACGA CGC GCTCGC,; first
underline, BamHI site; second underline, EcoRI site;
bold, stop codon).

5.4. Construction of expression plasmids

A 980 bp-encoding region of med-ORF12 amplified by
PCR with Med12S-Ndel and Med12A-Bam-EI primers
was inserted into the Ndel-BamHI sites downstream of
tipA promoter on plJ8600 to generate the recombinant
plasmid, pAYT19, which was subsequently introduced
into S. coelicolor B22 for complementation experiment.
Additionally, the same encoding region of med-ORF12
amplified by PCR with Med12S-Sp and Medl2A-
Bam-EI primers was used to replace actVI-ORF1 on
plJ5660'7 derived from pRMS5 to yield pAYT3. The en-
tire HindllI-EcoR1 fragment containing act early PKS
genes and med-ORF12 released from pAYT3 was blunt-
ed with Klenow digestion and inserted into the EcoRV
site of pSET152. The expression plasmid thus obtained
was designated as pAYT22. As a negative control,
pAYT30 was constructed by ligating HindIIl-EcoRI
fragment released from pRMS5 with pSET152. pAYT22
and pAYT30 were then used to transform S. coelicolor
CH999.

5.5. LC/MS analysis for ACT and DNPA

The mycelia of S. coelicolor strains were extracted with
1,4-dioxane, as described by Taguchi et al.'® Crude
extracts were subjected to LC/ESI/MS analysis on
HP1100 series/LCQ system by monitoring the absor-
bance of ACT at 520 nm using a reversed-phase column,
Luna C18 (4.6 mm i.d. X 150 mm, Phenomenex), main-
tained at 40 °C, and eluted with aqg CH;CN containing
0.5% AcOH as the following gradient profile: 0—
25 min, 44%; 25-28 min, 44-60%; 28-30 min, 60-95%;
30-32 min, 95%; and 32-35 min, 95-44%. Samples for
DNPA measurements were prepared from R4 liquid cul-
tures of S. coelicolor strains, the supernatants of which
were extracted with EtOAc and then subjected to the
LC/APCI/MS analysis on HP1100 series/LCQ system
under the conditions previously described.!®20

5.6. Isolation, purification, and chiral HPLC analysis of
DNPA

The supernatants were harvested from 2 L-scaled R4 li-
quid cultures of Streptomyces strains and extracted twice
with chloroform. DNPAs were purified from the crude
extracts by silica gel column chromatography and then
preparative HPLC according to previous descriptions.?°

Chiral HPLC analysis of DNPAs purified from the
Streptomyces strains was performed on a TOSOH
8020 system with a chiral column, TSK gel Enantio-
OVM (4.6 mm i.d. x 150 mm, TOSOH), under the es-
tablished conditions.?®
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Abstract—A series of growth hormone secretagogues (GHSs) based on 2,3-dihydroisothiazole has been synthesized in the search for
a potential treatment of growth hormone deficiency or frailty in the elderly. This paper describes the evaluation of the SAR of the
benzyl-p-Ser-aminoisobutyric acid dipeptide fragment. Introduction of substituents in the peptide backbone and in the phenyl ring
has been investigated, as well as replacements for the benzyl group and for the AIB residue. A number of modifications resulted in

enhanced potency over the parent benzyl-p-Ser-AIB derivative.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Growth hormone secretagogues (GHSs) have been
widely studied during the past several years as an alter-
native to (recombinant) growth hormone for the treat-
ment of growth hormone deficiency and frailty in the
elderly. These compounds release endogenous growth
hormone through interaction with the GHS receptor
(GHS-R1a), a G-protein-coupled receptor, occurring
predominantly in the pituitary gland and in the hypo-
thalamus. The first GHSs discovered were oligopeptides,
called growth hormone releasing peptides (GHRPs), like
the hexapeptide GHRP-6.! Later, small orally bioavail-
able peptidomimetic GHSs were also identified.? Inter-
estingly, it was only in 1999 that the endogenous
GHS-receptor ligand, ghrelin, was discovered.? This
28-amino acid peptide contains a unique octanoyl-serine
residue and is secreted in the stomach.

Many of the small molecule GHSs described in the litera-
ture, some of which have been advanced to clinical inves-
tigations,* contain as a common feature a dipeptide

Keywords: Growth hormone; Growth hormone secretagogue.
* Corresponding author. Tel.: +49 40 527 24 566; fax: +49 40 527 24
601; e-mail: Evers_Britta@lilly.com

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

doi:10.1016/j.bmc.2005.07.070

formed by O-benzyl-p-serine and aminoisobutyric acid
(AIB), or carbon-analogues such as those found in LY
444711.%% Examples include MK-06777 and CP-424391%
shown in Figure 1. The structure-function studies of ghre-
lin have been summarized® and suggest that the dipeptide
corresponds to the N-terminus of the GHR Ps and ghrelin.
Most research groups have made minimal changes to this
structural motif, while focussing their attention on modi-
fications of other part of the molecule.

In this paper, we present a part of the results of our work
on a series of 2,3-dihydroisothiazole GHSs.!°~!2 Based on
compound 1 that has shown potent growth hormone
releasing activity in a rat pituitary cell assay, we have ex-
plored both the steric and electronic requirements of the
dipeptide moiety in this series. One approach was to sys-
tematically introduce methyl groups into different posi-
tions of the serine. In addition, we varied the chain
length of the linker, introduced substituents into the ben-
zyloxy group and replaced it by heterocycles.

2. Chemistry

To study the effect of substituted benzyl serine or of het-
erocyclic benzyl replacements, a series of D-serine ana-
logues was prepared. The building blocks were
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CP-424391 1

Figure 1. Growth hormone secretagogues with a common dipeptide structural motif.

obtained by alkylation of N-Boc-D-serine (2) with
substituted benzyl or heteroarylmethyl halides (Scheme
1). Subsequent coupling and deprotection steps with
the amine 4'° and with Boc-AIB (7) yielded the products
9a-z and 11a-j.

N-Boc-D-2-amino-5-phenyl-pentanoic acid (15a) and its
fluorinated analogues 15b-d were prepared as shown in
Scheme 2 analogous to known procedures. Diethyl ace-
tamidomalonate (12) was alkylated with (substituted)
1-bromo-3-phenylpropanes, and the products were sub-
sequently decarboxylated under basic conditions. Acyl-
ase-mediated deacylation'® of the racemic mixture
afforded the p-N-acetyl amino acids 14a-d selectively.
They were deacylated, the amino groups were Boc-pro-
tected, and the resulting esters were cleaved to afford
15a-d, which were then coupled with amine 4 under stan-
dard conditions. Deprotection and subsequent coupling
to Boc-AIB according to the methods in Scheme 1, fol-
lowed by final Boc removal, provided the products 16a—d.

In a route analogous to that used to access the D-serine

series, N-Boc-benzyl-p-allo-threonine (17) was convert-
ed to derivative 18, as depicted in Scheme 3.

NHEt

NHR'
7 (0]
S,NH X HO\B>(
NHB:
O/INHBOC o o//\\O o) NN\ oc
z 0”7 >oH 4 7

To study the effect of N-methylserine, the alanine ana-
logues 22 and 23 were prepared following the route out-
lined in Scheme 3. Boc-protected benzyl-p-serine (19)
was converted into the oxazolidinone 20 by refluxing
with paraformaldehyde and p-TosOH. Subsequent
reductive cleavage with Et;SiH and TFA,'* followed
by reprotection with Boc, led to the N-Me-serine inter-
mediate 21 in good yield.

Intermediate 6 and its 2,6-difluorobenzyl analogue 6s
were applied in coupling reactions with a number of
Boc-protected amino acids to afford compounds with
replacements for the aminoisobutyric acid such as 2-flu-
oromethyl-3-fluoro-alanine'> (24), 1l-amino-cyclopro-
pane-carboxylic acid (25), a-methyl-serine (26 and 27)
and the alanine derivatives 28 and 29.

3. Results and discussion
The N-terminal structure of ghrelin, the natural ligand
for the GHS receptor, begins with a Gly-Ser-Ser tripep-

tide, in which the serine in the third position is esterified
with octanoic acid. Simple overlay of the structures of
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Scheme 1. Synthesis of D-serine derivatives. Reagents and conditions: (a) NaH, DMF, rt, overnight; (b) DCC, HOBt, CH,Cl,, rt; (c) TFA, CH,Cl,,

tt; (d) HCL, EtOH, rt; (¢) TBTU, NEt,, rt; (f) DMF, EtNH,, rt.
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benzylserine derived GHSs with that of ghrelin suggests has also been demonstrated by an octanoyl-serine deriva-
that the benzylserine moiety of the GHSs binds in the tive of MK-0677 that retained some activity in the
same region of the receptor as the octanoyl chain. This functional assay.'® We explored the steric and electronic
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requirements of binding to this pocket in a series of ben-
zyl-serine-2,3-dihydro-isothiazole-based GHSs, which
contained primarily hydrophobic residues in the dipep-
tide. All compounds were tested for their ability to
promote secretion of growth hormone on isolated rat
pituitary cells.

We first studied the influence of substituents on the phenyl
ring of the benzyl serine moiety (Table 1). We found that
substitution in the para-position reduced the level of in vi-
tro activity, relative to substitution in the meta- or ortho-
position (compare 9a with 9b or 9¢; 9i with 9j; 9e with 9Kk).
Generally, polar substituents, such as trifluoromethoxy
(9f), carboxamide (9m), or the 4-cyano derivative 9i, led
to decreased levels of in vitro activity. An exception is
the 2-cyano analogue 9j (ECsy = 1.9 nM). We also pre-
pared various ortho-substituted benzyl derivatives. Intro-
duction of substituents in only one of the ortho-positions
caused little or no increase in in vitro activity compared
with the parent compound 1. However, when a substitu-
ent like halogen was incorporated into both ortho-posi-
tions, the resulting compounds showed a significant
increase in the level of in vitro activity when compared
with compound 1. In fact, the 2,6-dihalogenated ana-

Table 1. Activities of substituted benzyl derivatives in the pituitary cell
assay

logues 9t and 9w-9y demonstrated activity in the sub-
nanomolar range. We assume that this effect can be
explained by stabilisation of a favourable conformation
of the aromatic residue through hindered rotation of the
benzylic C—C bond. Therefore, the observed gain in in vi-
tro activity is more pronounced with chlorine substituents
compared to the smaller fluorine atoms.

The phenyl ring of the O-benzyl-p-serine moiety was re-
placed with a series of heterocyclic groups. The results
are shown in Table 2. Whereas all the nitrogen-contain-
ing heterocycles tested showed moderate in vitro activity
(ECso =22 to >100 nM), the hydrophobic 3- and 2-thi-
enyl derivatives 11g and 11h proved to have comparable
in vitro activity (ECsq values 3.4 and 3.6 nM, respective-
ly) to the parent compound 1.

Replacement of the ether linker in the benzylserine with its
carbon analogue, 2-amino-5-phenyl-pentanoic acid,

Table 2. Heterocyclic replacements for the benzyl group

Compound R ECso (nM) SEM
P
1 ©/\° 35 0.7
N /\
N (0] a
Compound X ECs, (nM) SEM 11a | 38 28
1 H 3.5 0.7
9a 4-F 12.1 5.4
P
9b 3F 31 09 11b N 43 3
9 2-F 3.1 1.5 Z
9d 4-Cl 8.9 12
9e 4-CF, 38 18° NN
of 4-OCF, >83 11c U\ 54 %)
9g 4-C1-2-F 8.2 3.5 Z
9h 2-Cl-4-F 8.1 25
9% 4-CN >71
NN
9% 2-CN 1.9 0.5 11d N° >100
9k 2-CF; 8.3 24 o
91 2-CHj; 8.8 3.2
9m 2-CONH, 55 24° Nj/\o/\
4
9n 2,3-Cl, 2.0 0.7 e _<s | 22 8
9% 2,3-F, 27 0.4
9p 2,4-F, 8.0 24 /\
9q 2,5-F, 2.0 0.8 /Nj/\o
9r 3,5-F, 7.0 1.1 1t <S ! 47 17
9s 2,6-F, 1.1 0.5
9t 2,6-Cl, 0.1 0.05"
9u 2,4,5-F, 18 6.8 g (/j/\o/\ 4 o4
9y 2,3,5-F; 1.3 0.3 s
9w 2,3,6-F, 0.3 0.07
9x 2-Cl-3,6-F, 0.5 0.5
9y 2-Cl-6-F <0.1 11h nd 3.6 1.5
92 2,6-F»-3-CH, 1.4 0.4 N\ s
fn=2. ay=9
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resulted in a modest improvement of in vitro activity (Ta-
ble 3, entries 1 and 16a). This trend of increased activity in
the carbon series was also shown with a number of fluori-
nated carbon analogues. Indeed, in all cases the carbon
analogues showed at least 2-fold more in vitro activity
than their ether counterparts (Table 3). The greatest in-
crease in in vitro activity, approximately 10-fold, was seen
in the case of 2,6-difluoro substitution (compare com-
pounds 9s and 16d). Compound 16d stimulated GH secre-
tion in the pituitary cell with an ECsq of 0.1 nM.

In addition, we studied the effect of the chain length of

the linker on the activity and found that the three-atom
linker between phenyl and asymmetric carbon was

Table 3. Linker variations

Compound R ECso (nM) SEM

.
1 ©A° 35 0.73
o™
9a /©/\ 12.1 5.4
F

F
o™
9r 7.0 1.1
9 @\/\o/\ 1.1 0.5
F

" Ol
O
16a ©M 1.1 0.5
16b /©/\A 23 0.7
F
F
16¢ \QAA 3.7 1.3
F
F
16d @f\/\ 0.1 0.09
F
31 ©\/\ 58 388

already optimal. Extension of the chain by one atom
via incorporation of benzyl-p-homoserine (30), as well
as shortening the linker by one methylene group as in
the p-homophenylalanine derivative (31), resulted in a
reduction in the level of in vitro activity (Table 3).

Finally, we investigated how additional substituents
were tolerated along the dipeptide chain, using the meth-
yl group as an example (Table 4). We found that an

Table 4. Methyl derivatives of 1 and AIB variations
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additional methyl group in the benzylserine was only
tolerated if it were distal to the a-carbon. Compared
to the unsubstituted compound 1, the two isomers 11i
and 11j with the methyl group in the benzylic position
had significantly improved in vitro activity with ECs
values of 0.9 and 0.3 nM, respectively. In contrast, for
the p-allo-threonine derivative 18 a reduction of in vitro
activity was observed.

To study the effect of N-methylation, we prepared the N-
Me-Ala analogues 22 and 23. Comparison with their NH-
Ala analogues 28 and 29 shows that L-alanine (23 and 29)
provides comparable in vitro activity with parent 1,
whereas the p-alanine analogues 22 and 28 reduced the
level of activity in the pituitary cell assay. N-Methylation
in the serine is well-tolerated for good AIB replacements.

The sensitivity of the GHS activity to minor modifica-
tions within the AIB moiety was illustrated by com-
pounds 24 and 25, in which fluorination of the methyl
groups or their replacement by cyclopropane, respec-
tively, resulted in a reduction in the level of in vitro
activity, including an example with the 2,6-difluoro-
phenyl ring as in compound 24. Interestingly, however,
selective hydroxylation of one of the AIB-methyl groups
results in a 5-fold increase in activity versus parent 1 (R-
isomer 26), whereas hydroxylation of the other methyl
group results in a 6-fold reduction (S-isomer 27). The
preference of the R-isomer is in agreement with results
from other series.!”

4. Conclusions

The SAR of the benzyl-p-Ser-AIB dipeptide fragment in a
series of dihydroisothiazole-based GHSs has been evalu-
ated thoroughly. Starting from GHS 1 with an ECs, of
3.5nM, a number of modifications led to additional
improvement of the in vitro activity. In agreement with
the assumption that the benzylserine moiety occupies
the same region at the GHS receptor as the octanoyl side
chain of the N-terminus of ghrelin, nonpolar replace-
ments for the benzyl residue were well-tolerated. Whereas
heterocycles, such as, pyridines and thiazoles, decreased
the in vitro activity, the thienyl analogues 11g and 11h
were found to have comparable in vitro activity to 1,
and also the a-methylbenzyl analogues 11i and 11j are
good examples of how hydrophobic groups can contrib-
ute to efficient ligand binding at the receptor. The two iso-
mers 11i and 11j show a 3-fold difference in activity. The
absolute stereochemistry and the influence of larger
groups in that position remain to be evaluated.

The greatest gain in in vitro activity was achieved through
the introduction of 2,6-dihalogenated benzyl groups as in
9t, 9w and 9y. This gain cannot be attributed to electronic
effects only, because other derivatives with electron-defi-
cient phenyl rings, such as, 9g, 9h and 9p, do not display
the same boost in activity. Instead, steric effects seem to
play a role, which is demonstrated by a reduction in the
level of in vitro activity with the introduction of para-sub-
stituents. We assume that through hindered rotation of
the benzylic C-C bond in case of the 2,6-disubstituted

analogues a more favourable orientation of the aromatic
residue is stabilised. This becomes especially apparent for
the chlorine derivatives, whereas the conformation of 9s
with the smaller fluorine atoms can be considered as being
more similar to the unsubstituted 1. Such an effect could
also explain the improved activity of the a-methylbenzyl
analogues 11i and 11j.

We demonstrated that the chain length of the linker in
benzylserine was optimal, and that seemingly small
changes in the AIB moiety decreased activity, with the
exception of the hydroxylated compound 26, which dis-
played a 5-fold improvement in ECsq over the corre-
sponding AIB analogue 1.

A detailed summary of our results describing the SAR
of the dihydroisothiazole moiety will be published
elsewhere.

5. Experimental
5.1. General chemistry methods

All reagents and solvents were obtained from commercial
sources and were used without further purification. 'H
NMR spectra were recorded on a Bruker Avance
300 MHz or on a Varian Inova 500 MHz in CDCl; or
DMSO-d; as solvent using the deuterium lock signal as
internal standard. Chemical shift data are given as ¢
(ppm) values. Low-resolution mass spectra were obtained
a Perkin-Elmer Sciex API 150 MCA using electrospray
ionisation (ESI). Preparative chromatographic separa-
tions were performed using flash chromatography with
silica gel (Millipore, 60A, 35-70 um).

5.2. Method A: serine alkylation

N-Boc-p-serine (2) (1 g, 4.9 mmol) was dissolved in
DMF and cooled to 5°C, NaH (60% in mineral oil,
0.49 g, 12.25 mmol) was added and the mixture was stir-
red for 30 min. The substituted benzyl halide or the cor-
responding heteroarylmethyl bromide (1.05 equiv) was
added and the mixture was stirred overnight at rt. After
evaporation, the residue was dissolved in water (50 ml),
extracted with z-butylmethylether, acidified with 10%
citric acid and extracted with ethyl acetate. The ethyl
acetate layer was dried (Na,SO,) and evaporated. Chro-
matography on silica with a CH,Cl,-EtOH gradient
yielded the product.

5.3. Method B: coupling with amine 4 and deprotection

5.3.1. 2-(R)-2-Amino-3-benzyloxy-/N-[5-(4-chlorophenyl)-
3,3-dimethyl-1,1-diox0-2,3-dihydro-isothiazol-4-ylmethyl]-
N-ethyl-propionamide (6, X = H). [5-(4-Chloro
phenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydro-isothiazol-
4- ylmethyl]-ethylamine!? (4, 500 mg, 1.59 mmol) was sus-
pended in isopropylacetate (10 ml). Water (5 ml), DCC
(361 mg, 1.75 mmol), HOBT (237 mg, 1.75 mmol) and
N-Boc-O-benzyl-p-serine (517 mg, 1.75 mmol) were
added and the mixture was stirred overnight at room tem-
perature. The mixture was filtered, rinsed with isopropy-
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lacetate, and the aqueous phase was separated. The organ-
ic layer was washed with citric acid (0.1 M) and satd NaH-
COs, dried over Na,SO, and concentrated. The residue
was dissolved in CH,Cl, (10 ml) and TFA (7.5 ml) was
added at 0 °C. The solution was allowed to warm to room
temperature and stirred overnight. After evaporation, the
residue was dissolved in CH,Cl,, washed with satd NaH-
COs and satd NaClsolutions, dried over Na,SO4 and con-
centrated to yield 6 (440 mg, 56%) as an amorphous solid.
"H NMR (DMSO-dg) 6 7.56 (m, 2H), 7.43 (m, 2H), 7.38—
7.24 (m, 5H), 4.41 (m, 3H), 4.19 (d, 1H, J = 5.8 Hz), 3.55
(m, 1H), 3.23 (m, 2H), 3.04 (m, 2H), 1.40 (m, 6H), 0.82
(t, 3H). MS m/z 492 (M"+Na).

5.4. Method C: coupling with Boc-AIB and deprotection

5.4.1. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-phe-
nylmethoxypropionic  acid  /NV-(5-(4-chlorophenyl)-3,
3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-
N-ethylamide hydrochloride (1). 2-(R)-2-Amino-3-ben-
zyloxy-N-[5-(4-chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,

3-dihydro-isothiazol-4-ylmethyl]- V-ethyl-propionamide (6,
440 mg, 0.89 mmol) was suspended in isopropylacetate
(6 ml). Water (6 ml), DCC (202 mg, 0.98 mmol), HOBT
(132 mg, 0.98 mmol) and N-Boc-o-amino-isobutyric
acid (7, 200 mg, 0.98 mmol) were added and the mixture
was stirred overnight at room temperature. The mixture
was filtered, rinsed with isopropylacetate, and the aque-
ous phase was separated. The organic layer was washed
with citric acid (0.1 M) and satd NaHCOs;, dried over
Na,SO,4 and concentrated. The residue was purified by
chromatography on silica gel (CH,CL/EtOH 98:2).
The product was dissolved in 10% HCI in EtOH (4 ml)
and stirred overnight at room temperature. The mixture
was poured into diethyl ether (400 ml), stirred for 1h
and the precipitate was filtered off and dried at 50 °C un-
der vacuum to yield 1 as a white solid (320 mg, 59%). 'H
NMR (DMSO-dg) ¢ 7.51 (d, 2H, J=8.5Hz), 7.43 (d,
2H, J = 8.5 Hz), 7.34-7.24 (m, 5H), 4.66 (m, 1H), 4.53
(d, 1H, J=16.2Hz), 441 (s, 2H), 4.05 (d, 1H,
J=16.2 Hz), 3.34 (m, 1H), 3.05 (m, 3H), 1.45 (s, 3H),
1.43 (s, 3H), 1.39 (s, 6H), 0.92 (t, 3H, J = 6.9 Hz). MS
mlz 577 (MH™).

5.4.2. N-tert-Butoxycarbonylamino-O-(4-fluorobenzyl)-p-
serine (3a). The title compound was prepared from 2 and
4-fluorobenzyl bromide by Method A (yield = 42%). 'H
NMR (CDCls) 6 8.85 (br s, 1H), 7.29 (m, 2H), 7.32 (dd,
2H, J' =8.5Hz, J*=8.7Hz), 5.44 (d, 1H, J=8.3 Hz,
NH), 4.49 (s, 2H), 4.47 (m, 1H), 3.92 (m, 1H), 3.71
(m, 1H), 1.45 (s, 9H). MS m/z 312 M~ -1).

5.4.3. N-tert-Butoxycarbonylamino-O-(3-fluorobenzyl)-p-
serine (3b). The title compound was prepared from 2 and
3-fluorobenzyl bromide by Method A (yield = 58%). 'H
NMR (CDCl;) ¢ 8.89 (br s, 1H), 7.27 (m, 1H), 7.08-6.91
(m, 3H), 5.51 (d, 1H, 7.3 Hz), 4.51 (m, 3H), 3.93 (m,
1H), 3.73 (m, 1H), 1.45 (s, 9H). MS m/z 312 (M~ —1).

5.4.4. N-tert-Butoxycarbonylamino-O-(2-fluorobenzyl)-p-
serine (3c). The title compound was prepared from 2 and
2-fluorobenzyl bromide by Method A (yield = 39%). 'H
NMR (CDCl3) 0 8.84 (br s, 1H), 7.40-6.68 (m, 4H), 5.42

(d, 1H, J = 8.3 Hz), 4.61 (s, 2H), 4.48 (m, 1H), 3.96 (m,
1H), 3.74 (m, 1H), 1.45 (s, 9H). MS m/z 312 (M~ —1).

5.4.5. N-tert-Butoxycarbonylamino-O-(4-chlorobenzyl)-D-
serine (3d). The title compound was prepared from 2 and
4-chlorobenzyl bromide by Method A (yield = 43%). 'H
NMR (CDCl;) 6 9.61 (br s, 1H), 7.29 (m, 2H), 7.22 (m,
2H), 5.41 (d, 1H, J=28.3 Hz), 4.48 (m, 3H), 3.90 (m,
1H), 3.71 (dd, 1H, J'=34Hz J=9.4Hz), 145 (s,
9H). MS m/z 328 (M™—1).

5.4.6. N-tert-Butoxycarbonylamino-O-(4-trifluoromethyl-
benzyl)-p-serine (3e). The title compound was prepared
from 2 and 4-trifluoromethylbenzyl bromide by Method
A (yield = 66%). '"H NMR (DMSO-dg) § 12.6 (br s,
1H), 7.70 (m, 2H), 7.54 (m, 2H), 7.02 (d, 1H,
J=28.3Hz), 459 (m, 2H), 421 (m, 1H), 3.70 (m, 2H),
1.37 (s, 9H). MS m/z 386 (M*+Na).

5.4.7. N-tert-Butoxycarbonylamino- O-(4-trifluorometh-
oxybenzyl)-p-serine (3f). The title compound was pre-
pared from 2 and 4-trifluoromethoxybenzyl bromide
by Method A (yield = 54%). '"H NMR (DMSO-d;) ¢
12.7 (br s, 1H), 7.44 (m, 2H), 7.32 (m, 2H), 7.00 (d,
1H, J=8.3 Hz), 445 (m, 2H), 4.19 (m, 1H), 3.68 (m,
2H), 1.37 (s, 9H). MS m/z 402 (M*+Na).

5.4.8. N-tert-Butoxycarbonylamino-O-(4-chloro-2-fluoro-
benzyl)-n-serine (3g). The title compound was prepared
from 2 and 4-chloro-2-fluorobenzyl bromide by Method
A (yield =90%). 'H NMR (DMSO-dg) & 12.8 (br s,
1H), 7.58-7.40 (m, 2H), 7.23 (m, 1H), 6.98 (d, 1H,
J=83Hz), 451 (m, 2H), 4.19 (m, 1H), 3.74 (m, 2H),
1.37 (s, 9H). MS m/z 370 (M*+Na).

5.4.9. N-tert-Butoxycarbonylamino-O-(2-chloro-4-fluoro-
benzyl)-p-serine (3h). The title compound was prepared
from 2 and 2-chloro-4-fluorobenzyl bromide by Method
A (yield =39%). 'H NMR (DMSO-dg) & 12.8 (br s,
1H), 7.58-7.40 (m, 2H), 7.22 (m, 1H), 6.98 (d, 1H,
J=8.3Hz), 4.53 (m, 2H), 4.21 (m, 1H), 3.74 (m, 2H),
1.37 (s, 9H). MS m/z 370 (M*+Na).

5.4.10. N-tert-Butoxycarbonylamino-O-(4-cyanobenzyl)-
p-serine (3i). The title compound was prepared from
2 and 4-cyanobenzyl bromide by Method A
(vield = 99%). '"H NMR (CDCls) 6 7.47-7.37 (m, 2H),
7.33-7.24 (m, 2H), 4.64 (s, 2H), 4.50 (m, 1H), 4.03 (m,
1H), 3.79 (dd, 1H, J' =3.6 Hz, J>=9.3 Hz), 1.45 (s,
9H). MS m/z 319 (M~ —1).

5.4.11. N-tert-Butoxycarbonylamino-O-(2-cyanobenzyl)-p-
serine (3j). The title compound was prepared from 2 and
2-cyanobenzyl bromide by Method A (yield = 77%). 'H
NMR (CDCl,) 6 7.67-7.48 (m, 2H), 7.38 (m, 1H), 5.50
(m, 1H), 4.72 (s, 2H), 4.52 (m, 1H), 4.03 (m, 1H), 3.83
(dd, 1H, J'=2.0Hz, J*=9.09Hz), 3.77 (dd, 1H,
J'=34Hz, J*=9.5Hz), 145 (s, 9H). MS m/z 319
M™-1).

5.4.12. N-tert-Butoxycarbonylamino-O-(2-trifluorometh-
ylbenzyl)-p-serine (3k). The title compound was prepared
from 2 and 2-trifluoromethylbenzyl bromide by Method





B. Evers et al. | Bioorg. Med. Chem. 13 (2005) 6748-6762 6755

A (yield = 59%). '"H NMR (CDCl3) § 8.59 (br s, 1H),
7.66-748 (m, 3H), 7.36 (m, 1H), 545 (d, 1H,
J=8.3Hz), 472 (s, 2H), 4.53 (m, 1H), 4.00 (m, 1H),
3.78 (dd, 1H, J'=3.4Hz, J=9.5Hz), 1.45 (s, 9H).
MS milz 362 (M~ —1).

5.4.13. N-tert-Butoxycarbonylamino-O-(2-methylbenzyl)-
p-serine (31). The title compound was prepared from 2
and 2-methylbenzyl bromide by Method A
(vield = 64%). '"H NMR (DMSO-d¢) & 7.37-7.10 (m,
4H), 6.90 (d, 1H, J=28.3 Hz), 447 (s, 2H), 4.19 (m,
1H), 3.67 (m, 2H), 2.25 (s, 3H), 1.38 (s, 9H). MS m/z
332 (M"+Na).

5.4.14. N-tert-Butoxycarbonylamino-O-(2-carboxamido-
benzyl)-p-serine (3m). Compound 2 was alkylated with
2-cyanobenzyl bromide by Method A (yield = 97%).
Subsequently, sodium perborate tetrahydrate (1.44 g,
9.4 mmol) was dissolved in water (10 ml), the nitrile
(1 g, 3.12 mmol) and MeOH (10 ml) were added and stir-
red for 72 h. MeOH was evaporated and the residue was
extracted with CHCl;, the organic layer was dried
(Na,SO,4) and concentrated. Chromatography on silica
(CH,Cl,/MeOH 10:1) yielded the title compound in
47% yield. "H NMR (CDCls) § 7.78-7.27 (m, 4H), 5.60
(d, 1H, J=8.3Hz), 4.62 (m, 2H), 4.46 (m, 1H), 3.98
(m, 1H), 3.76 (m, 1H), 1.43 (s, 9H). MS m/z 361
(M*+Na).

5.4.15. N-tert-Butoxycarbonylamino-O-(2,3-dichloroben-
zyl)-p-serine (3n). The title compound was prepared
from 2 and 2,3-dichlorobenzyl bromide by Method A
(vield = 36%). '"H NMR (DMSO-dg) & 7.60 (m, 1H),
7.37 (m, 2H), 6.98 (d, 1H, J=8.3 Hz), 4.53 (m, 2H),
4.22 (m, 1H), 3.74 (m, 2H), 1.37 (s, 9H). MS m/z 386
(M"+Na).

5.4.16. N-tert-Butoxycarbonylamino-O-(2,3-difluorobenzyl)-
p-serine (30). The title compound was prepared from 2
and 2,3-difluorobenzyl bromide by Method A
(vield = 44%). "H NMR (CDCl3) 6 7.22-7.00 (m, 3H),
5.39 (d, 1H, J=7.3 Hz), 4.78 and 4.62 (2m, 2H), 4.48
(m, 1H), 3.97 (dd, 1H, J' =2.0 Hz, J*=9.3 Hz), 3.77
(dd, 1H, J' = 3.4 Hz, J* = 9.3 Hz), 1.45 (s, 9H). MS mi/z
330 M -1).

5.4.17. N-tert-Butoxycarbonylamino-O-(2,4-difluoroben-
zyl)-p-serine (3p). The title compound was prepared
from 2 and 2,4-difluorobenzyl bromide by Method A
(vield = 86%). '"H NMR (CDCls) 6 7.32 (m, 1H), 6.90—
6.73 (m, 2H), 5.38 (d, 1H, J=7.9 Hz), 4.56 (s, 2H),
447 (m, 1H), 3.95 (dd, 1H, J' =2.4Hz J*>=9.3 Hz),
3.74 (dd, 1H, J'=3.6 Hz J2=9.3Hz), 1.45 (s, 9H).
MS m/z 330 (M~ —1).

5.4.18. N-tert-Butoxycarbonylamino-O-(2,5-difluoroben-
zyl)-p-serine (3q). The title compound was prepared
from 2 and 2,5-difluorobenzyl bromide by Method A
(vield = 58%). '"H NMR (CDCl;) 6 9.12 (br s, 1H),
7.12-6.87 (m, 3H), 5.44 (d, 1H, J=8.3 Hz), 4.57 (s,
2H), 4.51 (m, 1H), 3.98 (m, 1H), 3.78 (dd, 1H,
J'=3.4Hz, J5=93Hz), 1.45 (s, 9H). MS m/z 330
M™-1).

5.4.19. N-tert-Butoxycarbonylamino-O-(3,5-difluoroben-
zyl)-p-serine (3r). The title compound was prepared
from 2 and 3,5-difluorobenzyl bromide by Method A
(vield = 57%). '"H NMR (CDCls) 6 9.75 (br s, 1H),
6.88-6.65 (m, 3H), 5.44 (d, 1H, J=8.3 Hz), 4.52 (m,
3H), 3.95 (m, 1H), 3.75 (dd, 1H, J'=3.4Hz,
J?=9.3 Hz), 1.45 (s, 9H). MS m/z 330 (M —1).

5.4.20. N-tert-Butoxycarbonylamino-O-(2,6-difluoroben-
zyl)-p-serine (3s). The title compound was prepared
from 2 and 2,6-difluorobenzyl bromide by Method A
(vield = 75%). '"H NMR (CDCl;) 6 8.15 (br s, 1H),
7.27 (m, 1H), 6.93-6.82 (m, 2H), 5.37 (d, 1H,
J=8.3Hz), 4.63 (s, 2H), 4.44 (m, 1H), 3.94 (m, 1H),
3.74 (m, 1H), 1.45 (s, 9H). MS m/z 330 (M~ —1).

5.4.21. N-tert-Butoxycarbonylamino-O-(2,6-dichloroben-
zyl)-p-serine (3t). The title compound was prepared
from 2 and 2,6-dichlorobenzyl bromide by Method A
(vield = 69%). '"H NMR (CDCls) 6 7.33-7.15 (m, 3H),
5.40 (d, 1H, J=8.5Hz), 4.82 (s, 2H), 4.43 (m, 1H),
3.98 (m, 1H), 3.77 (dd, 1H, J' =3.6 Hz, J>=9.3 Hz),
1.45 (s, 9H). MS m/z 386 (M*+Na).

5.4.22. N-tert-Butoxycarbonylamino-O-(2,4,5-trifluoro-
benzyl)-p-serine (3u). The title compound was pre-
pared from 2 and 2,4,5-trifluorobenzyl bromide by
Method A (yield =90%). 'H NMR (DMSO-dy) o
7.60-7.48 (m, 2H), 7.03 (d, 1H, J=8.3 Hz), 4.50 (s,
2H), 4.20 (m, 1H), 3.69 (m, 2H), 1.38 (s, 9H). MS
milz 348 (M~ —1).

5.4.23. N-tert-Butoxycarbonylamino-O-(2,3,5-trifluoro-
benzyl)-p-serine (3v). The title compound was prepared
from 2 and 2,3,5-trifluorobenzyl bromide by Method
A (yield = 98%). '"H NMR (DMSO-dy) 6 7.52 (m, 1H),
7.18 (m, 1H), 6.83 (d, 1H, J=8.3 Hz), 4.61 (s, 2H),
4.17 (m, 1H), 3.71 (m, 2H), 1.37 (s, 9H). MS m/z 372
(M"+Na).

5.4.24.  N-tert-Butoxycarbonylamino-0-(2,3,6-trifluoro-
benzyl)-p-serine (3w). The title compound was prepared
from 2 and 2,3,6-trifluorobenzyl bromide by Method A
(vield = 84%). '"H NMR (DMSO-ds) 6 7.53 (m, 1H),
7.18 (m, 1H), 6.85 (d, 1H, J=8.3 Hz), 4.63 (s, 2H),
4.17 (m, 1H), 3.71(m, 2H), 1.37 (s, 9H). MS m/z 372
(M +Na).

5.4.25. N-tert-Butoxycarbonylamino- O-(2-chloro-3,6-
difluorobenzyl)-n-serine (3x). The title compound was
prepared from 2 and 2-chloro-3,6-difluorobenzyl bro-
mide by Method A (yield = 69%). '"H NMR (DMSO-
d¢) 6 7.56 (m, 1H), 7.24 (m, 1H), 6.85 (d, 1H,
J=8.3Hz), 4.61 (s, 2H), 4.15 (m, 1H), 3.69 (m, 2H),
1.37 (s, 9H). MS m/z 388 (M*+Na).

5.4.26. N-tert-Butoxycarbonylamino-O-(2-chloro-6-fluo-
robenzyl)-p-serine (3y). The title compound was pre-
pared from 2 and 2-chloro-6-fluorobenzyl bromide by
Method A (yield = 41%). '"H NMR (CDCl;) é 7.50 (br
s, 1H), 7.28-7.16 (m, 2H), 6.99 (m, 1H), 5.40 (d, 1H,
J=8.1Hz), 4.70 (s, 2H), 4.45 (m, 1H), 3.96 (m, 1H),
3.74 (m, 1H), 1.44 (s, 9H). MS m/z 346 (M~ —1).
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5.4.27. N-tert-Butoxycarbonylamino-O-(2,6-difluoro-3-
methylbenzyl)-p-serine (3z). The title compound was pre-
pared from 2 and 2,6-difluoro-3-methylbenzyl bromide
by Method A (yield = 98%). '"H NMR (CDCl3) 6 10.2
(br s, 1H), 7.09 (m, 1H), 6.77 (m, 1H), 5.38 (d, 1H,
J=8.3Hz), 4.62 (s, 2H), 444 (m, 1H), 3.94 (m, 1H),
3.73 (dd, 1H, J'=3.6Hz, J*=9.5Hz), 2.23 (s, 3H),
1.43 (s, 9H). MS m/z 368 (M*+Na).

5.4.28. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(4-
fluorophenyl)methoxypropionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yD)-V-ethylamide hydrochloride (9a). The title compound
was prepared from 3a as described in Methods B and C
(vield over all steps =45%). '"H NMR (CDCly) § 7.45
(d, 2H, J=8.4Hz), 7.38 (d, 2H, J=8.4Hz), 7.22 (dd,
2H, J' =84 Hz, J°=5.5Hz), 7.02 (dd, 2H, J' = 8.4 Hz,
J>=8.7Hz), 4.89 (dd, 1H, J'=6.8 Hz, J*=14.0 Hz),
441 (s, 2H), 4.35 (m, 2H), 3.46 (m, 2H), 3.20 (m, 2H),
1.57-1.23 (m, 12H), 0.89 (t, 3H). MS m/z 595 (MH").

5.4.29. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(3-
fluorophenyl)methoxypropionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-N-ethylamide hydrochloride (9b). The title compound
was prepared from 3b as described in Methods B and C
(vield = 55%). '"H NMR (DMSO-ds) ¢ 7.56 (d, 2H,
J=28.5Hz), 743 (d, 2H, J=8.5Hz), 7.40 (m, 1H), 7.11
(m, 3H), 4.67 (dd, 1H, J' = 5.1 Hz, J* = 8.3 Hz), 4.54 (d,
IH, J=162Hz), 443 (s, 2H), 4.04 (d, IH,
J=162Hz), 3.36 (dd, 1H, J'=8.7Hz, J=9.7Hz),
3.08 (m, 3H), 1.46 (s, 3H), 1.44 (s, 3H), 1.41 (s, 3H),
1.40 (s, 3H), 0.93 (t, 3H). MS m/z 595 (MH™).

5.4.30. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2-
fluorophenyl)methoxypropionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-N-ethylamide hydrochloride (9¢c). The title compound
was prepared from 3¢ as described in Methods B and C
(vield = 52%). '"H NMR (DMSO-ds) & 7.56 (m, 2H),
7.42 (m, 2H), 7.38 (m, 2H), 7.20 (m, 2H), 4.64 (m, 1H),
4.51 (m, 3H), 4.03 (d, 1H, J=16.2 Hz), 3.37 (m, 1H),
3.08 (m, 3H), 1.52-1.36 (m, 12H), 0.93 (m, 3H). MS m/z
595 (MHY).

5.4.31. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(4-
chlorophenyl)methoxypropionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yD)-V-ethylamide hydrochloride (9d). The title compound
was prepared from 3d as described in Methods B and C
(vield = 38%). '"H NMR (DMSO-ds) 6 7.57 (m, 2H),
7.42 (m, 4H), 7.30 (m, 2H), 4.63 (m, 1H), 4.53 (d, 1H,
J=16.2Hz), 440 (s, 2H), 4.04 (d, 1H, J=16.2 Hz),
3.35 (m, 1H), 3.06 (m, 3H), 1.53-1.37 (m, 12H), 0.93
(m, 3H). MS m/z 611 (MH™).

5.4.32. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(4-
trifluoromethylphenyl)methoxypropionic acid N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothia-
zol-4-ylmethyl)-/N-ethylamide hydrochloride (9¢). The ti-
tle compound was prepared from 3e as described in
Methods B and C (yield = 32%). "H NMR (DMSO-d)
0 7.72 (m, 2H), 7.56 (m, 2H), 7.52-7.41 (m, 4H), 4.68

(m, 1H), 4.53 (m, 3H), 4.07 (d, 1H, J = 16.2 Hz), 3.37
(m, 1H), 3.08 (m, 3H), 1.52-1.37 (m, 12H), 0.93 (m,
3H). MS m/z 645 (MH").

5.4.33. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(4-
trifluoromethoxyphenyl)methoxypropionic acid N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothia-
zol-4-ylmethyl)-/V-ethylamide hydrochloride (9f). The ti-
tle compound was prepared from 3f as described in
Methods B and C (yield = 16%). 'H NMR (DMSO-
dg) 6 7.56 (m, 2H), 7.46-7.32 (m, 6H), 4.65 (m, 1H),
4.52 (d, 1H, J=16.1 Hz), 4.43 (s, 2H), 4.05 (d, 1H,
J=16.1 Hz), 3.35 (m, 1H), 3.05 (m, 3H), 1.42 (m,
12H), 0.92 (m, 3H). MS m/z 661 (MH™).

5.4.34. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(4-
chloro-2-fluorophenyl)methoxypropionic acid /N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothia-
zol-4-ylmethyl)- V-ethylamide hydrochloride (9g). The ti-
tle compound was prepared from 3g as described in
Methods B and C (yield = 25%). '"H NMR (DMSO-
dg) 6 7.55 (m, 2H), 7.47-7.27 (m, 5H), 4.65 (m, 1H),
4.48 (m, 3H), 4.06 (d, 1H, J=16.1 Hz), 3.35 (m, 1H),
3.08 (m, 3H), 1.43 (m, 12H), 0.92 (m, 3H). MS m/z
629 (MH™).

5.4.35. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2-
chloro-4-fluorophenyl)methoxypropionic acid /N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo0-2,3-dihydroisothia-
zol-4-ylmethyl)- V-ethylamide hydrochloride (9h). The ti-
tle compound was prepared from 3h as described in
Methods B and C (yield = 28%). "H NMR (DMSO-dj)
0 7.56 (m, 2H), 7.43 (m, 4H), 7.23 (m, 1H), 4.64 (m,
1H), 4.55 (d, 1H, J=16.1 Hz), 4.45 (s, 2H), 4.02 (d,
1H, J=16.1 Hz), 3.38 (m, 1H), 3.07 (m, 3H), 1.43 (m,
12H), 0.95 (m, 3H). MS m/z 629 (MH").

5.4.36. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(4-
cyanophenyl)methoxypropionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-N-ethylamide hydrochloride (9i). The title compound
was prepared from 3i as described in Methods B and C
(vield = 59%). '"H NMR (DMSO-ds) 6 8.27 (br s, 2H),
7.91-7.79 (m, 3H), 7.59-7.52 (m, 2H), 7.49-7.40 (m, 3H),
4.67 (m, 1H), 4.56 (d, 1H, J = 159 Hz), 4.51 (s, 2H), 4.06
(d, 1H, J =159 Hz), 3.36 (m, 1H), 3.18-3.01 (m, 3H),
1.53-1.32 (m, 12H), 0.93 (m, 3H). MS m/z 600 (M~ —H).

5.4.37. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2-
cyanophenyl)methoxypropionic acid /NV-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yD)-V-ethylamide hydrochloride (9j). The title compound
was prepared from 3j as described in Methods B and C
(vield = 14%). "H NMR (DMSO-d;) & 7.87-7.27 (m, 8H),
4.65 (m, 1H), 4.59 (s, 2H), 4.43 (d, 1H, J = 16.1 Hz), 4.15
(d, 1H, J=16.1 Hz), 3.40 (m, 2H), 3.09 (m, 2H), 1.43-
1.10 (m, 12H), 0.85 (m, 3H). MS m/z 602 (MH™).

5.4.38. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2-
trifluoromethylphenyl)methoxypropionic acid /N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo0-2,3-dihydroisothia-
zol-4-ylmethyl)- V-ethylamide hydrochloride (9k). The ti-
tle compound was prepared from 3k as described in
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Methods B and C (yield = 58%). '"H NMR (DMSO-d;)
0 7.74-7.27 (m, 8H), 4.65 (m, 1H), 4.59 (s, 2H), 4.45 (d,
1H, J=6.0 Hz), 4.14 (d, 1H, J = 6.0 Hz), 3.38 (m, 2H),
3.19 (m, 2H), 1.43-1.11 (m, 12H), 0.85 (m, 3H). MS m/z
645 (MH™).

5.4.39. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2-
methylphenyl)methoxypropionic acid /NV-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-diox0-2,3-dihydroisothiazol-4-ylmeth-
yl)-V-ethylamide hydrochloride (91). The title compound
was prepared from 3l as described in Methods B and C
(vield = 26%). '"H NMR (DMSO-dg) & 7.57 (m, 2H),
7.44 (m, 2H), 7.18 (m, 4H), 4.66 (m, 1H), 4.53 (d, 1H,
J=16.2Hz), 439 (s, 2H), 4.05 (d, 1H, J=16.2 Hz),
3.33 (m, 1H), 3.04 (m, 3H), 2.24 (s, 3H), 1.43 (m, 6H),
1.39 (s, 6H), 0.94 (m, 3H). MS m/z 591 (MH").

5.4.40. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2-
carboxamidophenyl)methoxypropionic acid /N-(5-(4-chloro-
phenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-
ylmethyl)-N-ethylamide hydrochloride (9m). The title
compound was prepared from 3m as described in
Methods B and C (yield = 14%). 'H NMR (DMSO-
dg) 6 7.58-7.29 (m, 8H), 4.69-4.52 (m, 4H), 4.01 (d,
1H, J=16.1 Hz), 3.35 (m, 1H), 3.10 (m, 3H), 1.45
(m, 6H), 1.40 (m, 6H), 0.94 (m, 3H). MS m/z 620
(MH™).

5.4.41. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,3-
dichlorophenyl)methoxypropionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yD)-V-ethylamide hydrochloride (9n). The title compound
was prepared from 3n as described in Methods B and C
(vield = 34%). "H NMR (DMSO-d) 6 7.64-7.53 (m, 3H),
7.46-7.30 (m, 4H), 4.68 (m, 1H), 4.58 (m, 1H), 4.52 (s,
2H), 4.04 (d, 1H, J=16.3Hz), 3.40 (m, 1H), 3.09 (m,
3H), 1.43 (m, 12H), 0.95 (m, 3H). MS m/z 645 (MH™).

5.4.42. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,3-
difluorophenyl)methoxypropionic acid /NV-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-NV-ethylamide hydrochloride (90). The title compound
was prepared from 3o as described in Methods B and C
(vield = 33%). '"H NMR (DMSO-dg) § 7.56 (m, 2H),
743 (m, 2H), 7.38 (m, 1H), 7.21 (m, 2H), 4.64 (m, 1H),
4.52 (m, 3H), 4.05 (d, 1H, J=16.3 Hz), 3.38 (m, 1H),
3.10 (m, 3H), 1.52-1.38 (m, 12H), 0.93 (m, 3H). MS m/z
613 (MH™).

5.4.43. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,4-
difluorophenyl)methoxypropionic acid /NV-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yD)-V-ethylamide hydrochloride (9p). The title compound
was prepared from 3p as described in Methods B and C
(vield = 50%). 'H NMR (CDCly) § 7.48-7.22 (m, 5H),
6.82 (m, 2H), 4.89 (m, 2H), 4.47 (m, 2H), 4.28 (m, 1H),
3.53 (m, 2H), 3.22 (m, 2H), 1.61-1.38 (m, 12H), 0.87
(m, 3H). MS m/z 613 (MH").

5.4.44. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,5-
difluorophenyl)methoxypropionic acid /NV-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-NV-ethylamide hydrochloride (9q). The title compound

was prepared from 3q as described in Methods B and C
(vield = 40%). '"H NMR (DMSO-dg) é 7.56 (m, 2H),
7.43 (m, 2H), 7.22 (m, 3H), 4.65 (m, 1H), 4.51 (m, 3H),
4.05 (d, 1H, J=16.3 Hz), 3.38 (m, 1H), 3.10 (m, 3H),
1.52-1.36 (m, 12H), 0.93 (m, 3H). MS m/z 613 (MH").

5.4.45. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(3,5-
difluorophenyl)methoxypropionic acid /NV-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-V-ethylamide hydrochloride (9r). The title compound
was prepared from 3r as described in Methods B and C
(vield = 36%). "H NMR (DMSO-dq) 6 7.56 (m, 2H), 7.43
(m, 2H), 7.13 (m, 1H), 6.68 (m, 2H), 4.66 (m, 1H), 4.48
(m, 3H), 4.04 (d, 1H, J =16.2 Hz), 3.36 (m, 1H), 3.10 (m,
3H), 1.52-1.36 (m, 12H), 0.93 (m, 3H). MS m/z 613 (MH™).

5.4.46. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,6-
difluorophenyl)methoxypropionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yD)-V-ethylamide hydrochloride (9s). The title compound
was prepared from 3s as described in Methods B and C
(vield = 27%). "H NMR (DMSO-d;) J 7.58-7.40 (m, SH),
7.11 (m, 2H), 4.59 (m, 1H), 4.48 (m, 3H), 4.04 (d, 1H,
J=16.1 Hz), 3.37 (m, 1H), 3.17 (m, 1H), 3.04 (m, 2H),
1.50-1.32 (m, 12H), 0.89 (m, 3H). MS m/z 613 (MH").

5.4.47. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,6-
dichlorophenyl)methoxypropionic acid /NV-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-N-ethylamide hydrochloride (9t). The title compound
was prepared from 3t as described in Methods B and C
(vield = 38%). '"H NMR (DMSO-dg) & 7.58-7.24 (m,
7H), 4.62 (m, 3H), 4.41 (d, 1H, J=16.0 Hz), 4.14 (d,
1H, J=16.0 Hz), 3.41 (m, 2H), 3.06 (m, 2H), 1.38-1.10
(m, 12H), 0.82 (m, 3H). MS m/z 654 (MH").

5.4.48. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,4,
5-trifluorophenyl)methoxypropionic acid /N-(5-(4-chlor-
ophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-
ylmethyl)- V-ethylamide hydrochloride (9u). The title com-
pound was prepared from 3u as described in Methods B
and C (yield = 19%). "H NMR (DMSO-d) 6 7.65-7.30
(m, 6H), 4.66 (m, 1H), 4.53 (d, 1H, J=16.2 Hz), 4.42
(m, 2H), 4.07 (d, 1H, J=16.2 Hz), 3.35 (m, 1H), 3.09
(m, 3H), 1.42 (m, 12H), 0.93 (m, 3H). MS m/z 631 (MH").

5.4.49. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,3,
5-trifluorophenyl)methoxypropionic acid /N-(5-(4-chlor-
ophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-
ylmethyl)- V-ethylamide hydrochloride (9v). The title com-
pound was prepared from 3v as described in Methods B
and C (yield = 18%). "H NMR (DMSO-d) 6 7.60-7.30
(m, 5H), 7.18 (m, 1H), 4.66 (m, 1H), 4.60-4.45 (m, 3H),
4.06 (d, 1H, J =16.1 Hz), 3.38 (m, 1H), 3.12 (m, 3H),
1.42 (m, 12H), 0.93 (m, 3H). MS m/z 631 (MH™).

5.4.50. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,3,
6-trifluorophenyl)methoxypropionic acid /N-(5-(4-chlor-
ophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-
ylmethyl)- V-ethylamide hydrochloride (9w). The title com-
pound was prepared from 3w as described in Methods B
and C (yield = 32%). '"H NMR (DMSO-dg) & 7.56 (m,
3H), 7.44 (m, 2H), 7.18 (m, 1H), 4.61 (m, 1H), 4.50 (m,
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3H), 4.07 (d, 1H, J=16.1Hz), 3.38 (m, 1H), 3.17
(m, 1H), 3.04 (m, 2H), 1.42 (m, 12H), 0.89 (m, 3H). MS
mlz 631 (MH™).

5.4.51. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2-
chloro-3,6-difluorophenyl)methoxypropionic acid N-(5-
(4-chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothia-
zol-4-ylmethyl)-/N-ethylamide hydrochloride (9x). The title
compound was prepared from 3x as described in Methods
B and C (yield = 32%). "H NMR (DMSO-dg) & 7.60-7.29
(m, 6H), 4.61 (m, 1H), 4.44 (s, 2H), 448 (d, 1H,
J=162Hz ), 407 (d, 1H, J=16.2Hz), 3.38 (m, 1H),
3.17 (m, 1H), 3.05 (m, 2H), 1.49-1.35 (m, 12H), 0.90
(m, 3H). MS m/z 647 (MH™).

5.4.52. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2-
chloro-6-fluorophenyl)methoxypropionic acid N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-
4-ylmethyl)-N-ethylamide hydrochloride (9y). The title
compound was prepared from 3y as described in Methods
B and C (yield = 50%). "H NMR (DMSO-dg) § 7.58 (d,
2H, J=8.5Hz), 7.50-7.20 (m, 5H), 4.61 (dd, 1H,
J'=54Hz, J=80Hz), 453 (5, 2H), 450 (d, 1H,
J=16.1Hz), 405 (d, 1H, J=16.2 Hz), 3.40 (dd, 1H,
J'=94Hz, J/=89Hz), 3.14 (dd, 1H, J'=49Hz,
J2=9.9Hz), 3.05 (m, 2H), 1.42 (m, 6H), 1.39 (s, 3H),
1.38 (s, 3H), 0.91 (t, 3H). MS m/z 629 (MH™).

5.4.53. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(2,6-
difluoro-3-methylphenyl)methoxypropionic acid /N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-
4-ylmethyl)-V-ethylamide hydrochloride (9z). The title
compound was prepared from 3z as described in Methods
B and C (yield = 37%). "H NMR (DMSO-d;) ¢ 7.54 (m,
2H), 7.41 (m, 2H), 7.31 (m, 1H), 6.99 (m, 1H), 4.59—
445 (m, 4H), 4.04 (d, 1H, J=16.3 Hz), 3.37 (m, 1H),
3.13 (m, 1H), 3.04 (m, 2H), 2.20 (s, 3H), 1.42 (m, 12H),
0.90 (m, 3H). MS m/z 627 (MH").

5.4.54. N-tert-Butoxycarbonylamino-O-pyridin-2-ylmeth-
yl-p-serine (10a). The title compound was prepared from
2 and 2-bromomethyl-pyridine by Method A (yield =
62%). '"H NMR (CDCls) 6 8.94 (br s, 2H), 8.60 (d, 1H,
J=4.6Hz), 7.78 (m, 1H), 7.42 (d, 1H, J=7.9 Hz), 7.30
(m, 1H), 5.72 (d, 1H, J = 7.6 Hz), 4.76 (m, 2H), 4.46 (m,
1H), 4.03 (dd, 1H, J' =34 Hz, J*=10.0 Hz), 3.88 (dd,
1H, J' = 4.6 Hz, > = 10.0 Hz), 1.44 (s, 9H). MS m/z 295
M™-1).

5.4.55. N-tert-Butoxycarbonylamino-O-pyridin-3-ylmeth-
yl-p-serine (10b). The title compound was prepared from
2 and 3-bromomethyl-pyridine by Method A (yield =
67%). "H NMR (CDCls) 6 8.60 (br s, 1H), 8.42 (m, 2H),
7.90-7.70 (m, 1H), 7.40 (m, 1H), 7.30 (m, 1H), 5.61 (d,
1H, J=7.5Hz), 4.77-4.28 (m, 3H), 4.01 (dd, 1H,
J'=2.4Hz, J*=9.2 Hz), 3.82 (m, 1H), 1.44 (s, 9H). MS
mlz295 (M~ —1).

5.4.56. N-tert-Butoxycarbonylamino-O-pyridin-4-ylmeth-
yl-p-serine (10c). The title compound was prepared from
2 and 4-bromomethyl-pyridine by Method A (yield =
34%). '"H NMR (CDCls) 6 9.57 (br s, 2H), 8.49 (m,
2H), 7.35 (m, 2H), 5.60 (d, 1H, J = 7.5 Hz), 4.80-4.42

(m, 3H), 4.02 (m, 1H), 3.88 (m, 1H), 1.44 (s, 9H). MS
mlz 295 (M~ —1).

5.4.57. N-tert-Butoxycarbonylamino-O-(3,5-dimethyl-iso-
xazol-4-ylmethyl)-p-serine (10d). The title compound was
prepared from 2 and 4-bromomethy1-3,S-dimethyl-isox-
azole by Method A (yield = 70%). 'H NMR (CDCls) o
8.04 (br s, 1H), 5.38 (d, 1H, J= 8.6 Hz), 4.47 (m, 1H),
4.30 (m, 2H), 3.85 (m, 1H), 3.68 (m, 1H), 2.37 (s, 3H),
2.21 (s, 3H), 1.44 (s, 9H). MS m/z 313 (M~ —1).

5.4.58. N-tert-Butoxycarbonylamino-O-(2-methyl-thiazol-
4-ylmethyl)-p-serine (10e). The title compound was pre-
pared from 2 and 4-bromomethyl-2-methyl-thiazole by
Method A (yield = 51%). '"H NMR (CDCls) § 9.30 (br s,
1H), 7.05 (m, 1H), 5.68 (d, 1H, J=8.1 Hz), 4.63 (s,
2H), 447 (m, 1H), 4.02 (m, 1H), 3.78 (dd, I1H,
J'=3.6Hz, J>=9.6 Hz), 2.71 (s, 3H), 1.45 (s, 9H). MS
miz 315 (M™—1).

5.4.59. N-tert-Butoxycarbonylamino-O-thiazol-4-ylmeth-
yl-p-serine (10f). The title compound was prepared from 2
and 4-bromomethyl-thiazole by Method A (yield = 41%).
"H NMR (CDCl;) 6 8.88 (brs, 2H), 7.31 (s, 1H), 5.65 (d,
1H,J = 8.1 Hz),4.73 (m, 2H), 4.48 (m, 1H), 4.03 (m, 1H),
3.80 (dd, 1H, J' = 3.6 Hz, J* = 9.7 Hz), 1.44 (s, 9H). MS
m/z 301 (M~ —1).

5.4.60. N-tert-Butoxycarbonylamino-O-thien-3-ylmethyl-
p-serine (10g). The title compound was prepared from 2
and 3-bromomethyl-thiophene by Method A (yield =
30%). "H NMR (CDCls) 6 8.83 (br s, 1H), 7.33-7.00 (m,
3H), 5.40 (d, 1H, J = 8.1 Hz), 4.72-4.53 (m, 2H), 4.47 (m,
1H), 391 (m, 1H), 3.70 (dd, 1H, J'=3.3Hz, J°=
9.3 Hz), 1.44 (s, 9H). MS m/z 300 (M~ —1).

5.4.61. N-tert-Butoxycarbonylamino-O-thien-2-ylmethyl-
p-serine (10h). The title compound was prepared from 2
and 2-bromomethyl-thiophene by Method A (yield =
45%). "H NMR (CDCls) 6 8.85 (br s, 1H), 7.28 (m, 1H),
6.95 (m, 2H), 5.40 (d, 1H, J = 8.1 Hz), 4.73 (m, 2H), 4.47
(m, 1H), 391 (m, 1H), 3.70 (dd, 1H, J'=3.3Hz,
J?>=9.3 Hz), 1.44 (s, 9H). MS m/z 300 (M~ —1).

5.4.62. N-tert-Butoxycarbonylamino-O-(1-phenylethyl)-p-
serine (10i). The title compound was prepared from 2 and
(1-bromoethyl)-benzene by Method A (yield = 50%). 'H
NMR (DMSO-dg) 6 12.60 (br s, 1H), 7.30 (m, SH),
6.85 (d, 1H, J=8.3 Hz), 445 (m, 1H), 3.37 (m, 1H),
3.63 (m, 2H), 1.38 (s, 9H), 1.32 (d, 3H, J = 6.4 Hz). MS
mlz 308 (M~ —1).

5.4.63. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(pyri-
din-2-yl)methoxypropionic acid N-(5-(4-chlorophenyl)-3,3-
dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-
ethylamide hydrochloride (11a). The title compound was
prepared from 10a as described in Methods B and C
(vield over all steps=30%). 'H NMR (DMSO-
dg + D>0) 6 8.73 (m, 1H), 8.35 (m, 1H), 7.79 (m, 2H),
7.56 (m, 2H), 7.43 (m, 2H), 4.72 (m, 3H), 4.44 (d, 1H,
J=16.1 Hz), 4.05 (d, 1H, J=16.1 Hz), 3.48 (m, 1H),
3.27 (m, 1H), 3.09 (m, 2H), 1.53-1.37 (m, 12H), 0.95
(m, 3H). MS m/z 578 (MH™).
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5.4.64. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(pyri-
din-3-yl)methoxypropionic acid N-(5-(4-chlorophenyl)-3,3-
dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide hydrochloride (11b). The title compound was pre-
pared from 10b as described in Methods B and C
(vield = 30%). '"H NMR (DMSO-d; + D,0) d 8.82 (m,
1H), 8.74 (m, 1H), 836 (m, 1H), 7.78 (dd, 1H,
J'=58Hz, /=79Hz), 7.58 (m, 2H), 7.43 (m, 2H),
4.66 (m, 3H), 4.52 (d, 1H, J=16.2 Hz), 4.06 (d, 1H,
J=162Hz), 343 (m, 1H), 3.23 (m, 1H), 3.08 (m, 2H),
1.53-1.37 (m, 12H), 0.93 (m, 3H). MS m/z 578 (MH™).

5.4.65. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(pyri-
din-4-yl)methoxypropionic acid N-(5-(4-chlorophenyl)-3,3-
dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide hydrochloride (11c). The title compound was pre-
pared from 10c¢ as described in Methods B and C
(vield = 54%). '"H NMR (DMSO-d; + D,0) d 8.85 (m,
2H), 7.87 (m, 2H), 7.57 (m, 2H), 7.44 (m, 2H), 4.75 (m,
3H), 453 (d, 1H, J=162Hz), 4.07 (d, 1H,
J=162Hz), 348 (m, 1H), 3.26 (m, 1H), 3.10 (m, 2H),
1.53-1.38 (m, 12H), 0.95 (m, 3H). MS m/z 578 (MH").

5.4.66. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(3,5-
dimethyl-isoxazol-4-yl)methoxypropionic acid /N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothia-
zol-4-ylmethyl)-V-ethylamide hydrochloride (11d). The
title compound was prepared from 10d as described in
Methods B and C (yield = 54%). '"H NMR (DMSO-
de + D0) 6 7.60 (d, 2 H, J=8.5Hz), 7.44 (d, 2H,
J=8.5Hz), 4.60 (m, 1H), 448 (d, 1H, J=16.2 Hz),
4.21 (s, 2H), 4.05 (d, 1H, J=16.2 Hz), 3.48 (dd, 1H,
J'=8.8 Hz, J2=9.5Hz), 3.07 (m, 3H), 2.33 (s, 3H),
2.14 (s, 3H), 1.50-1.38 (m, 12H), 0.92 (t, 3H,
J = 6.9 Hz). MS m/z 596 (MH™).

5.4.67. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3- (2-
methyl-thiazol-4-yl)methoxypropionic acid N-(5-(4-chlor-
ophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-
ylmethyl)- V-ethylamide hydrochloride (11e). The title
compound was prepared from 10e as described in Meth-
ods B and C (yield=57%). 'H NMR (DMSO-
dg + D50) 6 7.56 (m, 2H), 7.43 (m, 2H), 7.34 (s, 1H),
4.64 (m, 1H), 4.54 (d, 1H, J=16.2 Hz), 4.44 (s, 2H),
4.03 (d, 1H, J=16.2 Hz), 3.38 (m, 1H), 3.20-3.09 (m,
3H), 2.65 (s, 3H), 1.44 (m, 6H), 1.40 (m, 6H), 0.93 (m,
3H). MS m/z 598 (MH").

5.4.68. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(thia-
zol-4-yl)methoxypropionic acid N-(5-(4-chlorophenyl)-3,3-
dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide hydrochloride (11f). The title compound was pre-
pared from 10f as described in Methods B and C
(vield = 52%). "H NMR (DMSO-d; + D-0) 6 9.74 (d, 1H,
J=2.0Hz), 7.57 (m, 3H), 7.43 (d, 2H, J = 8.5 Hz), 4.70-
4.48 (m, 4H), 4.04 (d, 1H, J = 16.2 Hz), 3.40 (m, 1H), 3.19
(m, 1H), 3.05 (m, 2H), 1.53-1.35 (4s, 12H), 0.93 (t, 3H,
J =6.9 Hz). MS m/z 584 (MH™).

5.4.69. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(thien-
3-y)methoxypropionic acid /N-(5-(4-chlorophenyl)-3,3-di-
methyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)- V-eth-
ylamide hydrochloride (11g). The title compound was

prepared from 10g as described in Methods B and C
(vield = 29%). '"H NMR (DMSO-d; + D,0) 6 7.57 (d,
2H, J=8.5Hz), 7.51 (dd, 1H, J' = 3.0 Hz, J> = 4.9 Hz),
7.43 (d, 2H, J=8.5Hz), 7.36 (m, 1H), 7.02 (dd, 1H,
J'=1.0Hz, 7=49Hz), 462 (m, 1H), 4.55 (d, 1H,
J =162 Hz), 440 (s, 2H), 4.02 (d. 1H. J = 16.2 Hz), 3.32
(dd, 1H, dd, 1H, J' = 8.9 Hz, J> = 9.9 Hz), 3.03 (m, 3H),
1.45 (s, 3H), 1.43 (s, 3H), 1.40 (m, 6H), 0.92 (t, 3H,
J = 6.8 Hz). MS m/z 583 (MH™).

5.4.70. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(thien-
2-yl)methoxypropionic acid /N-(5-(4-chlorophenyl)-3,3-di-
methyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide hydrochloride (11h). The title compound was
prepared from 10h as described in Methods B and C (yield
over all steps = 6%). "H NMR (CDCl;) § 7.44 (m, 2H),
7.39 (m, 2H), 7.28 (m, 1H), 6.95 (m, 2H), 4.88 (m, 1H),
4.61 (m, 3H), 4.16 (d, 1H, J=16.2 Hz), 3.49 (m, 2H),
3.28 (m, 1H), 3.14 (m, 1H), 1.52 (s, 3H), 1.47 (s, 3H),
1.31(s,3H), 1.28 (s, 3H), 0.89 (m, 3H). MS m/z 583 (MH™).

5.4.71. 2-(R)-2-(2-Amino-2-methylpropionylamino)-3-(1-
phenylethyl)methoxypropionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-N-ethylamide hydrochloride (11i and 11j). The racemic
compound 10i was coupled with 4'° as described in Method
B, but running the Boc-deprotection with TFA foronly 1 h.
The product (68 mg, 0.13 mmol) was then added to a solu-
tion of N-FMOC-¢-amino-isobutyric acid (44 mg,
0.13 mmol), TBTU (52 mg, 0.16 mmol), and NEt; (23 pl,
0.16 mmol) in CH,Cl, (10 ml) and the mixture was stirred
overnight at rt. The solution was extracted with water and
the organic layer was separated, dried over Na,SO,4 and
concentrated. The residue was dissolved in DMF (2 ml)
and ethylamine (1 ml), left for 2 h at rt and was evaporated.
Purification by RP-HPLC (YMC Combi PrepODS A 5 um
120A 20x 50 mm, CH3CN-0.1% TFA in water) yielded the
title compound as a mixture of isomers which was separated
by HPLC (Chiralpak AD, hexane-0.05%TFA/isopropyl
acetate). Yield over all steps = 5%. The NMR spectrum
for both isomers is identical. "H NMR (CDCls) 6 7.95 (m,
1H), 7.40-7.12 (m, 9H), 4.79 (m, 1H), 4.50 (m, 2H), 4.29
(m, 1H), 4.15 (m, 1H), 3.26 (m, 2H), 3.14 (m, 2H), 1.46
(m, 6H), 1.29 (m, 3H), 1.22 (m, 6H), 0.84 (m, 3H). MS m/
z591 (MH™).

5.4.72. (D)-N-Acetyl-2-amino-5-phenyl-pentanoic acid (14a).
A solution of sodium ethoxide was generated by the addi-
tion of sodium metal (52.9 g, 2.30 mol) over 3 h to EtOH
(1500 ml). To the sodium ethoxide solution at rt was added
a solution of diethylacetamidomalonate (12, 499.75 g,
2.30 mol) dissolved in EtOH (225 ml). The reaction mix-
ture was stirred for 1.5 h at rt, 1-bromo-3-phenylpropane
(458 g, 2.30 mol) was added over 15 min and the mixture
was refluxed for 16 h. The mixture was concentrated to
dryness and the residue partitioned between ethyl acetate
(500 ml) and water (1500 ml). The organic layers were
combined, washed with satd NaCl solution, dried over
Na,SO,4 and evaporated to yield 2-acetylamino-2-(3-phe-
nylpropyl)-malonic acid diethyl ester (13a) (752 g, 98%).

A slurry of 13a (249 g, 0.74 mol) and 2.5 M NaOH was
heated at 100 °C for 3 h. The mixture was cooled to
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30 °C and the pH adjusted to 5.0 using concd HCI. The
solution was heated to 100 °C and the pH was held at
5.0 using concd HCI until the reaction was complete.
The hot solution was filtered through diatomaceous
earth. The filtrate was cooled to 5-10 °C and the pH
adjusted to 1.0 using concd HCI. The resulting slurry
was stirred for 1 h at 5 °C, filtered and dried in vacuum
to give 160 g (92%) of (pL)-N-acetyl-2-amino-5-phenyl-
pentanoic acid. A solution of this racemic mixture
(160 g, 0.68 mol), CoCl, (0.40g), 2M KCI solution
(340 ml, 0.68 mol) and water (2900 ml) was adjusted
to pH 8.0 using 2 M KOH. Acylase 1 (Aspergillus mel-
leus, 14.40 g) was added and the mixture was stirred
for 24 h at 40 °C, maintaining a pH of 8.0 by addition
of 2 M KOH solution. The resulting slurry was filtered,
and the filtrate adjusted to pH 2.0 giving a thick slurry.
The product was isolated by filtration, washed with
hexane (730 ml) and dried in vacuum at 50 °C to yield
14a (68.9 g, 43%). '"H NMR (DMSO-d;) 6 12.39 (br s,
1H), 8.02 (d, 1H), 7.30-7.16 (m, 5H), 4.24 (m, 1H),
2.59 (m, 2H), 1.86 (s, 3H), 1.74-1.59 (m, 4H). MS m/
z 236 (MHY).

5.4.73. 2-(tert-Butoxycarbonylamino)-5-phenyl-p-penta-
noic acid (15a). A solution of 14a (188.5 g, 0.80 mol) in
EtOH (535 ml) and concd HCI (318 ml, 3.80 mol) was
warmed to 85°C for 22 h. Water was azeotropically
distilled from the reaction by continuous addition and
distillation of EtOH (8000 ml). The EtOH was azeotrop-
ically distilled from the reaction by continuous addition
and distillation of ethyl acetate (2000 ml). The solution
was then stirred at 0 °C for 1 h, the crystallised product
was filtered and dried in vacuum at 40 °C to give (D)-2-
amino-5-phenylpentanoic acid, ethyl ester hydrochloride
(199 g, 96%).

To a slurry of (p)-2-amino-5-phenylpentanoic acid, eth-
yl ester hydrochloride (10 g, 38.3mmol) in THF
(400 ml) were added triethylamine (10.7 ml, 76 mmol)
and di-tert-butyl-dicarbonate (10.9 g, 50 mmol), the
mixture was stirred for 18 h at rt, evaporated and dis-
solved in CH,Cl,. After extraction with 0.1 M citric
acid, the organic layer was dried (Na,SO,4) and concen-
trated. The crude product was suspended in 2.5M
NaOH and heated to 60 °C for 5h. The mixture was
cooled to rt, neutralised with concd HCI and extracted
with CH,Cl,. The organic layer was dried (Na,SOy)
and concentrated to yield 15a (7.30 g, 65%). 'H
NMR (DMSO-ds) 6 12.4 (br s, 1H), 7.42 (d, 1H,
J=7.5Hz), 7.30-7.08 (m, SH), 4.27 (m, 1H), 2.58
(m, 2H), 1.57-1.75 (m, 4H), 1.35 (s, 9H). MS m/z
316 (M"+Na).

5.4.74. 2-(tert-Butoxycarbonylamino)-5-(4-fluorophenyl)-
p-pentanoic acid (15b). The title compound was pre-
pared from 1-bromo-3-(4-fluorophenyl)propane as de-
scribed for 14a and 15a (total yield = 25%). '"H NMR
(CDCl3) ¢ 8.87 (br s, 1H), 7.32-7.03 (m, 4H), 4.99 (d,
1H, J=7.5Hz), 4.35 (m, 1H), 2.66 (m, 2H), 1.95-1.60
(m, 4H), 1.44 (s, 9H). MS m/z 334 (M +Na).

5.4.75. 2-(tert-Butoxycarbonylamino)-5-(3,5-difluorophe-
nyl)-p-pentanoic acid (15¢). The title compound was

prepared from I-bromo-3-(3,5-difluorophenyl)propane
as described for 14a and 15a (total yield = 28%). 'H
NMR (CDCl3) 6 8.90 (br s, 1H), 6.65-6.54 (m, 3H),
5.01 (d, 1H, J=7.5Hz), 4.36 (m, 1H), 2.63 (m, 2H),
1.98-1.60 (m, 4H), 1.44 (s, 9H). MS m/z 352
(M*+Na).

5.4.76. 2-(tert-Butoxycarbonylamino)-5-(2,6-difluorophe-
nyl)-p-pentanoic acid (15d). The title compound was pre-
pared from 1-bromo-3-(2,6-difluorophenyl)propane as
described for 14a and 15a (total yield =17%). 'H
NMR (CDCl5) 6 8.93 (br s, 1H), 7.29 (m, 1H), 7.10-6-
99 (m, 2H), 5.05 (d, 1H, J=7.5Hz), 4.38 (m, 1H),
2.65 (m, 2H), 2-08-1.67 (m, 4H), 1.42 (s, 9H). MS m/z
352 (M*+Na).

5.4.77. 2-(R)-2-(2-Amino-2-methylpropionylamino)-5-phe-
nylpentanoic acid /N-(5-(4-chlorophenyl)-3,3-dimethyl-1,1-
dioxo-2,3-dihydroisothiazol-4-ylmethyl)- V-ethylamide hydro-
chloride (16a). The title compound was prepared from
15a as described in Methods B and C (yield = 91%). 'H
NMR (DMSO-dg) ¢ 8.39 (d, 1H, J = 8.0 Hz), 8.18 (br s,
3H), 7.86 (s, 1H), 7.52 (d, 2H, J = 8.6 Hz), 7.40 (d, 2H,
J=28.6Hz), 7.29 (m, 2H), 7.22-7.12 (m, 3H), 4.64 (d,
1H, J=163Hz), 435 (ddd, 1H), 3.92 (d, 1H,
J=16.4Hz), 291 (m, 2H), 2.48 (m, 2H), 1.50 (m, 2H),
1.46, 1.43, 1.41, 1.39 (4s, 12H), 1.28 (m, 2H), 0.95 (t,
3H, J = 6.9 Hz). MS m/z 576 (M*+H).

5.4.78. 2-(R)-2-(2-Amino-2-methylpropionylamino)-5-(4-
fluorophenyl)-pentanoic acid N-(5-(4-chlorophenyl)-3,3-di-
methyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide hydrochloride (16b). The title compound was
prepared from 15b as described in Methods B and C
(vield = 15%). '"H NMR (DMSO-ds + D,0) 6 7.52 (m,
2H), 7.40 (m, 2H), 7.20-7.05 (m, 4H), 4.51 (d, 1H,
J=16.4Hz), 434 (m, 1H), 4.07 (d, 1H, J=16.4 Hz),
2.96 (m, 2H), 2.50 (d, 2H), 2.00 (m, 2H), 1.45 (m, 2H),
1.39 (s, 6H), 1.13 (2s, 6H), 0.87 (t, 3H). MS m/z 594
(M*+H).

5.4.79. 2-(R)-2-(2-Amino-2-methylpropionylamino)-5-(3,5-
difluorophenyl)-pentanoic acid N-(5-(4-chlorophenyl)-3,3-
dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide hydrochloride (16¢). The title compound was
prepared from 15¢ as described in Methods B and C
(vield =43%). '"H NMR (CDCl;) § 8.01 (d, 1H,
J=9.0 Hz), 7.46-7.35 (m, 4H), 6.70-6.59 (m, 3H), 4.65—
4.52 (m, 2H), 4.20 (d, 1H, J=15.7 Hz), 3.18 (m, 1H),
2.97 (m, 1H), 2.57 (m, 2H), 1.59 (m, 2H), 1.57 (2s, 6H),
1.45-1.23 (m, 8H), 0.91 (t, 3H). MS m/z 612 (M"+H).

5.4.80. 2-(R)-2-(2-Amino-2-methylpropionylamino)-5-(2,6-
difluorophenyl)- pentanoic acid N-(5-(4-chlorophenyl)-3,3-
dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide hydrochloride (16d). The title compound was pre-
pared from 15d as described in Methods B and C
(vield = 33%). '"H NMR (DMSO-d; + D,0) d 7.50 (m,
2H), 7.40 (m, 2H), 7.29 (m, 1H), 7.04 (m, 2H), 4.51 (d,
1H, J=16.3 Hz), 4.34 (m, 1H), 4.07 (d, 1H, J = 16.3 Hz),
2.99 (m, 2H), 2.55 (m, 2H), 2.05 (m, 2H), 1.44 (m, 2H),
1.39 (2s, 6H), 1.13 (2s, 6H), 0.85 (t, 3H). MS m/z 612
(M*+H).
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5.4.81. 2-(R)-3-(R)-2-(2-Amino-2-methylpropionylamino)-
3-benzyloxy-3-methyl- propionic acid /N-(5-(4-chlorophe-
nyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmeth-
yl)-V-ethylamide hydrochloride (18). The title compound
was prepared from N-Boc-O-benzyl-p-allo-threonine
(17) as described in Methods B and C (yield = 18%). 'H
NMR (DMSO-dg¢ + D,0) 6 7.62 (m, 2H), 7.48 (m, 2H),
7.38-7.24 (m, 5H), 4.63 (m, 1H), 4.53 (m, 2H), 4.41 (m,
1H), 4.05 (d, 1H, J=16.3Hz), 3.86 (m, 1H), 3.39 (m,
1H), 3.01 (m, 1H), 1.59-1.28 (m, 12H), 1.07 (d, 3H,
J=6.0 Hz), 0.75 (m, 3H). MS m/z 591 (MH").

5.4.82. N-Boc-N-methyl-O-benzyl-p-serine (21). A sus-
pension of N-Boc-O-benzyl-n-serine (19, 1.95¢g,
6.59 mmol), p-toluenesulfonic acid (600 mg, 3.16 mmol)
and paraformaldehyde (1.04 g, 34.4 mmol) was stirred
at 100 °C for 50 min. The solution was cooled to rt,
diluted with ethyl acetate and extracted with water
and NaHCO;. The organic layer was dried (Na,SOy)
and concentrated to yield 20 as a crystalline solid
(884 mg, 44%). The product (884 mg, 2.88 mmol) was
dissolved in chloroform (15 ml), triethylsilane (2.5 ml,
15.7 mmol) and trifluoroacetic acid (10 ml) were added
and the solution was stirred at rt for 6 h. The mixture
was concentrated, dissolved in isohexane and extracted
with satd NaHCOj; solution. The pH was then adjusted
to 3.0 using 10% KHSO,, and the aqueous layer, was
extracted with ethyl acetate. After concentration of
the aqueous layer the crude product was suspended
in THF (60 ml), NEt; (5 ml, 35.6 mmol) and di-fert-bu-
tyl-dicarbonate (825 mg, 3.8 mmol) were added and the
mixture was stirred overnight at rt. The solvent was
evaporated, the residue was dissolved in tzert-butyl-
methyl ether and extracted with water. After acidificat-
ion with 10% citric acid, the aqueous layer was extract-
ed with ethyl acetate, the organic layer was dried
(Na,SO,) and concentrated to yield the title compound
as an amorphous solid (483 mg, 54%). 'H NMR
(CDCl3) ¢ 9.66 (br s, 1H), 7.37-7.28 (m, 5H), 4.95
(m, 1H), 4.55 (m, 2H), 3.90 (m, 2H), 2.94 (s, 3H),
1.44 (s, 9H). MS m/z 308 (M~ —1).

5.4.83. 2-(R)-2-2-(R)-2-Aminopropionyl(/N-methylamino)]-
3-benzyloxypropionic acid /N-(5-(4-chloro phenyl)-3,3-di-
methyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide hydrochloride (22) and 2-(R)-2-[2-(.S)-2-Amino-
propionyl(/V-methylamino)]-3-benzyloxypropionic acid V-
(5-(4-chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroi-
sothiazol-4-ylmethyl)- V-ethylamide hydrochloride (23).
The title compounds were prepared as described in
Methods B and C using 21 and N-Boc-D-alanine to ob-
tain 22 (yield = 90%) or 21 and N-Boc-L-alanine to ob-
tain 23 (yield = 98%). The NMR spectra for 22 and 23
are identical. '"H NMR (CDCls) 6 7.46-7.23 (m, 9H),
5.43 (m, 1H), 4.61-4.36 (m, 3H), 4.18 (m, 1H), 3.83-
3.62 (m, 2H), 3.45 (m, 1H), 3.27 (m, 1H), 3.07 (m,
1H), 2.93 (s, 3H), 1.52-1.44 (m, 6H), 1.18 (m, 3H),
0.86 (m, 3H). MS m/z 576 (M~ —1).

5.4.84. 2-(R)-2-(2-Amino-3-fluoro-2-fluoromethylpropio-
nylamino)-3-(2,6- difluorophenyl)methoxy propionic acid
N-(5-(4-chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroi-
sothiazol-4-ylmethyl)-/V-ethylamide hydrochloride (24). To

a suspension of methyl 2-amino-3-fluoro-2-fluoromethyl-
propionate hydrochloride® (250 mg, 1.32 mmol) in aceto-
nitrile (10 ml) was added Me;NOH-SH,O (400 mg,
2.20 mmol). The mixture was stirred at rt under Ar for
30min and then di-fert-butyl-dicarbonate (432 mg,
1.98 mmol) was added. The mixture was stirred for
48 h, the solvent was evaporated and the residue was par-
titioned between water and diethyl ether. The aqueous
layer was washed with ether, acidified with solid citric
acid to pH 3-4 and extracted with ethyl acetate. The com-
bined organic layers were dried (Na,SO,4) and evaporated
to yield N-Boc-3-fluoro-2-fluoromethyl-alanine (294 mg,
92%) as a white solid.

The title compound was prepared from 6s and N-Boc-3-
fluoro-2-fluoromethyl-alanine as described in Method C
(vield = 56%). 'H NMR (DMSO-dg) § 9.01 (m, 3H),
7.86 (s, 1H), 7.59-7.39 (m, 5H), 7.12 (m, 2H), 5.13-
4.62 (m, 5SH), 4.48 (m, 3H), 4.09 (d, 1H, J=16.0 Hz),
3.29-3.16 (m, 2H), 3.04 (m, 2H), 1.37 (s, 6H), 0.87 (t,
3H). MS m/z 650 (MH™).

5.4.85. 2-(R)-2-((1-Amino-cyclopropanecarbonyl)-amino)-
3-phenylmethoxypropionic acid /N-(5-(4-chlorophenyl)-3,3-
dimethyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)- V-eth-
ylamide hydrochloride (25). The title compound was pre-
pared from 6 (X = H) and 1-(Boc-amino)cyclopropane-
carboxylic acid as described in Method C (yield = 38%).
'"H NMR (DMSO-dg + D,0) & 7.54 (m, 2H), 7.42 (m,
2H), 7.38-7.23 (m, 5H), 4.64 (m, 1H), 4.43 (m, 3H),
4.12 (d, 1H, J=16.2 Hz), 3.34 (m, 2H), 3.04 (m, 2H),
1.39 (m, 6H), 1.04 (m, 2H), 0.85 (m, 2H), 0.79 (m,
3H). MS m/z 575 (MH™).

5.4.86. 2-(R)-2-(2-(R)-2-Amino-2-methyl-3-hydroxypro-
pionylamino)-3- phenylmethoxypropionic acid N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothia-
zol-4-ylmethyl)- NV-ethylamide hydrochloride (26). The
title compound was prepared from 6 (X =H) and
N-Boc-a-methyl-p-serine as described in Method C
(vield = 71%). '"H NMR (DMSO-ds) & 8.52 (d, 1H,
J=79Hz), 812 (br s, 3H), 7.87 (br s, 1H), 7.56
(m, 2H), 7.45 (m, 2H), 7.39-7.25 (m, 5H), 5.58 (m,
1H), 471 (m, 1H), 4.52 (d, 1H, J=16.0 Hz), 4.41
(s, 2H), 4.06 (d, 1H, J=16.0Hz), 3.72 (m, 1H),
3.62 (m, 1H), 3.35 (m, 1H), 3.13 (m, 1H), 3.05 (m,
2H), 1.47-1.32 (m, 9H), 0.90 (m, 3H). MS m/z 593
(MH").

5.4.87. 2-(R)-2-(2-(S)-2-Amino-2-methyl-3-hydroxypro-
pionylamino)-3- phenylmethoxypropionic acid N-(5-(4-
chlorophenyl)-3,3-dimethyl-1,1-dioxo-2,3-dihydroisothia-
zol-4-ylmethyl)- N-ethylamide hydrochloride (27). The
title compound was prepared from 6 (X =H) and
N-Boc-o-methyl-L-serine as described in Method C
(vield = 71%). '"H NMR (DMSO-ds) & 8.52 (d, 1H,
J=79Hz), 8.10 (br s, 3H), 7.88 (br s, 1H), 7.56
(m, 2H), 7.45 (m, 2H), 7.39-7.25 (m, 5H), 5.65 (m,
1H), 471 (m, 1H), 4.52 (d, 1H, J=16.0 Hz), 4.42
(s, 2H), 4.07 (d, 1H, J=16.0Hz), 3.77 (m, 1H),
3.61 (m, 1H), 3.35 (m, 1H), 3.18 (m, 1H), 3.07 (m,
2H), 1.47-1.32 (m, 9H), 0.90 (m, 3H). MS m/z 593
(MH").
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5.4.88. 2-(R)-2-(2-(R)-2-Aminopropionylamino)-3-phenyl-
methoxypropionic acid /N-(5-(4-chloro-phenyl)-3,3-di-
methyl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-eth-
ylamide (28). The title compound was prepared from 6
and N-Boc-p-alanine as described in Method C, but iso-
lated after extraction of the ether layer with NaHCO; as
the free base (yield = 43%). '"H NMR (CDCls) 6 7.77 (m,
1H), 7.47-7.19 (m, 8H), 4.96 (m, 1H), 4.64 (m, 1H), 4.46
(s, 2H), 4.33 (m, 1H), 4.15 (m, 1H), 3.55-3.39 (m, 3H),
3.30 (m, 1H), 3.09 (m, 1H), 1.55-1.43 (m, 6H), 1.29
(t, 3H), 0.89 (m, 3H). MS m/z 564 (MH™)

5.4.89. 2-(R)-2-(2-(S)-2-Aminopropionylamino)-3-phenyl-
methoxypropionic acid N-(5-(4-chlorophenyl)-3,3-dimeth-
yl-1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-ethyla-
mide (29). The title compound was prepared from 6 and
N-Boc-L-alanine as described for 28 (yield = 40%). 'H
NMR (CDCly) 6 7.77 (m, 1H), 7.47-7.19 (m, 8H),
496 (m, 1H), 4.64 (m, 1H), 4.46 (s, 2H), 4.33 (m,
1H), 4.15 (m, 1H), 3.55-3.39 (m, 3H), 3.30 (m, 1H),
3.09 (m, 1H), 1.55-1.43 (m, 6H), 1.29 (t, 3H), 0.89
(m, 3H). MS m/z 564 (MH").

5.4.90. 2-(R)-2-(2-Amino-2-methylpropionylamino)-4-phen-
ylmethoxybutyric acid /N-(5-(4-chlorophenyl)-3,3-dimethyl-
1,1-dioxo-2,3-dihydroisothiazol-4-ylmethyl)-/V-ethylamide
hydrochloride (30). The title compound was prepared
from N-Boc-O-benzyl-pD-homoserine as described in
Methods B and C (yield = 9%). '"H NMR (DMSO-
dg + D,0) 6 7.56 (m, 2H), 7.44 (m, 2H), 7.38-7.25 (m,
5H), 4.61 (m, 2H), 4.40 (m, 2H), 3.94 (d, 1H,
J=16.3 Hz), 3.33 (m, 2H), 3.03 (m, 2H), 1.58-1.32 (m,
14H), 0.95 (m, 3H). MS m/z 591 (MH™).

5.4.91. 2-(R)-2-(2-Amino-2-methylpropionylamino)-4-phen-
ylbutyric acid /N-(5-(4-chlorophenyl)-3,3-dimethyl-1,1-dioxo-
2,3-dihydroisothiazol-4-ylmethyl)-/V-ethylamide hydrochlo-
ride (31). The title compound was prepared from N-
Boc-p-homophenylalanine as described in Methods B
and C (yield = 51%). '"H NMR (DMSO-d; + D,0) §
7.50 (m, 2H), 7.39 (m, 2H), 7.32-7.10 (m, 5H), 4.49 (d,
1H, J=16.3 Hz), 4.30 (m, 1H), 4.04 (m, 1H), 2.84 (m,
1H), 2.69 (m, 1H), 2.40 (m, 2H), 1.59 (m, 1H), 1.42-
1.34 (m, 6H), 1.23-1.13 (m, 7H), 0.75 (m, 3H). MS
mlz 561 (MH™).

5.5. GH release in pituitary cells

Anterior pituitaries from male Sprague-Dawley rats
were sectioned into small pieces and digested enzymati-
cally using trypsin (Difco). Pituitary cells were dispersed
by mechanical agitation, collected, pooled and then
seeded into 96-well plates (50,000 cells/well). After 5
days of culture, the cells formed as monolayer (70-
80% confluent). Cells were then washed with medium
and incubated for 90 min at 37 °C. Then the cells were

challenged to secrete GH by the addition of GH secret-
agogues to the medium. After 45 min at room tempera-
ture, the medium was removed, filtered and stored
frozen until radioimmunoassays for rat GH were per-
formed. ECsq values were calculated as an average of
at least three runs and are represented as means * stan-
dard error, unless otherwise stated. All presented com-
pounds caused a release of GH as a statistically
significant increase (at least 20%) of the basal level.
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Abstract—The exceptional topoisomerase I-targeting activity and antitumor activity of 5-(2-N,N-dimethylamino)ethyl-8,9-dime-
thoxy-2,3-methylenedioxy-5 H-dibenzo[c,/][1,6]naphthyridin-6-one (ARC-111, topovale) prompted studies on similarly substituted
benzo[i]phenanthridine-12-carboxylic ester and amide derivatives. Among the benzo[i]phenanthridine-12-carboxylic esters evaluat-
ed, the 2-(N,N-dimethylamino)ethyl, 2-(N,N-dimethylamino)-1-methylethyl, and 2-(N,N-dimethylamino)-1,1-dimethylethyl esters
possessed similar cytotoxicity, ranging from 30 to 55 nM in RPMI8402 and KB3-1 cells. Several of the carboxamide derivatives
possess potent topoisomerase [-targeting activity and cytotoxicity. The 2-(N,N-dimethylamino)ethyl, 2-(N,N-diethylamino)ethyl,
and 2-(pyrrolidin-1-yl)ethyl amides were among the more cytotoxic benzo[i]phenanthridine-12-carboxylic derivatives, with ICs,

values ranging from 0.4 to 5.0 nM in RPMI8402 and KB3-1 cells.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Topoisomerase 1 (TOP1) is an effective molecular target
for the development of clinically useful anticancer
agents.* TOP1-targeting agents, such as camptothecin,
stabilize the cleaved complex, which forms between the
enzyme and DNA. Stabilization of this ternary complex
effectively converts TOP1 into a cellular poison. Extensive
studies on camptothecin and its structurally related ana-
logues have resulted in two clinical TOP1-targeting drugs,
topotecan (Hycamtin®) and irinotecan (CPT-11/Cam-
ptosar®), Chart 1. These clinical agents have the campto-
thecin ring system that has incorporated within its
structure a d-lactone. Hydrolysis of this lactone results
in an inactive derivative that possesses high affinity for
human serum albumin.’>”’ Metabolic instability of this
lactone and the observation that both topotecan and

Keywords: Topoisomerase I; Cytotoxic; Antitumor; Benzo[i]-
phenanthridine.
* Corresponding author. Tel.: +1 732 445 2674; fax: +1 732 445
6312; e-mail: elavoie@rci.rutgers.edu
URL: http://medchem.rutgers.edu/Faculty/LaVoie.htm

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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irinotecan are substrates for efflux transporters associated
with multidrug resistance®!! have prompted studies on
the development of novel TOP1-targeting agents.

Substituted benzo[i{]phenanthridines and dibenzo-
[c,h]cinnolines have been identified as TOP1-targeting
agents with cytotoxic activity to several human tumor cell
lines.!>"1 Studies in our laboratory have demonstrated
that dibenzo[c,i][1,6]naphthyridin-6-one 1 (ARC-111,
topovale) and the isoquino[4,3-c[cinnolin-12-one 2
(Fig. 1) possess exceptional TOP1-targeting activity and
cytotoxicity.!”2> Our laboratory has recently reported
on the TOPI-targeting activities and cytotoxicities
of both the 2-(N,N-dimethylamino)ethyl ester 7b
and amide 9a of 2,3-dimethoxy-8,9-methylenedioxy-
benzo[iJphenanthridine-12-carboxylic acid, as well as on
the biological activity of their propyl homologues.?®
These derivatives bear significant structural similarity
to 1, Figure 1. We provide, herein, insight into the
structure—activity relationships observed for these
benzo[i]phenanthridine-12-carboxylic acid derivatives
and detail the synthetic methods used for their
preparation.
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CH3CH2“‘OH y

Topotecan (Hycamtin®)

Chart 1. Structures of topotecan and irinotecan.

HsCO
0" O~CHCH, 07 >N-CH,CH,
N- !
i CHs H N-CH
Hs;C 1 3
s Qa CH3
7b

Figure 1. The structures of 8,9-dimethoxy-5-[(2-N,N-dimethylami-
no)ethyl]-2,3-methylenedioxydibenzo[c,/i][1,6Jnaphthyridin-6-one, ARC-
111 (topovale), and 2,3-dimethoxy-11-[(2-N,N-dimethylamino)ethyl]-8,9-
methylenedioxyisoquino[4,3-c]cinnolin-12-one, 2 and the 2-(N,N-di-
methylamino)ethyl ester 7b and amide 9a of 2,3-dimethoxy-8,9-meth-
ylenedioxybenzo[i]phenanthridine-12-carboxylic acid.

2. Chemistry

Several derivatives of 2,3-dimethoxy-8,9-methylene-
dioxybenzo[iJphenanthridine-12-carboxylic acid were
synthesized using 3-(6,7-methoxyquinolin-4-yl)-2-(2-iodo-
4,5-dimethoxyphenyl)acrylic acid, 5, as the universal inter-
mediate. Compound 5 was prepared, as illustrated in
Scheme 1. 6,7-Methylenedioxy-4-methylquinoline 3 was
prepared from commercially available 3,4-methylenedioxy-
aniline. Oxidation of 3 with SeO, provided 4-formyl-6,
7-dimethoxyquinoline, 4. Condensation of 4 with 2-iodo-
4,5-dimethoxyphenylacetic acid in acetic anhydride in the
presence of triethylamine®® provided 5 in good yield.

Two methods were utilized for the synthesis of targeted
ester derivatives of 2,3-dimethoxy-8,9-methylenedioxy-
benzo[i]phenanthridine-12-carboxylic acid, which are
shown in Scheme 2. Method A involved the formation
of the acid chloride of 5 using thionyl chloride and having
this intermediate react with the requisite alcohol to form
6a—d. The resulting ester was then photocyclized in aceto-
nitrile to provide benzo[i]phenanthridines 7a—d. Alterna-
tively, one could use 7a as a common intermediate
(Method B) and by transesterification prepare various
ester derivatives. Acceptable yields were obtained using

OO

CH3CH2“"OH Y

Irinotecan (Camptosar®)

Method B when the transesterification was performed
using a primary alcohol.

Initial studies using the Heck reaction for cyclizing 6a
and 6b resulted in the formation of several products.
In view of the difficulties encountered in separating the
desired benzo[/]phenanthridine derivative from these
undesired by-products, photocyclization was primarily
employed in the preparation of these benzo[i]]phenan-
thridine derivatives. In contrast to intermediates 6a—d
as well as 7a, the cyclized esters 7b—e were notably more
labile and significant losses were observed during col-
umn chromatographic purification.

Three methods, as outlined in Scheme 3, were examined
for the preparation of select amide derivatives of 2,3-di-
methoxy-8,9-methylenedioxybenzo[i]phenanthridine-12-
carboxylic acid. Method C involved the reaction of the
acid chloride of 5 with the appropriate amine to form
the acrylamides 8a—d, which were then photocyclized
to provide the benzo[i]phenanthridine derivatives 9a—d.
Alternatively, the 12-carboxyethyl ester benzo[/]phenan-
thridine derivative 7a was heated in the presence of
various ethylamines (Method D) to form the benzo[i]-
phenanthridine 12-carboxamides 9a, 9e—j. The ethyl
ester 7a could be readily converted to the carboxylic acid
10 in almost quantitative yields. While the poor solubil-
ity of this acid limited its versatility as an intermediate in
these syntheses, it could be converted in neat SOCI, to
form the acid chloride. As outlined for Method E, this
acid chloride was allowed to react with N,N-dimethy-
lethylenediamine or N,N-dimethyl-1,3-propanediamine
to form 9a and 9k, respectively.

The preparation of select tertiary amides was carried out
using either N,N,N’-trimethylethylenediamine, as illus-
trated in Method C for the preparation of 9d or by
alkylation of the benzo[i]phenanthridine carboxamide
9a, as illustrated in Scheme 4 to form the bis-2-(N,N-
dimethylamino)ethyl derivative 91.

3. Pharmacology

The TOPI1-targeting activity and cytotoxicity of these
varied ester and amide derivatives of 2,3-dimethoxy-
8,9-methylenedioxybenzo[{]phenanthridine-12-carboxyl-
ic acid are given in Table 1. In general, the ester deriva-
tives were significantly less potent than topotecan as
TOPI1-targeting agents. Of the five esters that were syn-
thesized, only 7¢ had comparable activity to topotecan
as a TOPI1-targeting agent. The other ester derivatives
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Scheme 1. Reagents: (a) Methyl vinyl ketone, FeCl;, AcOH (b) SeO,, dioxane, H,O (c) Ac,0, TEA.
Method A
R
0
COH  OCHs CO,R  OCHj O=¢
= a 7z b OCH3
o

<O X 0 X o X OCHs

/ < ) < )

(@] N (@] N [e] N
5 6aR = C2H5 7aR= C2H5

6b R = CH2CH2N(CH3)2
6¢ R =CH(CH3)CH,N(CHg),
6d R= C(CH3)2CH2N(CH3)2

OCHj3
0
Q0 e ¢

o
OCHjg O
I o
o N

7Tb R = CH2CH2N(CH3)2
7¢ R = CH(CH3)CH,N(CH3s),
7d R= C(CHg)zCHzN(CHg)g

R

o}

O=¢’
L1
~
N
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OCH;

TbR= CH2CH2N(CH3)2
7a 7e R = CH,CH,CH,N(CH3),

Scheme 2. Reagents: (a) SOCI,, then ROH (b) /v, MeCN (c¢) ROH neat.

7a, 7b, 7d, and 7e were 5- to 10-fold less potent in their
ability to stabilize the cleavable complex formed between
TOP1 and DNA. A representative gel of the stimulation
of enzyme-mediated DNA cleavage observed with 7b
and 7c, relative to topotecan, is provided in Figure 2.
Among the 12-carboxamides evaluated, 9c was the most
potent TOPI1-targeting agent with potency greater than
that of topotecan. As in the case of 7¢, this amide deriv-
ative was substituted with a 2-(N,N-dimethylamino)-1-
methylethyl substituent. Several other secondary alkyl
amide derivatives exhibited TOPI-targeting activity
equal to or greater than that of topotecan, including
9a, 9b, and 9e. Tertiary amide derivatives of 9a, where
there is either the addition of a N-methyl substituent 9d
or a second N-(2-N,N-dimethylamino)ethyl substituent
91 on the amide nitrogen atom, had significantly dimin-
ished activity as TOP1-targeting agents. Figure 2 shows
the enzyme-mediated DNA cleavage associated with
the presence of 9a, 9d, and topotecan.

Previous studies performed with various N-alkyl 5-(2-
aminoethyl)dibenzol[c,/][1,6]Jnaphthyridin-6-ones struc-

turally related to ARC-111 demonstrated that the pres-
ence of one or more N-benzyl substituents on the
2-(amino)ethyl moiety significantly reduces TOP1-tar-
geting activity.?> A similar loss in activity was observed
for the 2-(N-benzylamino)ethyl and 2-(N,N-dibenzyl-
amino)ethyl amides 9f and 9g, respectively. It is of inter-
est to note that extension of the alkyl side chain from
2-carbons to 3-carbons in the case of ARC-111 resulted
in a significant loss of biological activity. In the case of
amide derivatives, a similar loss of activity was observed
when comparing the relative potency of 9a to that of the
3-(N,N-dimethylamino)propyl amide 9k. These data
suggest that the relationship between the distance be-
tween the amide nitrogen and the tertiary alkylamino
substituent may be more critical than the absolute
spatial distance of these substituents, relative to the
backbone of their polycyclic structures.

The TOPI1-targeting activities of both 2-(pyrrolidin-1-
ylethyl and 2-(4-methylpiperazin-1-yl)ethyl substituted
12-carboxamides, 9h and 9j, of 2,3-dimethoxy-8,9-meth-
ylenedioxybenzo[/Jphenanthridine were greater than
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Scheme 3. Reagents: (a) SOCl,, then RNH, (b) #v, MeCN (c) RNH,, (d) NaOH, H,0, EtOH.
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that observed for topotecan. The 2-(piperdin-1-yl)ethyl
9i was somewhat less potent as a TOP1-targeting agent
than topotecan. These data suggest that the presence of
a piperazinyl substituent does not appear to negatively
impact TOP1-targeting activity to the extent observed
previously in a comparison of various heterocycles
attached to the 2-position of the ethyl substituent of
5-ethyldibenzo[c,h][1,6]naphthyridin-6-ones.>

The more cytotoxic of the 12-carboxy esters of 2,3-dime-
thoxy-8,9-methylenedioxybenzo[i]phenanthridine evalu-
ated were 7c¢c and 7d. While these derivatives had
cytotoxicity comparable to that of topotecan in

CHoCHoN(CHg),
Oxy N~CH,CH,N(CH3),
T

Ly

(o) N/

9l

RPMI8402 and P388 cells, their relative cytotoxicity in
these cell lines was significantly less than that observed
for ARC-111. The cytotoxic activities of these varied
12-carboxy esters in RPMI18402, U937, and P388 cells
were compared to those observed with their camptothe-
cin-resistant variants. In the case of RPMI8402 and
U937, amutant form of TOP1 has been attributed to cam-
ptothecin resistance in their variant cell lines, CPT-K5
and U937/CR, respectively.?-?® The lack of expression
of topoisomerase in P388/CPT45 has been associated with
its resistance to camptothecin, relative to its parent cell
line P388.2° Cross-resistance to these cell lines by a cyto-
toxic agentisindicative of TOP1 as a principal target asso-





Table 1. TOP1-targeting activity and cytotoxicity of ester and amide derivatives of 2,3-dimethoxy-8,9-methylenedioxybenzo[i]phenanthridine-12-carboxylic acid

O X

oo
oy
O N/

Compound X TOP1 Cytotoxicity 1Csy (LM)

RPMI8402  CPT-K5 P388 P388/CPT45 U937  U937/CR KB3-1 KBV-1 + MDR1 KBH5.0 + BCRP

wt CPT-resist. CPT-resist. CPT-resist. wt
1 0.3 0.002 0.90 0.001 0.23 0.004 0.15 0.005 0.005 0.006
Ta OCH,CH; 10 0.085 >10 0.04 3.25 0.085 >10 0.06 0.31 0.12
7b OCH,CH,;N(CH;), 5.0 0.03 0.73 0.014 0.033 0.035 0.14 0.034 0.22 0.072
Tc OCH(CH;)CH,;N(CH3;), 1.0 0.03 1.0 0.02 0.02 0.007 0.03 0.055 0.10 0.065
7d OC(CHj;),CH,;N(CH3), 8 0.04 2.25 0.04 0.13 0.038 0.40 0.045 0.23 0.11
Te OCH,CH,CH,N(CHj3), 6.5 0.22 1.5 0.27 0.25 0.6 1.35 0.47 2.3 0.52
9a NHCH,CH,N(CH3), 0.5 0.003 1.0 0.003 0.32 0.006 2.15 0.005 0.22 0.06
9b NHCH(CH;)CH,N(CH3;), 0.6 0.0004 3.0 0.0007 0.77 0.002 0.35 0.003 0.32 0.02
9¢ NHCH,CH(CH3)N(CH3), 0.4 0.002 0.75 0.002 0.54 0.003 0.66 0.006 0.11 0.05
9d N(CH;)CH,CH,N(CHj3), 10 0.5 5.0 0.15 0.3 0.22 0.85 0.45 1.8 0.9
9e NHCH,CH,N(CH,CH3), 0.7 0.006 1.75 0.004 0.37 0.033 1.3 0.03 0.47 0.07
of NHCH,CH,NCHj3(Bn) 12 0.034 10 0.035 2.75 0.045 3.6 0.06 0.68 0.35
9g NHCH,CH,N(Bn), 60 0.45 >10 0.35 6.5 0.5 >10 0.5 8.0 6.5
9h N(-CH,CH,CH,CH>) 0.6 0.003 22 0.003 0.33 0.004 >1.0 0.003 0.15 0.05
9i N(-CH,CH,CH,CH,CH,-) 1.5 0.055 6.5 0.01 1.0 0.011 1.8 0.018 0.18 0.04
9j N(-CH,CH,;N(CH;)CH,CH»-) 0.3 0.065 5.0 0.045 1.35 0.075 2.25 0.1 7.5 1.5
9k NHCH,CH,CH,N(CH3), 5 0.05 2.1 0.03 0.34 0.16 2.78 0.045 4.5 0.5
91 N[CH,CH,N(CH3),)» 3 0.17 2.0 0.13 2.6 0.13 2.8 0.25 2.0 0.65
TPT 1 0.021 >10 0.045 >10 0.024 0.21 0.038 0.47 0.55

Topoisomerase I cleavage values are reported as REC, relative effective concentration, i.e., concentrations relative to topotecan, whose value is arbitrarily assumed as 1, that are able to produce the same
cleavage on the plasmid DNA in the presence of human topoisomerase I.
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Figure 2. Stimulation of enzyme-mediated DNA cleavage by topotec-
an (TPT), 7b, 7¢, 9a, and 9d using human TOPI. The first lane is the
DNA control without enzyme. The second lane is the control with
enzyme alone. The rest of the lanes contain human TOPI and serially
(10-fold each) diluted compound from 0.001 to 1.0 pM.

ciated with its cytotoxic activity. The ethyl ester 7a exhib-
ited the greatest cross-resistance in all three of these pairs
of cell lines. While 7a has the lowest intrinsic TOP1-tar-
geting activity of these ester derivatives, the fact that it
is over 80-fold more cytotoxic in P388 than in P388/CR
cells indicates that its cytotoxicity is primarily associated
with its TOP1-targeting activity. The much lower relative
resistance observed for 7b, 7¢, 7d, and 7e suggests that
mechanisms not associated with TOP1 may contribute
significantly to their cytotoxic activities. The cytotoxic
activities of the 12-carboxy esters of 2,3-dimethoxy-
8,9-methylenedioxybenzo[i]phenanthridine were also as-
sessed in KB3-1, and its two variants KBV-1 and
KBHS.0. The overexpression of the efflux transporters
MDRI1 (p-glycoprotein) and BCRP has been observed
in KBV-1 and KBH5.0, respectively.!®-3° The overexpres-
sion of these efflux transporters has been associated with
multidrug resistance. While none of these 12-carboxy es-
ters of 2,3-dimethoxy-8,9-methylenedioxybenzo[i]phe-
nanthridine appeared to be an exceptionally good
substrate for either of these efflux transporters, the cyto-
toxic activities of these analogues in KBV-1 cells were
lower. The ICs, values obtained in this variant cell line
that overexpresses MDR 1, with the exception of 7¢, were
five to seven times higher than in the parent cell line,
KB3-1.

Several of the 12-carboxamide derivatives of 2,3-dime-
thoxy-8,9-methylenedioxybenzo[i]]phenanthridine  had
greater intrinsic TOP1-targeting activity and cytotoxici-
ty than either the 12-carboxyester derivatives or topotec-
an. In RPMI8402, U937, P388, and KB3-1 cell lines,
9a—c and 9h were consistently among the more cytotoxic
analogues, with 1Csy values ranging from 1 to 6 nM.
While the 2-(piperidin-yl)ethyl amide 9i and the 2-(4-
methylpiperazin-yl)ethyl amide 9j did exhibit good
TOPI1-targeting activity, they were not as cytotoxic as
the 2-(pyrrolidin-1-yl)ethyl amide 9h. In comparing the
2-(N,N-dimethylamino)ethyl ester 7b with the 2-(V,N-
dimethylamino)ethyl amide 9a, it is evident that the
amide derivative is significantly more cytotoxic in each
of these parent cell lines. Particularly noteworthy is
the fact that several of the secondary amides clearly
mediate their cytotoxic activity primarily through inter-
action with TOPI, as indicated in differential cytotoxic-
ity observed in P388, relative to P388/CPT45. In the case

of the tertiary amides 9d and 91 and the N-benzyl deriv-
atives 9f and 9g, these analogues were significantly less
cytotoxic, which correlates with their decreased activity
as TOPI-targeting agents. In the case of 9d, it is also of
significance that this N-methyl tertiary amide exhibited
the least differential cytotoxicity between P388 and its
P388/CPT45 variant. As observed with the 12-carboxy
ester 7e, elongation of the alkyl chain from ethyl to pro-
pyl, as in 9k, with these varied aminoalkyl amides of 2,
3-dimethoxy-8,9-methylenedioxybenzo[i]phenanthridine
was associated with diminished cytotoxicity. While the
2-(piperidin-1-yl)ethyl amide 9i and the 2-(4-methylpi-
perazin-1-yl)ethyl amide 9§ did exhibit a good TOPI1-
targeting activity, they were not as cytotoxic as the
2-(pyrrolidin-1-yl)ethyl amide 9h.

The cytotoxicity of these amides in KB3-1 and its vari-
ants KBV-1 and KBHS5.0 clearly demonstrates that,
unlike ARC-111, these 12-carboxamide derivatives of 2,
3-dimethoxy-8,9-methylenedioxybenzo[/Jphenanthridine
are, in general, good substrates for MDR1. Among the
more cytotoxic derivatives, the relative difference in
cytotoxicity ranged from one to two orders of magni-
tude. Among the notable exceptions were the tertiary
amide derivatives 9d and 9l. Several of the carboxamide
derivatives were also substrates for the efflux transporter
BCRP. The diminished toxicity of 9a, 9g, 9h, 9i, 9j, and
9k in KBH5.0 as compared to KB3-1 suggests that these
derivatives are substrates for this efflux transporter.

4. Discussion

The ester derivatives 2,3-dimethoxy-8,9-methylenedioxy-
benzo[i]phenanthridine-12-carboxylic acid were, in gener-
al, isolated in lower yield, exhibited greater chemical
instability, were less active as TOPI-targeting agents,
and were less cytotoxic than several of the amide deriv-
atives that were evaluated. The comparative cytotoxicity
observed in P388 and P388/CPT45 for these esters also
suggests that mechanisms other than TOPI1-targeting
activity contribute to their cytotoxic activity. These fac-
tors, in addition to the likelihood that these esters could
be extensively hydrolyzed in vivo, diminished interest in
extending the structure-activity studies of this series of
compounds further. In contrast, several of the amide
derivatives did exhibit potent TOPI1-targeting activity
and cytotoxicity. The comparative cytotoxic activities
observed in P388 and P388/CPT45 did reveal for several
of the more cytotoxic derivatives (with ICs, values rang-
ing from 1 to 30 nM) that TOP1-targeting activity was
clearly associated with their cytotoxic activity. These
amides also exhibited good chemical stability. These
more cytotoxic amides, in contrast to ARC-111, were
substrates for MDR1 and, with the exception of 9e, were
substrates for the efflux transporter BCRP.

Thus, these carboxamides, as is the case for topotecan
and irinotecan, are substrates for efflux transporters
that have been associated with multidrug resistance.
Studies will be performed to assess the relative efficacy
of these carboxamides in vivo as novel non-camptothecin
TOP1-targeting antitumor agents. The absence of a labile
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d-lactone, as in the case of topotecan and irinotecan, that
can limit the amount of active drug and limit distribution
by virtue of the protein binding of their hydrolysis prod-
uct to serum albumin provides a basis for examining their
potential therapeutic advantages. Thus, amide deriva-
tives of 2,3-dimethoxy-8,9-methylenedioxybenzo[i]phe-
nanthridine represent a series of compounds that have
the potential for further development as novel and clini-
cally useful TOP1-targeting agents.

5. Experimental

Melting points were determined with a Meltemp capil-
lary melting point apparatus. Column chromatography
refers to flash chromatography conducted on SiliTech
32-63 um (ICN Biomedicals, Eschwege, Ger.) using
the solvent systems indicated. The photolysis apparatus
employed consisted of a 1000 ml reactor with a 450 W
mercury-vapor lamp with a 131.5 mm arc length as pur-
chased from Ace Glass, Inc. Infrared spectral data were
obtained using a Thermo-Nicolet Avatar 360 Fourier
transform spectrometer and are reported in cm™'. Pro-
ton ("H NMR) and carbon (**C NMR) nuclear magnet-
ic resonance were recorded on a Varian Gemini-200
Fourier Transform spectrometer. NMR spectra
(200 MHz 'H and 50 MHz '3C) were recorded in the
deuterated solvent indicated with chemical shifts report-
ed in 0 units downfield from tetramethylsilane (TMS).
Coupling constants are reported in hertz (Hz). Mass
spectra were obtained from Washington University Re-
source for Biomedical and Bio-organic Mass Spectrom-
etry within the Department of Chemistry at Washington
University, St. Louis, MO. All starting materials and re-
agents were purchased from Aldrich. Solvents were pur-
chased from Fisher Scientific and were of ACS grade or
HPLC grade. Methylene chloride was freshly distilled
from calcium hydride. All other solvents were used as
provided without further purification. The various
substituted amino alcohols and diamines employed,
with the exception of N,N-dimethyl-1,1-dimethyletha-
nolamine,3' N-methyl-N-benzylethylenediamine,?® and
2-(N,N-dimethylamino)propylamine, were commercially
available. Lithium aluminum hydride reduction of 2-
(dimethylamino)propionitrile’> provided 2-(N,N-dimethyl-
amino)propylamine.

4-Methyl-6,7-methylenedioxyquinoline (3). Iron (III)
chloride (54.2 g, 0.2 mol) was dissolved in glacial acetic
acid (600 ml) with warming to 60 °C. 3,4-Methylenedi-
oxyaniline (27.4 g, 0.2 mol) was added and the mixture
was stirred for 5 min. Methyl vinyl ketone (17.4 ml,
0.21 mol) was added dropwise over 5 min. Following
the completion of addition, the mixture was heated to
reflux with stirring for 1.5 h. The mixture was cooled
and the precipitate was filtered and washed with addi-
tional acetic acid. This material was then basified by
addition to cold 30% NaOH, and the resulting mixture
was filtered and air-dried. The crude material was then
extracted with chloroform (7 x 200 ml), and the com-
bined extracts were washed with 10% K,CO;
(3 x300 ml), dried (MgSQO,), and concentrated under
vacuum. The resulting material was recrystallized from

ethyl ether, yielding 16.6 g as a fluffy light beige solid,
in 44% yield; mp: 100.5-101.5 °C; "H NMR (CDCl;) 6
2.51 (s, 3H), 6.04 (s, 2H), 7.02 (d, 1H, J = 4.42, 7.13 (s,
1H), 7.32 (s, 1H), 8.52 (d, 1H, J=4.4); °C NMR
(CDCl3) ¢ 19.1, 99.3, 101.7, 106.3, 120.6, 125.0, 142.9,
146.3, 147.8, 1479, 150.2; HRMS caled for
C1HoO,N, 187.0633; found: 187.0627.

4-Formyl-6,7-methylenedioxyquinoline (4). A mixture of 3
(5.01 g, 27 mmol) in 30 ml dioxane was heated to 75 °C
and then a solution of SeO, in 5:1 dioxane—H,O (36 ml)
was added dropwise. The mixture was heated to reflux
with stirring for 4.5 h, filtered, and the filtrate was evapo-
rated. The residue was dissolved in chloroform (50 ml),
washed with water (3 x 50 ml), dried (MgSO,), and evap-
orated. The residue was chromatographed, eluted with
CHCl;, yielding 3.48 g as a beige solid in 65% yield; mp:
146.0-147.5 °C; IR (CHCls) 1702; '"H NMR (CDCls) 6
6.18 (s, 2H), 7.45 (s, 1H), 7.63 (d, 1H, J = 4.43), 8.41 (s,
1H), 8.96 (d, 1H, J=44), 10.35 (s, 1H); °C NMR
(CDCl3) 6 100.4, 102.3, 106.3, 121.4, 124.7, 135.7, 148.0,
148.3, 150.8, 151.0, 193.4; HRMS calcd for C;;H,O3N,
201.0426; found: 201.0437.

3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimeth-
oxyphenyl)acrylic acid (5). A mixture of 4 (400 mg,
2.0 mmol) and 2-iodo-4,5-dimethoxyphenylacetic acid*?
(966 mg, 3.0 mmol) in acetic acid (3.5ml) and TEA
(0.31 ml) was heated to reflux with stirring for 90 min.
The mixture was cooled to about 70 °C, poured into
water, and the resulting mixture was stirred for 30 min
with no additional heating. The entire mixture was then
evaporated under vacuum and the residue was chromato-
graphed eluting with 97:3 chloroform—methanol, to
provide 725mg as a yellow solid, in 73% yield; mp:
270.5-271.5°C; IR (KBr) 1704; '"H NMR (DMSO-d) 6
3.47 (s, 3H), 3.72 (s, 3H), 6.24 (s, 2H), 6.67 (s, 1H),
6.83 (d, 1H, J=4.7), 7.23 (s, 1H), 7.33 (s, 1H), 7.41 (s,
1H), 8.15 (s, 1H), 8.44 (d, 1H, J=4.7); HRMS calcd
for C,;H6INOGH, 506.0101; found: 506.0110.

5.1. General method for the preparation of esters of 3-(6,7-
methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimethoxyphe-
nyl)acrylic acid

3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimeth-
oxyphenyl)acrylic acid ethyl ester (6a). Thionyl chloride
(5 ml) was added dropwise to a mixture of 5 (1.51 g,
3.0 mmol) in absolute ethanol (125 ml), and the mixture
was refluxed for 5h with stirring. The mixture was
cooled and evaporated under vacuum. The residue was
dissolved in chloroform (250 ml) and washed with satd
NaHCOs; (3 x 250 ml), dried (MgSQ,), evaporated, and
chromatographed eluting with chloroform, to provide
1.59 g in 99% yield, as an orange oil; IR (CHCI;) 1713;
'"H NMR (CDCls) é 1.31 (t, 3H, J =7.0), 3.47 (s, 3H),
3.80 (s, 3H), 4.31 (q, 2H, J =17.0), 6.07 (d, 2H), 6.39 (s,
1H), 6.71 (d, 1H, J=4.6), 7.18 (s, 1H), 7.29 (s, 2H),
8.20 (s, 1H), 8.38 (d, 1H, J =4.6); '*C NMR (CDCl;)
0 14.3, 55.9, 56.1, 61.8, 88.2, 99.6, 102.0, 106.4, 113.5,
119.1, 121.4, 123.6, 132.4, 136.4, 139.2, 140.2, 146.8,
147.5, 148.5, 149.3, 150.6, 166.0, HRMS calcd for
Cy3H,0INOGH, 534.0419; found: 534.0412.
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3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimeth-
oxyphenyl)acrylic acid 2-(/V,N-dimethylamino)ethyl ester
(6b). Prepared from the crude acid chloride of 5
(250 mg, 0.50 mmol) and N,N-dimethylethanolamine
(443 mg, 4.98 mmol) in 98% yield (280 mg) as an oil;
IR (CH,CL,) 1714; '"H NMR (CDCly) 6 2.27 (s, 6H),
2.68 (t, 2H, J =5.8), 3.55 (s, 3H), 3.85 (s, 3H), 441 (t,
2H, J=15.8), 6.14 (s, 2H), 6.45 (s, 1H), 6.77 (d, 1H,
J=4.), 7.22 (s, 1H), 7.35 (s, 1H), 7.36 (s, 1H), 8.28 (s,
1H), 8.44 (d, 1H, J=4.8); 3*C NMR (CDCls) 6 45.9,
56.0, 56.2, 57.6, 64.1, 88.3, 99.6, 102.0, 106.5, 113.5,
119.1, 121.4, 123.7, 1324, 136.7, 139.0, 139.9, 146.9,
147.6, 148.5, 149.3, 150.7, 166.0; HRMS calcd for
C,5H,5IN,OgH, 577.0836; found: 577.0836.

3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimeth-
oxyphenylacrylic acid 2-(/V,N-dimethylamino)-1-methyl-
ethyl ester (6¢). Prepared from the crude acid chloride
of 5 (150 mg, 0.30 mmol) and 1-(N,N-dimethylamino)-
2-propanol (0.3 ml) in 80% yield (140 mg) as an oil; IR
(CH,CL,) 1709; 'H NMR (CDCl3) & 1.40 (d, 3H,
J=6.2), 2.31 (s, 6H), 2.55 (m, 2H), 3.57 (s, 3H), 3.87
(s, 3H), 5.28 (m, 1H), 6.16 (s, 2H), 6.49 (s, 1H), 6.79
(d, 1H, J=4.8), 7.23 (s, 1H), 7.38 (s, 1H), 7.40 (s, 1H),
8.29 (s, 1H), 8.46 (d, 1H, J=4.8); '>°C NMR (CDCl;)
0 18.5, 46.1, 56.0, 56.2, 63.8, 70.4, 88.2, 99.7, 102.0,
106.5, 113.5, 119.1, 121.3, 123.7, 132.6, 136.5, 139.1,
140.2, 146.9, 147.6, 148.5, 149.3, 150.7, 165.5; HRMS
caled for Cr4H»7IN>OgH, 591.0992; found: 591.1007.

3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimeth-
oxyphenyDacrylic acid 2-(V,N-dimethylamino)-1,1-di-
methylethyl ester (6d). Prepared from the crude acid
chloride of 5 (505 mg, 1.0 mmol) and 1-(N,N-dimethyla-
mino)-2-methyl-2-propanol  (0.7ml) in 83% yield
(500 mg) as an oil; IR (CH,Cl,) 1709; '"H NMR (CDCl;)
0 1.63 (s, 6H), 2.15 (s, 6H), 2.48 (s, 2H), 3.54 (s, 3H), 3.85
(s, 3H), 6.14 (s, 2H), 6.42 (s, 1H), 6.77 (d, 1H, J=4.4),
7.22 (s, 1H), 7.36 (s, 2H), 8.19 (s, 1H), 8.43 (d, 1H,
J=4.4); >C NMR (CDCl;) 6 24.1, 47.7, 56.0, 56.2,
68.7, 85.0, 88.3, 99.6, 102.0, 106.5, 113.5, 119.1, 121.3,
123.8, 133.0, 135.6, 139.3, 141.5, 146.8, 147.6, 148.4,
149.2, 149.3, 150.6, 165.0; HRMS calcd for Cy;Hyol-
N,OgH, 605.1149; found: 605.1156.

5.2. General procedures for preparation of alkylamino ester
derivatives of 2,3-dimethoxy-8,9-methylenedioxybenzoli]phe-
nanthridine-12-carboxylic acid: (Method A and Method B)

5.2.1. Method A. Cyclization of 3-(6,7-methylenedioxy-
quinolin-4-yl)-2-(2-iodo-4,5-dimethoxyphenyl)acrylic
esters.
2,3-Dimethoxy-8,9-methylenedioxybenzol[i]phenanthridine-
12-carboxylic acid ethyl ester (7a). A solution of 6a
(450 mg, 0.85 mmol) in acetonitrile (800 ml) was trans-
ferred to the photoreactor apparatus and was degassed
by nitrogen purge for 30 min. The solution was then irra-
diated through a Vycor filter for 45 min. The mixture was
removed from the photoreactor, and an equal portion of
6a (450 mg, 0.85 mmol) in acetonitrile (800 ml) was
reacted according to the same procedure. The cyclized
product, which had precipitated out during the course
of the reaction, was isolated by filtration and washed

with additional acetonitrile. Thorough drying provided
7a in 51% yield (348 mg) as a yellow solid; mp: 250—
251 °C (dec.); IR (KBr) 1716; "H NMR (CDCl; + 1 drop
CD;0OD) 6 1.48 (t,3H, J = 7.1), 3.98 (s, 3H), 4.13 (s, 3H),
4.53 (q, 2H, J=17.1), 6.26 (s, 2H), 7.73 (s, 1H), 7.93 (s,
1H), 8.11 (s, 1H), 8.18 (s, 1H), 8.70 (s, 1H), 10.24 (s,
1H): 3C NMR (CDCI; + 1 drop CD;0D) 6 14.2, 55.9,
56.6, 62.5, 99.5, 100.0, 102.9, 103.8, 106.6, 120.4, 121.2,
123.2, 124.7, 126.8, 131.8, 132.7, 135.0, 139.8, 1514,
151.5, 152.3, 1524, 166.7;, HRMS caled for
Cy3H9NOgH, 406.1290; found: 406.1270.

2,3-Dimethoxy-8,9-methylenedioxybenzo[i/]phenanthridine-
12-carboxylic acid 2-(V,/N-dimethylamino)ethyl ester (7b).
Prepared from 6b (220 mg, 0.38 mmol) in acetonitrile
(900 ml), reaction time (35 min), in 46% yield (79 mg) as
a yellow solid; mp: 216.5-217.5 °C; IR (KBr) 1715; 'H
NMR (CDCl) 6 2.53 (s, 6H), 3.00 (t, 2H, J = 5.7), 4.12
(s, 3H), 4.18 (s, 3H), 4.70 (t, 2H, J=5.7), 6.21 (s, 2H),
7.56 (s, 1H), 7.92 (s, IHQ, 8.14 (s, 1H), 8.50 (s, 1H), 8.98
(s, 1H), 9.89 (s, 1H); '*C NMR (CDCl3) & 29.8, 45.6,
56.0, 57.8, 62.8, 97.3, 99.3, 102.1, 106.7, 107.4, 120.8,
122.3, 123.2, 1249, 126.2, 128.5, 128.9, 142.6, 145.2,
148.9, 149.6, 150.3, 150.5, 167.5; HRMS caled for
C25H24N20(,H, 4491703, found: 449.1692.

2,3-Dimethoxy-8,9-methylenedioxybenzo[i]phenanthridine-
12-carboxylic acid 2-(/V,/N-dimethylamino)-1-methylethyl
ester (7c). Prepared from 6¢ (220 mg, 0.37 mmol) in ace-
tonitrile (900 ml), reaction time (35 min), in 24% yield
(41 mg) as a light yellow solid; mp: 211.0-211.5 °C; IR
(KBr) 1704; '"H NMR (CDCly) 6 1.54 (d, 3H, J=6.2),
241 (s, 6H), 2.55 (m, 1H), 2.85 (m, 1H), 4.11 (s, 3H),
4.19 (s, 3H), 5.54 (m, 1H), 6.21 (s, 2H), 7.57 (s, 1H),
792 (s, 1H), 8.17 (s, 1H), 8.46 (s, 1H), 8.94 (s, 1H),
9.92 (s, 1H); *C NMR (CDCl;) ¢ 18.8, 46.3, 56.1, 56.3,
64.6, 70.0, 99.3, 102.1, 106.8, 107.5, 120.9, 122.2, 122.7,
124.9, 126.2, 129.1, 129.7, 142.6, 145.3, 148.8, 149.6,
1502, 1505, 1674, HRMS caled for C26H26N206H,
463.1869; found 463.1868.

2,3-Dimethoxy-8,9-methylenedioxybenzo[i/]phenanthridine-
12-carboxylic acid 2-(/V,/N-dimethylamino)-1,1-dimethyl-
ethyl ester (7d). Prepared from 6d (220 mg, 0.36 mmol)
in acetonitrile (900 ml), reaction time (30 min), in 25%
yield (43 mg) as a yellow solid; mp: 211-212 °C (dec.);
IR (KBr) 1716; 'H NMR 6 1.79 (s, 6H), 2.47 (s, 6H),
2.89 (s, 2H), 4.12 (s, 3H), 4.18 (s, 3H), 6.19 (s, 2H),
7.55 (s, 1H), 7.90 (s, 1H), 8.15 (s, 1H), 8.41 (s, 1H),
8.84 (s, 1H), 9.89 (s, 1H); °C NMR (CDCly) 6 24.9,
45.9, 48.2, 56.0, 56.1, 85.1, 99.3, 102.1, 106.8, 107.4,
120.9, 122.0, 122.2, 124.8, 126.2, 129.2, 131.2, 142.5,
145.3, 148.8, 149.6, 150.1, 150.4, 167.4; HRMS calcd
for C,7H,gN,OgLi, 483.2107; found: 483.2126.

5.2.2. Method B. Transesterification of Sa to various ester
derivatives of 2,3-dimethoxy-8,9-methylenedioxybenzo|i]phe-
nanthridine-12-carboxylic acid.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i]phenanthridine-
12-carboxylic acid 2-(/V, N-dimethylamino)ethyl ester (7b). A
mixture of 7a (30 mg, 0.074 mmol) and N, N-dimethyletha-
nolamine (10 ml); reaction temperature 134 °C; reaction
time 12 h; 45% yield (15 mg) as a yellow solid; mp: 216.5—
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217.5 °C (dec.); IR (KBr) 1715; "H NMR (CDCl5) 6 2.53 (s,
6H), 3.00 (t, 2H, J = 5.7), 4.12 (s, 3H), 4.18 (s, 3H), 4.70 (t,
2H, J =5.7), 6.21 (s, 2H), 7.56 (s, 1H), 7.92 (s, 1H), 8.14 (s,
1H), 8.50 (s, 1H), 8.98 (s, 1H), 9.89 (s, 1H); *C NMR
(CDCly) 6 29.8, 45.6, 56.0, 57.8, 62.8, 97.3, 99.3, 102.1,
106.7, 107.4, 120.8, 122.3, 1232, 1249, 1262, 128.5,
128.9, 142.6, 145.2, 148.9, 149.6, 150.3, 150.5, 167.5; HRMS
caled for CysHo4N>OgH, 449.1703; found: 449.1692.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid 3-(V,/N-dimethylamino)propyl ester
(7e). Prepared from 7a (30 mg, 0.074 mmol) and 3-N,N-
dimethylaminopropanol (15 ml); reaction temperature
164 °C; reaction time 16 h; 35% yield (12 mg) as a yellow
solid; mp: 226.5-227.5°C (dec.); IR (KBr) 1709; 'H
NMR (CDCl3) 6 2.15-2.23 (m, 2H), 2.42 (s, 6H), 2.67
(t, 2H, J=17.6), 4.12 (s, 3H), 4.19 (s, 3H), 4.60 (t, 2H,
J=6.2), 6.21 (s, 2H), 7.59 (s, 1H), 7.94 (s, 1H), 8.19 (s,
1H), 8.52 (s, 1H), 8.98 (s, 1H), 9.94 (s, 1H); '*C NMR
(CDCly) ¢ 27.2, 29.8, 45.6, 56.1, 56.1, 56.5, 64.1, 99.3,
102.1, 106.7, 107.6, 120.9, 122.3, 123.0, 125.0, 126.3,
128.9, 129.0, 142.6, 1454, 149.0, 149.7, 150.3, 150.6,
167.6; HRMS caled for C,cH,6N>OgH, 463.1870; found:
463.1857.

5.3. General procedure for the preparation of 3-(6,7-methy-
lenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimethoxyphenyl)acryl-
ic amides

3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iod0-4,5-dimeth-
oxyphenylacrylic acid 2-(V,/N-dimethylamino)ethyl amide
(8a). The crude acid chloride of 5 (250 mg, 0.5 mmol)
was formed from thionyl chloride (4.0 ml) by heating
to reflux for 3 h. Excess thionyl chloride was removed
under vacuum. The residue was dissolved in CH,Cl,
(5.0ml) and TEA (2.0 ml), and then was treated with
N,N-dimethylethylenediamine (402 mg, 4.55 mmol).
The suspension was heated to reflux overnight and then
cooled down to room temperature. More CH,Cl, was
added, and the mixture was washed by satd NaHCO;,
water, and brine. The organic phases were dried over
sodium sulfate and evaporated, and the residue was puri-
fied by chromatography to provide 280 mg of 8a as a
sticky glue in 97% yield; IR (CH,CL) 1664; "H NMR
(CDCly) 6 2.16 (s, 6H), 2.43 (t, 2H, J=16.2), 3.42 (t,
2H, J=6.2), 3.59 (s, 3H), 3.87 (s, 3H), 6.12 (s, 2H),
6.53 (s, 1H), 6.71 (d, 1H, J=4.4), 7.25 (s, 1H), 7.34 (s,
1H), 7.41 (s, 1H), 8.28 (s, 1H), 8.41 (d, 1H, J=4.4);
13C NMR (CDCls) & 37.7, 45.2, 56.0, 56.3, 57.6, 88.6,
99.9, 102.0, 106.3, 113.5, 118.8, 121.8, 124.0, 132.0,
133.4, 139.9, 142.0, 146.8, 147.5, 148.4, 149.7, 149.8,
1506, 1650, HRMS calced for C25H26IN305Li,
582.1087; found: 582.1102.

3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iod0-4,5-dimeth-
oxyphenylacrylic acid 2-(V,/NV-dimethylamino)-1-methyl-
ethyl amide (8b). Prepared from the crude acid chloride
of 5 (250 mg, 0.5 mmol) and 1-N,N-dimethylamino-2-
propylamine (396 mg, 3.88 mmol) to provide 280 mg 8b
as a sticky glue in 98% yield; IR (CH,ClL,) 1665; 'H
NMR (CDCl;3) 6 1.24 (d, 3H, J=15.0), 2.17 (s, 6H),
2.30 (m, 2H), 3.60 (s, 3H), 3.86 (s, 3H), 4.15 (m, 1H),
6.11 (s, 2H), 6.56 (s, 1H), 6.71 (d, 1H, J =4.6), 7.24 (s,

1H), 7.32 (s, 1H), 7.43 (s, 1H), 8.26 (s, 1H), 8.40 (d,
1H, J=4.6); 3C NMR (CDCly) 6 19.0, 44.3, 45.7,
56.0, 56.2, 64.2, 88.6, 100.0, 102.0, 106.3, 113.6, 118.8,
121.8, 124.0, 132.1, 133.2, 139.9, 142.2, 146.8, 147.5,
148.3, 149.6, 149.7, 150.6, 164.8; HRMS calcd for
C6H,sIN;O5Li, 596.1234; found: 596.1264.

3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimeth-
oxyphenylacrylic acid 2-(/V,/N-dimethylamino)propyl
amide (8c). Prepared from the crude acid chloride of 5
(250 mg, 0.5 mmol) and 2-(N,N-dimethylamino)propyl-
amine (250 mg, 2.44 mmol) to provide 280 mg of 8c as
a sticky glue in 92% yield; IR (CH,Cl,) 1665; '"H NMR
(CDCly) ¢ 0.95 (d, 3H, J=6.6), 2.12 (s, 6H), 2.73 (m,
1H), 3.04 (m, 1H), 3.50 (m, 1H), 3.62 (s, 3H), 3.89 (s,
3H), 6.14 (s, 2H), 6.41 (s, 1H), 6.56 (s, 1H), 6.77 (d,
1H, J=4.5), 7.27 (s, 1H), 7.36 (s, 1H), 7.45 (s, 1H),
8.29 (s, 1H), 8.44 (d, 1H, J =4.5); '*C NMR (CDCl;)
0 10.3, 40.0, 42.7, 56.1, 56.3, 57.7, 88.6, 97.2, 100.0,
102.0, 106.4, 113.5, 118.9, 121.7, 124.0, 133.3, 133.1,
140.0, 142.1, 146.8, 147.5, 148.4, 149.6, 149.8, 150.6,
164.9; HRMS calcd for C,sH,gN;OsIH, 590.1152;
found: 590.1139.

3-(6,7-Methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimeth-
oxyphenyl)acrylic acid /N-methyl-/V-[2-(dimethylamino)eth-
yl] amide (8d). Prepared from the crude acid chloride of 5
(250 mg, 0.5mmol) and N-methyl-N-[2-(dimethylami-
no)ethylamine (408 mg, 4.00 mmol) to provide 280 mg
8d as a sticky glue in 96% yield; IR (CH,Cl,) 1627; 'H
NMR (CDCly) 6 2.33 (s, 6H), 2.46 (s, 3H), 2.65 (br,
2H), 3.54 (s, 3H), 3.66 (t, 2H, J=6.6), 3.82 (s, 3H),
6.11 (s, 2H), 6.71 (s, 1H), 6.73 (br, 1H), 7.14 (s, 1H),
7.31 (br, 2H), 7.35 (s, 1H), 8.41 (d, 1H, J=4.8); '*C
NMR (CDCls) ¢ 38.7, 45.8, 46.5, 49.9, 55.9, 56.2, 86.3,
99.6, 102.0, 106.5, 114.7, 119.5, 121.9, 123.7, 130.5,
132.9, 140.2, 142.6, 147.0, 147.5, 148.4, 1494, 1494,
150.6, 169.6; HRMS caled for CysHogIN3;OsLi:
596.1234; found: 596.1249.

5.4. General procedures for the preparation of alkylamino
amides of 2,3-dimethoxy-8,9-methylenedioxybenzo|i]phe-
nanthridine-12-carboxylic acid: Method C, Method D, and
Method E

5.4.1. Method C. Cyclization of 3-(6,7-methylenedioxy-
quinolin-4-yl)-2-(2-iodo-4,5-dimethoxyphenyl)acrylic amides.
A solution of 3-(6,7-methylenedioxyquinolin-4-yl)-2-(2-
i0do-4,5-dimethoxyphenyl)acrylic amides in acetonitrile
was transferred to the photoreactor apparatus and was
degassed by nitrogen purge for 30 min. The solution
was then irradiated through a Vycor filter. The solvent
was removed under vacuum, and the residue was puri-
fied by chromatography to provide the cyclized amides
in 58-70% yield.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid 2-(V,/N-dimethylamino)ethyl amide
(9a). A solution of 8a (220 mg, 0.38 mmol) in acetonitrile
(900 ml) was irradiated through a Vycor filter for 30 min
to give 100 mg of 9a as a yellow solid in 59% yield; mp:
226.4-227.1 °C; IR (KBr) 1654; '"H NMR (CDCl; + 1
drop CD;0D) 6 2.34 (s, 6H), 2.69 (t, 2H, J = 6.2), 3.70 (t,
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2H,J = 6.2),4.01 (s, 3H), 4.10 (s, 3H), 6.11 (s, 2H), 7.35 (s,
1H),7.75 (s, 1H), 7.79 (s, 1H), 7.93 (s, 1 H), 8.29 (s, 1H), 9.59
(s, 1H); *C NMR (CDCl; + 1 drop CD;0D) § 37.5, 45.2,
55.9, 56.0, 58.3, 99.3, 102.0, 102.1, 106.2, 106.3, 117.7,
120.8, 120.9, 123.9, 125.7, 129.6, 136.1, 141.6, 144.7,
148.7, 149.6, 149.9, 150.6, 170.0, HRMS caled for
C25H25N305H, 4481872, found: 448.1865.

2,3-Dimethoxy-8,9-methylenedioxybenzo[i/]phenanthridine-
12-carboxylic acid 2-(/V,N-dimethylamino)-1-methylethyl
amide (9b). A solution of 8b (220 mg, 0.37 mmol) in aceto-
nitrile (900 ml) was irradiated for 30 min to give 120 mg of
9b in 70% yield as a yellow solid; mp: 220.6-221.2 °C (dec.);
IR (KBr) 1644; '"H NMR (CDCl; + 6 drops of CD;0D) §
1.30 (d, 3H, J = 6.6), 2.79 (s, 6H), 2.99 (m, 1H), 3.43 (m,
1H), 3.75 (m, 1H), 3.82 (s, 3H), 3.95 (s, 3H), 5.95 (s, 2H),
7.10 (s, 1H), 7.53 (s, 1H), 7.88 (s, 1H), 7.94 (s, 1H), 8.37
(s, 1H), 9.55 (s, 1H); '*C NMR (DMSO-d) 6 19.6, 42.0,
44.0, 56.1, 56.9, 61.9, 100.5, 103.0, 103.9, 107.1, 1074,
119.0, 121.0, 121.4, 124.3, 126.1, 129.6, 136.5, 142.9,
146.8, 149.1, 150.1, 150.2, 151.3, 169.3; HRMS calcd for
C26H27N3O5Li, 468.211 1, found: 468.2095.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i]phenanthridine-
12-carboxylic acid 2-(V,/N-dimethylamino)propyl amide
(9¢). A solution of 8¢ (220 mg, 0.37 mmol) in acetonitrile
(900 ml) was irradiated for 30 min to give 110 mg of 9¢ in
60% yield as a yellow solid; mp: 220.3-220.7 °C (dec.); IR
(KBr) 1652; '"H NMR (CDCl; + 6 drops of CD;0OD) 6
1.19 (d, 3H, J = 6.6), 2.43 (s, 6H), 3.07 (m, 1H), 3.51 (m,
1H), 3.77 (m, 1H), 4.04 (s, 3H), 4.14 (s, 3H), 6.12 (s, 2H),
7.36 (s, 1H), 7.74 (s, 1H), 7.76 (s, 1H), 7.96 (s, 1H), 8.24
(s, 1H), 9.64 (s, 1H); '°C NMR (CDCl; + 6 drops of
CD;0D) ¢ 11.1, 40.4, 42.5, 55.7, 55.9, 58.6, 99.1, 102.0,
102.1, 106.0, 117.4, 120.7, 120.7, 123.7, 125.6, 129.4,
136.2, 141.3, 144.5, 148.7, 149.6, 149.8, 150.5, 170.2;
HRMS caled for C,sH,7N3OsH, 462.2029; found:
462.2034.

2,3-Dimethoxy-8,9-methylenedioxybenzo[i[phenanthridine-
12-carboxylic acid /NV-methyl-/V-[2-(V,/N-dimethylami-
no)ethyllamide (9d). A solution of 8d (220 mg, 0.37 mmol)
in acetonitrile (900 ml) was irradiated for 45 min to give
115 mg of 9d in 67% yield as a beige solid; mp: 224.5 °C
(dec.); IR (KBr) 1619; '"H NMR (CDCl; + 6 drops of
CD;0OD) 0 2.77 (s, 6H), 2.85 (s, 3H), 3.27 (br, 2H), 3.72
(br, 2H), 3.87 (s, 3H), 4.02 (s, 3H), 6.02 (s, 2H), 6.99 (s,
1H), 7.31 (s, 1H), 7.93 (s, 1H), 8.03 (s, 1H), 8.32 (s, 1H),
9.67 (s, 1H); '*C NMR (CDCl; + 6 drops of CD;0D) ¢
32.9, 37.6, 44.2, 55.2, 55.8, 56.0, 99.7, 102.1, 102.6, 104.8,
105.8, 116.9, 120.6, 121.0, 122.9, 125.8, 130.3, 141.6,
144.6, 149.0, 150., 150.4, 151.1, 171.2; HRMS calcd for
Cy6H,7N305L4, 468.2111; found: 468.2097.

5.4.2. Method D. Amide formation from 2,3-dimethoxy-
8,9-methylenedioxy-benzo|i|phenanthridine-12-carboxylic
acid ethyl ester (7a).

2,3-Dimethoxy-8,9-methylenedioxybenzoli]phenanthridine-
12-carboxylic acid 2-(/V,N-dimethylamino)ethyl amide
(9a). A solution of 7a (100 mg, 0.25mmol) in N,N-
dimethylethylenediamine (30 ml) was heated to 110 °C
for 5 days. TLC was used to monitor the reaction. After
the reaction was completed, the residual amine was re-

moved under vacuum. The residue was dissolved in
CH,Cl, (30 ml) and washed with water (3 x 10 ml) and
brine (10 ml). The organic layers were dried over sodium
sulfate, evaporated, and the residue was chromato-
graphed eluting with 3-4.5% methanol-dichlorometh-
ane to provide 60 mg of 9a in 60% yield as a yellow
solid; mp: 226.4-227.1°C; IR (KBr) 1654; '"H NMR
(CDCl; + 1 drop CD30OD) 6 2.34 (s, 6H), 2.69 (t, 2H,
J=6.2), 3.70 (t, 2H, J=6.2), 4.01 (s, 3H), 4.10 (s,
3H), 6.11 (s, 2H), 7.35 (s, 1H), 7.75 (s, IHP, 7.79 (s,
1H), 7.93 (s, 1H), 8.29 (s, 1H), 9.59 (s, 1H); '°C NMR
(CDCl; +1 drop CD5OD) ¢ 37.5, 45.2, 55.9, 56.0,
58.3, 99.3, 102.0, 102.1, 106.2, 106.3, 117.7, 120.8,
120.9, 123.9, 125.7, 129.6, 136.1, 141.6, 144.7, 148.7,
149.6, 149.9, 150.6, 170.0, HRMS caled for
C,sH,5N305H, 448.1872; found: 448.1865.

2,3-Dimethoxy-8,9-methylenedioxybenzo[i/]phenanthridine-
12-carboxylic acid 2-(/V,N-diethylamino)ethyl amide (9e).
A solution of 7a (100 mg, 0.25 mmol) in N,N-diethylethy-
lenediamine (6.0 ml) was heated to 115 °C for 2 days to
provide 43 mg of 9e in 49% yield as a yellow solid; mp:
200.3-200.7 °C (dec.); IR (KBr) 1633; '"H NMR (CDCl5)
0 1.23 (t, 6H, J=7.4), 2.84 (q, 4H, J = 7.4), 3.00 (t, 2H,
J=06.2),3.82 (t, 2H, J =6.2), 4.09 (s, 3H), 4.18 (s, 3H),
6.14 (s, 2H), 7.46 (s, 1H), 7.76 (s, 1H), 7.85 (s, 1H),
8.02 (s, 1H), 8.26 (s, 1H), 9.75 (s, 1H); '*C NMR (CDCl5)
0 11.3, 37.4, 47.4, 53.5, 56.0, 56.1, 99.3, 102.0, 102.2,
106.4, 107.1, 117.8, 120.6, 121.1, 124.0, 1259, 129.3,
142.2, 145.1, 148.6, 149.4, 149.9, 150.6, 169.8; HRMS
caled for C,7H,9N3OsH, 476.2186; found: 476.2169.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid  2-(N-benzyl-V-methylamino)ethyl
amide (9f). A solution of 7a (30 mg, 0.074 mmol) in N-
benzyl-N-methylethylenediamine (3.0 ml) was heated to
140 °C for 4 days to provide 21 mg of 9f in 54% yield
as a yellow solid; mp: 233.4-233.8 °C (dec.); IR (KBr)
1635; 'H NMR (CDCl; + 6 drops of CD;0D) § 2.37
(s, 3H), 2.76 (t, 2H, J=6.2), 3.61 (s, 2H), 3.73 (t, 2H,
J=6.2), 3.99 (s, 3H), 4.15 (s, 3H), 6.17 (s, 2H), 7.20
(m, SH), 7.47 (s, 1H), 7.74 (s, IHP, 7.75 (s, 1H), 8.02 (s,
1H), 8.20 (s, 1H), 9.73 (s, 1H); *C NMR (CDCl; + 6
drops of CD;OD) ¢ 37.5, 42.3, 55.4, 56.0, 56.1, 62.5,
99.2, 102.1, 106.3, 106.8, 117.3, 120.7, 121.1, 124.0,
125.9, 127.5, 128.5, 129.1, 129.5, 136.5, 138.3, 141.8,
145.0, 148.7, 149.6, 150.0, 150.8, 169.7;, HRMS calcd
for C3]H29N305Li, 5232267, found: 523.2241.

2,3-Dimethoxy-8,9-methylenedioxybenzo[i/]phenanthridine-
12-carboxylic acid 2-(/V,/N-dibenzyl)ethyl amide (9g). A
solution of 7a (70 mg, 0.17 mmol) in N,N-dibenzylethy-
lenediamine (5.0 ml) was heated to 145 °C for 4 days to
provide 35 mg of 9¢g in 34% yield as a yellow solid; mp:
254.3-254.8°C (dec); IR (KBr) 1635, 'H NMR
(CDCl3 + 6 drops of CD3;0D) 6 2.78 (t, 2H, J=6.2),
3.65 (br, 6H), 3.93 (s, 3H), 4.17 (s, 3H), 6.21 (s, 2H),
7.11 (m, 5H), 7.24 (m, 5SH), 7.53 (s, 1H), 7.64 (s, 1H),
7.8 (s, 1H), 8.14 (s, 2H), 9.84 (s, 1H); '*C NMR
(CDCl; + 6 drops of CD;0OD) ¢ 37.6, 51.8, 56.0, 56.2,
58.7, 99.3, 102.1, 106.3, 106.8, 117.1, 120.8, 121.2,
124.0, 126.0, 127.4, 128.5, 128.9, 129.7, 136.7, 139.0,
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142.0, 145.1, 148.9, 149.8, 150.1, 151.0, 169.6; HRMS
calcd for C37H;33N505L1, 606.2580; found: 606.2567.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid 2-(pyrrolidin-1-yl)ethyl amide (9h). A
solution of 7a (40 mg, 0.10 mmol) in 2-(pyrrolidin-1-
yl)ethylamine (3 ml) was heated to 130 °C for 2 days to
provide 31 mg of 9h in 47% yield as a yellow solid; mp:
250.3-250.6°C (dec.); IR (KBr) 1636; 'H NMR
(CDCl; + 6 drops of CD;0D) ¢ 1.86 (m, 4H), 2.73 (m,
4H), 2.93 (t, 2H, J=6.2), 3.75 (t, 2H, J=6.2), 4.03 (s,
3H), 4.13 (s, 3H), 6.14 (s, 2H), 7.44 (s, 1H), 7.82 (s,
1H), 7.86 (s, 1H), 8.03 (s, 1H), 8.37 (s, 1H), 9.71 (s,
1H); 3C NMR (CDCl; + 6 drops of CD;0D) 6 23.4,
38.6, 54.2, 55.2, 56.0, 56.1, 99.3, 102.1, 106.3, 106.5,
117.8, 120.9, 121.1, 124.1, 1259, 129.7, 136.1, 141.8,
144.9, 148.8, 149.7, 150.0, 150.7, 170.0;, HRMS calcd
for Cy7H,7N305L4, 480.2111; found: 480.2114.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid 2-(piperidin-1-yl)ethyl amide (9i). A
solution of 7a (40 mg, 0.10 mmol) in 2-(piperazin-1-
yDethylamine (3 ml) was heated to 140 °C for 2 days to
provide 35 mg of 9i in 73% yield as a light beige solid;
mp: 267.3-267.7°C (dec.); IR (KBr) 1658; '"H NMR
(CDCl; + 6 drops of CD3;0D) 6 1.53 (m, 6H), 2.60 (m,
6H), 3.70 (br, 2H), 4.00 (s, 3H), 4.10 (s, 3H), 6.11 (s,
2H), 7.38 (s, 1H), 7.76 (s, 1H), 7.79 (s, 1H), 8.00 (s,
1H), 8.29 (s, 1H), 9.66 (s, 1H); *C NMR (CDCl; + 6
drops of CD;0D) 6 24.0, 25.5, 36.7, 54.5, 55.9, 56.0,
57.8, 99.2, 102.2, 106.3, 117.6, 120.9, 121.1, 124.0,
125.8, 129.6, 136.2, 141.6, 144.8, 148.9, 149.7, 149.9,
150.7, 170.1; HRMS caled for C,gH,9N;05H, 488.2185;
found: 488.2189.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid 2-(4-methylpiperazin-1-yl)ethyl amide
(9j). A solution of 7a (40 mg, 0.10 mmol) in 2-(4-meth-
ylpiperidin-1-yl)ethylamine (3 ml) was heated to 135°C
for 2 days to provide 35 mg of 9j in 71% yield as a li%ht
pink solid; mp: 269.3-269.8 °C (dec.); IR (KBr) 1663; 'H
NMR (CDCl; + 6 drops of CD;0D) ¢ 2.30 (s, 3H), 2.76
(m, 10H), 3.76 (t, 2H, J = 6.2), 4.04 (s, 3H), 4.12 (s, 3H),
6.11 (s, 2H), 7.39 (s, 1H), 7.62 (s, 1H), 7.71 (s, 1H), 7.90
(s, 1H), 8.11 (s, 1H), 9.57 (s, 1H); '*C NMR (CDCl; + 6
drops of CD;0D) ¢ 36.8, 45.7, 52.7, 54.9, 56.0, 57.0, 98.9,
102.0, 102.2, 106.2, 106.6, 117.3, 120.6, 120.8, 123.9,
125.6, 129.3, 136.2, 141.5, 144.7, 148.7, 149.5, 149.9,
150.6, 170.0; HRMS calcd for C,gH30N4O5Li, 509.2376;
found: 509.2378.

5.4.3. Method E. Formation of amides from the acid
chloride of 2,3-dimethoxy-8,9-methylenedioxybenzoli]phe-
nanthridine-12-carboxylic acid (10).

2,3-Dimethoxy-8,9-methylenedioxybenzo[i/]phenanthridine-
12-carboxylic acid 2-(dimethylamino)ethyl amide (9a). The
acid 8 (30 mg, 0.08 mmol) was added without further
purification to thionyl chloride (10 ml) and the mixture
was heated to reflux for 4 h. The excess thionyl chloride
was removed under vacuum and N,N-dimethylethylen-
ediamine (5 ml) was added. The mixture was stirred at
ambient temperature for 30 min. The N,N-dimethylethy-
lenediamine was evaporated and the residue was dis-

solved in chloroform (25ml), washed with satd
NaHCOj3 (3 x 25 ml), and extracted with dilute aq HCI
(3 x 25 ml). The combined aqueous extracts were washed
with chloroform (2 x 25 ml), were basified (30% NaOH),
and back-extracted into ethyl acetate (3 x 30 ml). The
organic phases were dried (MgSO,4) and evaporated,
and the residue was chromatographed eluting with 96:4
chloroform-methanol, providing 18 mg as a yellow solid,
in 52% yield; mp: 226.4-227.1°C; IR (KBr) 1654; 'H
NMR (CDCl; + 1 drop CD;0D) 6 2.34 (s, 6H), 2.69 (t,
2H, J=6.2), 3.70 (t, 2H, J=6.2), 4.01 (s, 3H), 4.10 (s,
3H), 6.11 (s, 2H), 7.35 (s, 1H), 7.75 (s, lH?, 7.79 (s,
1H), 7.93 (s, 1H), 8.29 (s, 1H), 9.59 (s, 1H); '°C NMR
(CDClI; + 1 drop CD3;0D) 6 37.5, 45.2, 55.9, 56.0, 58.3,
99.3, 102.0, 102.1, 106.2, 106.3, 117.7, 120.8, 120.9,
123.9, 125.7, 129.6, 136.1, 141.6, 144.7, 148.7, 149.6,
1499, 1506, 1700, HRMS caled for C25H25N305H,
448.1872; found: 448.1865.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid 3-(dimethylamino)propyl amide (9Kk).
Prepared from the crude acid chloride of 10 (60 mg,
0.159 mmol) and N,N-dimethyl-1,3-propylanediamine
(11ml) in 45% yield as a yellow solid; mp: 220.6—
221.3°C (dec.); IR (KBr) 1635; '"H NMR (CDCl; + 6
drop CD;0D) 6 2.03 (m, 2H), 2.49 (s, 6H), 2.77 (t, 2H,
J=174), 3.63 (t, 2H, J = 6.6), 4.02 (s, 3H), 4.13 (s, 3H),
6.14 (s, 2H), 7.42 (s, 1H), 7.81 (s, 1H), 7.91 (s, 1H),
8.06 (s, 1H), 834 (s, 1H), 9.75 (s, 1H); °C NMR
(CDCl; + 6 drop CD;0D) 6 26.3, 38.4, 44.6, 44.8, 55.9,
56.1, 57.3, 99.2, 102.1, 106.3, 106.4, 117.4, 120.8, 121.0,
124.0, 125.8, 129.6, 136.3, 141.7, 144.8, 148.8, 149.7,
150.0, 150.7, 170.1; HRMS caled for C,sH,7N50sH,
462.2030; found: 462.2006.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid /N,N-bis[2-(V, N-dimethylamino)ethyl]
amide (91). A mixture of 9a (20 mg, 0.045 mmol), 2-
(N,N-dimethylamino)ethyl ~ chloride = hydrochloride
(8 mg, 0.055 mmol), and Nal (10 mg, 0.067 mmol) in
DMF (2 ml) was cooled to 0 °C, and then NaH 60% in
mineral oil (6 mg, 0.15 mmol) was added in small por-
tions. The mixture was allowed to warm to room temper-
ature, stirred for 45 min, and then transferred to an oil
bath, which was preheated to 60 °C. The reaction mixture
was then heated for 3 h, allowed to cool to room temper-
ature, and quenched by water (10 ml). Solvent was re-
moved under vacuum. The residue was diluted by
CH,Cl, (20 ml) and washed with water (10 ml x 3) and
brine (10 ml). Organic layers were dried over MgSOy
and evaporated, and the residue was chromatographed
eluting with 96:4 to 94:6 chloroform-methanol, providing
18 mg as a light yellow solid, in 78% yield; mp: 208.7—
209.2 °C (dec.); IR (KBr) 1624; '"H NMR (CDCl; + 12
drops of CD;0D) ¢ 1.59 (s, 6H), 2.16 (m, 2H), 2.24
(s, 6H), 2.64 (m, 2H), 2.99 (m, 2H), 3.57 (m, 2H), 3.78
(s, 3H), 3.93 (s, 3H), 5.95 (s, 2H), 6.99 (s, 1H), 7.21 (s,
1H), 7.68 (s, 1H), 7.91 (s, 1H), 8.07 (s, 1H), 9.55 (s,
1H); '3C NMR (CDCl; + 12 drops of CD;0D) & 42.5,
44.7, 45.0, 46.6, 55.6, 55.8, 56.2, 57.3, 99.1, 102.1, 102.4,
105.1, 105.7, 116.1, 120.3, 120.7, 123.1, 125.6, 129.9,
136.4, 141.5, 144.6, 1489, 149.9, 150.1, 151.0, 171.3;
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HRMS caled for C,yoH34N4OsH, 519.2607; found:
519.2597.

2,3-Dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-
12-carboxylic acid (10). A mixture of 7a (40 mg, 0.1 mmol)
in 10% NaOH (45 ml) and ethanol (10 ml) was heated to re-
flux with stirring overnight. The mixture was concentrated
to dryness and water (30 ml) was added. The resulting mix-
ture was acidified by the addition of acetic acid and the free
acid was then isolated by filtration. After complete drying,
32 mg (87%) was obtained as a yellow solid; mp: 277.7-
278.6 °C (dec.); IR (KBr) 1706; HRMS calcd for
C,1HsNOgLi, 384.1059; found: 384.1061.

5.5. Topoisomerase-mediated DNA cleavage assays

Human topoisomerase I was expressed in Escherichia
coli and isolated as a recombinant fusion protein using
a T7 expression system, as described previously.3* Plas-
mid YepG was purified by the alkali lysis method, fol-
lowed by phenol deproteination and CsCl/ethidium
bromide isopycnic centrifugation method as described.
The end-labeling of the plasmid was accomplished by
digestion with a restriction enzyme, followed by end-fill-
ing with Klenow polymerase as previously described.3®
The cleavage assays were performed, as previously
reported.>*37 The drug and the DNA in the presence
of topoisomerase I were incubated for 30 min at 37 °C.
After development of the gels, typically 24 h exposure
was used to obtain autoradiograms outlining the extent
of DNA fragmentation. Topoisomerase I-mediated
DNA cleavage values are reported as REC, relative
effective concentration, i.e., concentrations relative to
topotecan, whose value is arbitrarily assumed as 1.0 that
produces the same cleavage on the plasmid DNA in the
presence of human topoisomerase I.

5.6. Cytotoxicity assays

The cytotoxicity was determined using the MTT-micro-
titer plate tetrazolinium cytotoxicity assay (MTA).3840
The human lymphoblast RPMI 8402 and its camptothe-
cin-resistant variant cell line, CPT-KJ5, were provided by
Dr. Toshiwo Andoh (Aichi Cancer Center Research
Institute, Nagoya, Japan).?” The P388 mouse leukemia
cell line and its CPT-resistant TOPI-deficient variant
P388/CPT45 were obtained from Michael R. Mattern
and Randal K. Johnson (GlaxoSmithKline, PA).?° The
U937 cell line and its CPT-resistant variant U937/CR
were obtained from Dr. Eric H. Rubin (The Cancer
Institute of New Jersey, NJ).2® The KB3-1 cell line and
its multidrug-resistant variant KBV-1 were obtained
from K. V. Chin (The Cancer Institute of New Jersey,
NJ).3° The KBH5.0 cell line was derived from KB3-1
by stepwise selection against Hoechst 33342.!° The cyto-
toxicity assay was performed using 96-well microtiter
plates. Cells were grown in suspension at 37 °C in 5%
CO, and maintained by regular passage in RPMI medi-
um supplemented with 10% heat-inactivated fetal bovine
serum, L-glutamine (2 mM), penicillin (100 U/ml), and
streptomycin (0.1 mg/ml). For determination of ICs,
cells were exposed continuously for four days to varying
concentrations of drug, and MTT assays were per-

formed at the end of the fourth day. Each assay was per-
formed with a control that did not contain any drug. All
assays were performed at least twice in six replicate
wells.

Acknowledgments
This study was supported by Grant CA098127 (E.J.L.),

Grant CA39662 (L.F.L.), and Grant CA077433 (L.F.L.)
from the National Cancer Institute.

References and notes

—

Wang, J. C. Annu. Rev. Biochem. 1985, 54, 665.

2. Liu, L. Annu. Rev. Biochem. 1989, 58, 351.

3. Chen, A. Y.; Liu, L. F. Annu. Rev. Pharmacol. Toxicol.
1994, 34, 191.

4. Haiang, Y.; Lihou, M.; Liu, L. Cancer Res. 1989, 49,
5077-5082.

5. Wall, J. G.; Burris, H. A.; Von-Hoff, D. D.; Rodriquez, G.;
Kneuper-Hall, R.; Shaffer, D.; O’'Rourke, T.; Brown, T.;
Weiss, G.; Clark, G., et al. Anticancer Drugs 1992, 3, 337.

6. Burke, T. G.; Mi, Z. J. Med. Chem. 1993, 36, 2580.

7. Burke, T. G.; Mi, Z. Anal. Biochem. 1993, 212, 285.

8. Chen, A. Y.; Yu, C.; Potmesil, M.; Wall, M. E.; Wani, M.
C.; Liu, L. F. Cancer Res. 1991, 51, 6039.

9. Chu, X.;Kato, Y.;Sugiyama, Y. Cancer Res. 1997,57,1934.

10. Kawabata, S.; Oka, M.; Shiozawa, K.; Tsukamoto, K.;
Nakatomi, K.; Soda, H.; Fududa, M.; Ikegami, Y.
Sugahara, K.; Yamada, Y.; Kamihira, S.; Doyle, L. A_;
Ross, D. D.; Kohno, S. Biochem. Biophys. Res. Commun.
2001, 280, 1216.

11. Yang, C. H.; Schneider, E.; Kuo, M. L.; Volk, E. L.;
Roccchi, E.; Chen, Y. C. Biochem. Pharmacol. 2000, 60,
831.

12. Makhey, D.; Li, D.; Zhao, B.; Sim, S.-P.; Li, T.-K.; Liu,
A.; Liu, L. F.; LaVoie, E. J. Bioorg. Med. Chem. 2003, 11,
1809.

13. Li, D.; Zhao, B.; Sim, S.-P.; Li, T.-K_; Liu, A.; Liu, L. F.;
LaVoie, E. J. Bioorg. Med. Chem. 2003, 11, 521.

14. Li, D.; Zhao, B.; Sim, S.-P.; Li, T.-K.; Liu, A.; Liu, L. F.;
LaVoie, E. J. Bioorg. Med. Chem. 2003, 11, 3795.

15. Yu, Y.; Singh, S. K.; Liu, A.; Li, T.-K.; Liu, L. F.; LaVoie,
E. J. Bioorg. Med. Chem. 2003, 11, 1474.

16. Singh, S. K.; Ruchelman, A. L.; Zhou, N.; Li, T.-K.; Liu,
A.; Liu, L. F.; LaVoie, E. J. Med. Chem. Res. 2003, 12, 1.

17. Ruchelman, A. L.; Singh, S. K.; Wu, X.; Ray, A.; Yang,
J.-M.; Li, T.-K.; Liu, A.; Liu, L. F.; LaVoie, E. J. Bioorg.
Med. Chem. Lett. 2002, 12, 3333.

18. Ruchelman, A. L.; Singh, S. K.; Ray, A.; Wu, X.; Yang,
J.-M.; Li, T.-K.; Liu, A.; Liu, L. F.; LaVoie, E. J. Bioorg.
Med. Chem. 2003, 11, 2061.

19. Li, T.-K.; Houghton, P. J.; Desai, S. D.; Daroui, P.; Liu,
A. A.; Hars, E. S.; Ruchelman, A. L.; LaVoie, E. J.; Liu,
L. F. Cancer Res. 2003, 63, 8400.

20. Ruchelman, A. L.; Singh, S. K.; Ray, A.; Wu, X.; Yang,
J.-M.; Zhou, N.; Liu, A.; Liu, L. F.; LaVoie, E. J. Bioorg.
Med. Chem. 2004, 12, 795.

21. Singh, S. K.; Ruchelman, A. L.; Li, T.-K.; Liu, A.; Liu, L.
F.; LaVoie, E. J. J. Med. Chem. 2003, 46, 2254.

22. Kerrigan, J. E.; Pilch, D. S.; Ruchelman, A. L.; Li, T.-K_;
Liu, A.; Liu, L. F.; LaVoie, E. J. Bioorg. Med. Chem. Lett.
2003, 73, 3395.

23. Ruchelman, A. L.; Li, T.-K.; Liu, A.; Liu, L. F.; LaVoie,

E. J. Bioorg. Med. Chem. 2004, 2, 3731.





6794
24.
25.
26.

27.

28.

29.

30.

31.

S. Zhu et al. | Bioorg. Med. Chem.

Ruchelman, A. L.; Liu, A.; Zhou, N.; Liu, L. F.; LaVoie,
E. J. Lett. Drug Des. Discovery 2004, 1, 198.
Ruchelman, A. L.; Liu, A.; Zhou, N.; Liu, L. F.; LaVoie,
E. J. J. Med. Chem. 2005, 48, 792.

Ruchelman, A. L.; Zhu, S.; Zhou, N.; Liu, A.; Liu, L. F;
LaVoie, E. J. Bioorg. Med. Chem. Lett. 2004, 14, 5585.
Andoh, T.; Ishii, K.; Suzuki, Y.; Ikegami, Y.; Kusunoki,
Y.; Takemoto, Y.; Okada, K. Proc. Natl Acad. Sci.
U.S.A. 1987, 84, 5565.

Rubin, E.; Pantazis, P.; Bharti, A.; Toppmeyer, D.;
Giovanella, B.; Kufe, D. J. Biol. Chem. 1994, 269, 2433.
Woessner, R. D.; Eng, W. K.; Hofmann, G. A.; Rieman,
D. J.; McCabe, F. L.; Hertzberg, R. P.; Mattern, M. R.;
Tan, K. B.; Johnson, R. K. Oncol. Res. 1992, 4, 481.
Gervasoni, J. E., Jr.; Fields, S. Z.; Krishna, S.; Baker, M.
A.; Rosado, M.; Thuraisamy, K.; Hindenburg, A. A.;
Taub, R. N. Cancer Res. 1991, 51, 4955.

Anwander, R.; Munck, F. C.; Priermeier, T.; Scherer, W.;
Runte, P.; Herrann, W. A. Inorg. Chem. 1997, 36, 3545.

32.
33.

34.

35.

36.

37.

38.
39.

40.

13 (2005) 6782—6794

Luten, D. B. J. Org. Chem. 1938, 3, 588.

Olivera, R.; SanMartin, R.; Churruca, F.; Dominguez, E.
J. Org. Chem. 2002, 67, 7215.

Gatto, B.; Sanders, M. M.; Yu, C.; Wu, H.-Y.; Makhey,
D.; LaVoie, E. J.; Liu, L. F. Cancer Res. 1996, 56, 2795—
2800.

Maniatis, T.; Fritsch, E. F.; Sambrook, J. Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor
Laboratory: Cold Spring Harbor, NY, 1982, pp 149-
185.

Tewey, K. M.; Rowe, T. C.; Yang, L.; Hallogan, B. C;
Liu, L. F. Science 1984, 226, 466.

Wang, H.; Mao, Y.; Chen, A.; Zhou, N.; LaVoie, E. J;
Liu, L. F. Biochemistry 2001, 40, 3316.

Mosmann, T. J. Immunol. Methods 1983, 65, 55.
Carmichael, J.; DeGraff, W. G.; Gazdar, A. F.; Minna,
J. D.; Mitchell, J. B. Cancer Res. 1987, 47, 936.
Denizot, F.; Lang, R. J. J. Immunol. Methods 1986, 89,
271.





		Esters and amides of 2,3-dimethoxy-8,9-methylenedioxy- benzo[i]phenanthridine-12-carboxylic acid: Potent cytotoxic and topoisomerase I-targeting agents

		Introduction

		Chemistry

		Pharmacology

		Discussion

		Experimental

		General method for the preparation of esters of 3-(6,7-methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimethoxyphenyl)acrylic acid

		General procedures for preparation of alkylamino ester derivatives of 2,3-dimethoxy-8,9-methylenedioxybenzo[i]phenanthridine-12-carboxylic acid: (Method A and Method B)

		Method A. Cyclization of 3-(6,7-methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimethoxyphenyl)acrylic esters

		Method B. Transesterification of 5a to various ester derivatives of 2,3-dimethoxy-8,9-methylenedioxybenzo[i]phenanthridine-12-carboxylic acid



		General procedure for the preparation of 3-(6,7-methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimethoxyphenyl)acrylic amides

		General procedures for the preparation of alkylamino amides of 2,3-dimethoxy-8,9-methylenedioxybenzo[i]phenanthridine-12-carboxylic acid: Method C, Method D, and Method E

		Method C. Cyclization of 3-(6,7-methylenedioxyquinolin-4-yl)-2-(2-iodo-4,5-dimethoxyphenyl)acrylic amides

		Method D. Amide formation from 2,3-dimethoxy-8,9-methylenedioxy-benzo[i]phenanthridine-12-carboxylic acid ethyl ester (7a)

		Method E. Formation of amides from the acid chloride of 2,3-dimethoxy-8,9-methylenedioxybenzo[i]phenanthridine-12-carboxylic acid (10)



		Topoisomerase-mediated DNA cleavage assays

		Cytotoxicity assays



		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

sc.ENCE@D.RECT@

Bioorganic &
Medicinal
Chemistry

Bioorganic & Medicinal Chemistry 13 (2005) 6651-6662

Triketones active against antibiotic-resistant bacteria:
Synthesis, structure—activity relationships, and mode of action

John W. van Klink,*®* Lesley Larsen,*® Nigel B. Perry,*® Rex T. Weavers,"
Gregory M. Cook,® Phil J. Bremer,® Andrew D. MacKenzie®" and Teruo Kirikae®

New Zealand Institute for Crop & Food Research Ltd, University of Otago, PO Box 56 Dunedin, New Zealand
°Department of Chemistry, University of Otago, PO Box 56 Dunedin, New Zealand
“Department of Microbiology and Immunology, University of Otago, PO Box 56 Dunedin, New Zealand
4Department of Food Science, University of Otago, PO Box 56 Dunedin, New Zealand
®Department of Infectious Diseases and Tropical Medicine, Research Institute,
International Medical Center of Japan, Tokyo 162-8655, Japan

Received 29 June 2005; revised 14 July 2005; accepted 16 July 2005
Available online 1 September 2005

Abstract—A series of acylated phloroglucinols and triketones was synthesized and tested for activity against methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus faecalis (VRE) and multi-drug-resistant Mycobacterium tuber-
culosis (MDR-TB). A tetra-methylated triketone with a C;, side chain was the most active compound (MIC of around 1.0 pg/ml
against MRSA) and was shown to stimulate oxygen consumption by resting cell suspensions, suggesting that the primary target

was the cytoplasmic membrane.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Soon after the introduction of antibiotics in the 1940s,
resistant microorganisms appeared.! In recent years,
the number of bacteria with multiple resistance to drugs
now poses a serious threat to human health, with meth-
icillin-resistant Staphylococcus aureus (MRSA) a partic-
ular problem.? Natural products are a vital source of
structurally diverse compounds®* and we have been
searching for antibacterial compounds from New Zea-
land’s unique native flora.’

Natural products called B-triketones (Fig. 1) are respon-
sible for the antimicrobial activity, including activity
against MRSA, of essential oils from the New Zealand
shrub manuka, Leptospermum scoparium J. R. et G.
Forst.®? B-Triketones are rare natural products, found
mainly in trees and shrubs of the Myrtaceae family, par-

Keywords: Triketone; Phloroglucinol; Stucture—activity relations; Anti-

bacterial; Drug-resistant; Membrane; Lipophilic.
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ticularly in the genera FEucalyptus and Leptosper-
mum.'®'"" 'We have reported the syntheses of the
triketones 4, 6, 8, and 10 of manuka oil plus another
natural triketone 12 (Fig. 1).!> We now report the activ-
ities of these natural triketones, plus a series of synthetic
analogues'? and the phloroglucinols from which they
were derived, against MRSA, vancomycin-resistant
Enterococcus faecalis (VRE) and multidrug-resistant
Mycobacterium tuberculosis (MDR-TB). Evidence of
the mode of action of the most potent MRSA-inhibitory
triketone is presented.

2. Results and discussion

Sixteen triketones (Fig. 1) were prepared by the Friedel-
Crafts reaction to give C-acylated phloroglucinols
(yields 16-61%), followed by alkylation (yields 4-92%),
as described previously for syntheses of isoleptosper-
mone 6 and papuanone 12.'2

2.1. Syntheses

We found that longer alkyl chain acids gave increasing
amounts of O-acylated reaction products rather than
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OH

(0]

Phloroglucinols Triketones
R R R
1 methyl 2 methyl methyl
3 1-methylethyl 4 1-methylethyl methy! (flavesone)
5 1-methylpropyl 6 1-methylpropyl methy! (isol eptospermone)
7 2-methylpropyl 8 2-methylpropyl methy! (Ieptospermone)
9 2-phenylethyl 10 2-phenylethyl methyl (grandiflorone)
1 pentyl 12 pentyl methy! (papuanone)
13 nonyl 14 nonyl methyl
15 undecy! 16 undecyl methy!
17 pentadecy! 18 pentadecyl methy!
19 cyclohexyl 20 cyclohexyl methyl
21 2-cyclohexylethyl 22 2-cyclohexylethyl methyl
23 phenylmethy! 24 phenylmethyl methyl
25  undecyl ethyl
26 undecyl 3-methylbut-2-enyl

27 1-methylethyl

3-methylbut-2-enyl

28 undecy! 29

undecy!

Figure 1. Structures of phloroglucinols and triketones (natural product common name).

the required C-acylated products. For example, dodeca-
noic acid with phloroglucinol, AICl;, and POCI; gave
the C-acylated phloroglucinol 15 in 40% yield, after sil-
ica column chromatography to remove mono- and bis-
O-acylated products. The reaction of the hexadecanoic
(palmitic) acid under these conditions gave a 1:1 mixture
of the mono-O- and mono-C-acylated products, which
co-eluted from a silica column. Crystallisation from
dichloromethane gave the mono C-acyl compound 17
cleanly, as a white solid. Acylated phloroglucinols 23
and 28 (zFig. 1) are previously unreported, and their
'H and '*C NMR data are given in Tables 1 and 2.

There have been reports of C-acylated phloroglucinols
13 and 15 as natural products from the Myristicaceae
family,'*!5 of 17 from marine algae of the order Dictyo-
tales'® and of phloroglucinols 19 and 21 as synthetic

products.!”!® However, the NMR data reported were

incomplete, so their NMR data are also included in
Tables 1 and 2. The 'H NMR spectra of the mono-
substituted phloroglucinols all showed broad, two pro-
ton signals at about 11.9 ppm (Table 2). The signals of
2-OH and 6-OH are averaged by fast exchange between
two rotamers with an intramolecular hydrogen bond to
C=0 at 1’ (Fig. 2). The 4-OH signal is at about 9.3 ppm
due to weaker hydrogen bonding to the solvent C=0 of
acetone. The disubstituted phloroglucinol 28 shows one
strong intramolecularly hydrogen-bonded signal at
14.5 ppm, with the other two OH signals at 9.11 and
9.55 ppm (Table 2). We interpret this as being due to
the predominance of one rotamer and suggest that this
is rotamer A (Fig. 2) with the prenyl group ortho to
the hydrogen-bonded OH, as found for analogous acyl
phloroglucinols.'®
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Table 1. '*C NMR data for selected phloroglucinols
Position 13° 15° 17* 19° 21* 23% 28°
1 105.8 105.7 105.8 105.1 105.9 105.8 105.8
2 165.8 165.7 165.8 166.1 165.9 166.1 163.2
3 96.5 96.3 96.5 96.6 96.6 96.5 108.5
4 166.1 166.1 166.1 165.7 166.2 166.2 165.8
5 96.5 96.3 96.5 96.6 96.6 96.5 95.6
6 165.8 165.7 165.8 166.1 165.9 166.1 161.1
Iy 207.2 207.1 207.2 210.4 207.7 204.3 207.4
2/ 45.1 43.1 451 50.7 42.8 50.9 452
3/ 26.2 26.2 26.2 27.5 33.9 137.7 24.0
4’ 31.0° 31.0° 30.7¢ 27.5 39.2 131.3 31.0°
5 30.9¢ 30.9° 30.9¢ 31.0 34.8 129.5 31.0°
6 30.9¢ 30.9¢ 31.0° 27.5 27.8 127.7 31.0¢
7 30.7° 30.9¢ 31.0° 27.5 28.1 129.5 30.0°
8’ 333 30.8° 31.1°¢ — 27.8 131.3 30.0°
9’ 24.0 30.7° 31.1°¢ — 34.8 — 30.0°
10 15.0 333 31.1°¢ — — — 30.0°
1’ — 24.0 31.1° — — — 22.6
12 — 15.0 31.1°¢ — — — 15.0
13/ — — 31.1°¢ — — — —
14/ — — 333 — — — —
15 — — 24.0 — — — —
16’ — — 15.0 — — — —
1” — — — — — — 333
2" — — — — — — 124.9
3" — — — — — — 131.4
4" — — — — — — 26.4
5" — — — — — — 18.5
#In deuteroacetone.
®In deuterochloroform.
©Signals interchangeable within columns.
Table 2. '"H NMR data for selected phloroglucinols at 300 MHz at 25 °C
H 13° 15* 17* 19* 217 23* 28°
2-OH 11.86, br s 11.93, brs 11.85, brs 11.92, br s 11.87, br s 11.83, brs 14.15, s
4-OH 11.86, br s 11.93, brs 11.85, brs 11.92, brs 11.87, br s 11.83, brs  9.11,s
6-OH 9.33, br s 9.48, br s 9.33, br s 9.38, brs 9.32, br s 9.39, br s 9.53 s
3+5 6.02, s 6.02, s 6.01, s 6.02, s 6.02, s 6.04, s 6.15, s
2/ 3.16,t (7Hz) 3.16,t(7Hz) 3.16,t(7Hz) 3.79, tt (5, 13 Hz) 3.17,t (7THz) 4.51,s 3.17,t (7Hz)
3’ 1.76, m 1.73, m 1.76, m 2.00, br d (13 Hz), 1.47 m 1.52m — 1.77 m
4/ 142, m 1.37, m 1.38, m 1.87dt (13,3Hz), 1.40m 124 m 737 m 1.39 m
5’ 1.42, m 1.37, m 1.38, m 1.78 dm (14 Hz), 1.30 m 1.03, 1.82 m 7.31 m 1.39 m
6 142, m 1.37, m 1.38, m 1.87dt (13,3Hz), 1.40m  1.27,1.74m 731 m 1.39 m
7 1.42, m 1.37, m 1.38, m 2.00, brd (13Hz), 147m 1.76 m 7.31 m 1.39 m
8’ 142, m 1.37, m 1.38, m — 1.27,1.74 m 7.37 m 1.39 m
9’ 1.42, m 1.37, m 1.38, m — 1.03, 1.82 m — 1.39, m
10 097,t(7THz) 137, m 1.38, m — — — 1.39, m
Iy — 1.37, m 1.38, m — — — 1.39, m
12 — 0.97 t (7 Hz) 1.38, m — — — 0.98, t (7 Hz)
13'-15' — 1.38, m — — — —
16’ — — 095, t(7THz) — — — —
1” — — — — — — 3.33,d (7Hz)
2" — — — — — 5.32,t (7Hz)
4" — — — — — — 1.83,s
5" — — — — — — 1.72, s

#In deuteroacetone.
®In deuterochloroform.

Using these acylated phloroglucinols, alkylations were
carried out to form triketones. The reaction of phlorog-
lucinols with methyl iodide in methanolic sodium meth-
oxide at room temperature gave the new compounds 14,
16, 18, 20, 22, and 24 (Fig. 1) in good yield. Ethyl groups

could be added in place of the methyl groups using ethyl
iodide, to give the new tetra-ethyl product, 25. Reports
in the literature of a method of adding just one geranyl
group, to a trihydroxy-acetophenone system,'# led us to
try adding just one prenyl (i.e., 3-methylbut-2-enyl)
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Figure 2. Phloroglucinol and triketone rotamers.

group to the dodecanoic acid-derived phloroglucinol 15.
The reaction of phloroglucinol with one equivalent of
both potassium carbonate and prenyl bromide in reflux-
ing acetone gave some mono-prenylated material, which
was separated by column chromatography. This proved
to be a 1:1 mixture of O- and C-prenylated phlorogluci-
nols. However, crystallisation led to a sample of pure
new mono-C prenylated product 28. Methylation of this
compound as before led to the new mono-prenyl tri-
methyl compound 29. Complete prenylation to form
the new tetraprenyl compound 26 could be effected by
carrying out the reaction with excess potassium carbon-
ate and prenyl bromide. Similarly, the isobutyric acid-
derived phloroglucinol 3 gave the tetraprenyl triketone
27, known as a natural product from hops.?°

NMR data are reported in Tables 3 and 4. The '"H NMR
spectra of all but one triketone showed sharp one-pro-
ton singlets around 18 ppm, due to the enol tautomer
with a very strong intramolecular hydrogen bond be-
tween 2-OH and C=O0 at 1’.!2 However, the asymmetri-
cally alkylated compound 29 showed two sets of NMR
signals due to a slow exchange between two tautomeric
rotational isomers (Fig. 2). These endocyclic enol tauto-
mers have been proven to be present in the low polarity
CDCl;,'? but Kavana and Moran have shown the pres-
ence of exocyclic enol tautomers of a simpler triketone
in aqueous solution at pH 7.0.2! It would be useful to
know the tautomeric configuration of the most active
(see below) triketone 16 under these biologically relevant
conditions, but this would be experimentally difficult to
determine due to the low aqueous solubility of 16.

3. Bioactivity and mode of action

The triketones from manuka oil are much more active
against Gram-positive bacteria than Gram-negative bac-
teria®® The natural mix of triketones is reported as hav-
ing minimum inhibitory concentrations (MICs) against
MRSA of 65-125 pg/ml.” We now report on the activi-
ties of the individual pure triketones for the first time,
including the newly discovered activity against VRE
and MDR-TB. The results summarised in Table 5, for
the intermediate phloroglucinols and triketones, com-
prise MIC data and results of disc-diffusion assays

against other microorganisms. Table 5 also includes
cytotoxicity against P388 mouse leukaemia cells and cal-
culated logP, octanol/water partition coefficient
(Clog P) values.

Of the naturally occurring triketones, leptospermone 8
(Fig. 1), the main manuka oil triketone, had antibacteri-
al activity against MRSA similar to that of isoleptosper-
mone 6 and was more active than flavesone 4. Two other
natural triketones, grandiflorone 10,a minor component
of manuka oil, and papuanone 12, found in a related
Myrtaceous plant,'?> were the most active of the natural
triketones (Table 5). Of the new synthetic triketones,
compound 16 was the most active, with an MIC against
MRSA down to 0.5 pg/ml. Side-chain lengths less than
or greater than Ci,have less activity. Variation of the al-
kyl substituents on the ring of the synthetic triketone
C, analogues led to loss of activity as the substituents
increased in bulk: from tetra methyl 16 to trimethyl
prenyl 29 to tetra ethyl 25 to tetra prenyl 26 (Table 5).

The activity of the triketones against MRSA was mir-
rored in the other MIC-type antibacterial assays, against
VRE and MDR-TB (Table 5). We used the cheaper disc-
diffusion assays as an initial prescreen to the MIC-type
assays. However, inhibition zones in disc-diffusion as-
says against the Gram-positive B. subtilis did not corre-
late with MIC values (Table 5). For example, the
lipophilic tetra methyl C;, analogue 16 (MIC 0.5 pg/
ml, Clog P 5.86) showed only a small zone of inhibition
(3 mm), whereas the less potent (MIC 8 pg/ml) and more
lipophilic (Clog P 3.75) 22 showed the largest inhibition
zone recorded (12 mm). This is because size of the zone
of inhibition found in disc-diffusion assays is indicative
of both diffusion effects and antimicrobial potency.??
Bearing this in mind, the disc-diffusion data can be used
to reach some conclusions on the spectrum of antimicro-
bial activity. None of the triketones showed activity
against the Gram-negative bacterium Pseudomonas
aeruginosa (data not shown). There was a rough positive
trend between zone sizes against B. subtilis and activity
against the dermatophyte Trichophyton mentagrophytes
(Table 5). This may also be the case for the yeast Candi-
da albicans, since compound 22 with the largest zone
against B. subtilis was the only one to showC. albicans
inhibition (2 mm zone). Therefore, the spectrum of anti-
microbial activity of the individual synthetic triketones
is similar to that of the mix of natural triketones in
manuka oil.>”’

The antimicrobial activity of some of the phlorogluci-
nols was also examined. The C;, phloroglucinol 15
was the most active with an MIC about four times less
potent than that of the corresponding triketone 16. In
disc-diffusion assays, most of the phloroglucinols
showed some inhibition of both B. subtilis and T. ment-
agrophytes (Table 5). Compounds 21 and 23 also
showed activity (2 and 1 mm inhibition zones, respec-
tively) against Escherichia coli and 21 was also active
against C. albicans (data not shown). The antifungal
activities of a series of acylated phloroglucinols, includ-
ing 13 and 15, have been reported.”* These authors
found that MICs against 7. mentagrophytes were lowest





J. W. van Klink et al. | Bioorg.

Table 3. >*C NMR data for new triketones®
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Position 14 16 18 20 22 25 26 27 29° 29¢
1 109.0 109.1 109.0 108.2 109.9 109.1 111.0 113.3 112.5 110.8 110.1
2 199.1 199.0 199.1 199.8 199.0 198.3 198.3 197.0 197.8 197.7 199.1
3 52.1 52.1 52.1 52.4 52.1 51.9 61.2 60.9 61.1 56.1 51.9
4 210.0 210.0 210.2 210.0 210.0 209.7 207.8 207.5 208.3 210.2 209.8
5 56.8 56.9 56.8 57.0 56.8 56.7 65.7 65.6 65.7 57.2 61.0
6 196.8 196.7 196.8 196.9 196.8 196.7 195.7 194.8 194.5 196.5 196.2
1 204.8 204.7 204.8 207.3 205.2 201.9 204.3 204.4 207.5 204.7 204.6
2 39.2 39.2 39.2 45.1 37.5 45.0 39.3 39.4 35.5 39.4 39.3
3 25.1 25.2 25.1 29.3 325 134.1 25.1 25.1 19.2 253 25.0
4 29 44 29.4¢ 29.7¢ 25.7 36.8 129.8 29.3¢ 29.6¢ 19.2 29.6¢ 29.6¢
5 29.44 29.4¢ 29.7¢ 25.8 33.1 128.5 29.4¢ 29.64 — 29.64 29.6¢
6’ 29.3¢ 31.9¢ 29.6¢ 25.7 26.2 127.2 29.54 29.5¢ — 29.5¢ 29.59
7' 29.24 29.6¢ 29.6¢ 29.3 26.5 128.5 29.6¢ 29.4¢ — 29.44 29.4¢
8’ 31.9 29.5¢ 29.5¢ — 26.2 129.8 29.6¢ 29 44 — 29 44 29.44
9/ 22.6 29.5¢ 29.5¢ — 33.1 29.7¢ 29.34 — 29.34 29.3¢
10 14.1 32.0¢ 29.5¢ — — 31.9 31.9 — 31.9 31.9
11 — 227 29.3¢ — — 22.7 227 — 226 226
12/ — 14.1 29.34 — — 14.1 14.1 — 14.1 14.1
13/ — — 29.3¢ — — — — — — —
14/ — — 31.9 — — - — — — —
15/ — — 22.7 — — — — — — —
16/ — — 14.1 — — — — — — —
3-R
1” 243 243 243 243 243 24.3 28.2 36.8 37.0 38.9, 20.3 38.0, 20.8
2 — — — — — 9.4 118.9 118.9 117.5 118.0
3" — — — — — — — 136.2 136.3 137.1 135.8
4 — — — — — — — 25.9 25.9 25.8 25.9
5" — — — — — — — 17.9 17.9 17.7 17.8
5-R
1 23.8 23.9 239 23.9 23.8 23.6 28.2 33.8 33.7 22.2,26.1 22.3,26.2
2" — — — — — — 9.2 118.3 118.3 — —
3" — — — — — — — 134.6 134.6 — —
4" — — — — — — — 25.8 25.8 — —
5" — — — — — — — 17.8 17.8 - —
aIn CDCls.

® Major tautomer.
¢ Minor tautomer.
9 Signals interchangeable within columns.

for the Cy phloroglucinol (6.25 pg/ml), slightly higher
for the C;¢ phloroglucinol 13 (12.5 pg/ml), and much
higher for the C;, phloroglucinol 15 (>200 pg/ml).?3

Our initial structure—activity relationship (SAR) investi-
gations examined the literature of related compounds.
Bioactivities of phloroglucinols (including chalcones)
and structures resembling triketones reported previously
recognised the [-di-carbonyl system and hydrogen-
bonding parameters as being essential for activity.?*2’
Structure—activity relationships have been examined
for the antibacterial hop bitter acids with several key-
points noted: antibacterial activity was coupled to
hydrophobic activity of the compounds; and conversion
of the six-membered ring into a five-membered ring
resulted in decreased activity.?® Several studies on natu-
ral products containing a syncarpic acid residue, the
core part of the triketone skeleton, omit details of the
biological activity or quantitative assay data.?*3! It
was these studies, combined with this observation that
the naturally occurring triketones with more carbons
in the acyl side chain (R, Fig. 1) were more active

(Table 5), which led us to synthesize compounds with
longer acyl side chains.

The relationship we found between chain length and
activity against MRSA for the n-alkyl compounds paral-
lels the results reported by Kubo et al. for the activity of
simple n-alkan-1-ols and n-alkyl derivatives of salicylic
acid.??33 Their reported activity reached a maximum at
Cio: MIC 12.5 pg/ml for dodecan-1-ol and 3.13 pg/ml
for 6-n-decyl-2-hydroxy benzoic acid, compared with
that of 0.5-1.0 pg/ml for our Cy, triketone 16. In a more
recent publication, Kubo et al. examined the antibacteri-
al activity of dodecyl gallate and found that the mode of
action was effected through inhibition of the membrane
respiratory chain, observed as inhibition of O, consump-
tion by whole cells and oxidation of NADH in mem-
brane preparations.®* It was thought that a surfactant
effect is responsible for the bacterial affinities to hydro-
phobic portions of the molecules and therefore influences
their antimicrobial spectra and potency.>* Similarly, Ko-
pecky noted that n-alkyl quaternary ammonium salts are
also antimicrobial, with maximum activity for C;, to Cyg
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29°

27

26
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24

22

20
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16

14

Table 4. "H NMR data for new triketones®

18.34, s 18.38, s 18.34, s*

1841, s

17.95, s

18.34, s

18.54, s

18.37, s 18.33, s

18.34, s

2.95, m
1.65, m

3.64, sept (7 Hz)
1.15d (7 Hz)
1.15, d (7 Hz)

2.88, m

NR

2.98 t (8 Hz)

425,
1.63, m

2.98, br t (8 Hz)

1.52, m

3.50, br t (8 Hz)
1.82, br m, 1.47, m

2.94, br t (8 Hz)
1.60, m

2.98, t (8 Hz)

1.65, m

2.96 t (8 Hz)

1.63, m

1.26, m

1.25, m

1.25, m

1.28, m 721, m

1.79, br m, 1.38, m
1.72, m, 1.24, m

1.26, m 1.22, m

1.25, m

1.26, m

1.25, m

1.25, m

721, m

091, 1.69, m
1.16, 1.59, m

1.62, m

1.26, m 1.22, m

1.25, m

1.26, m

1.25, m

1.25, m

7.21, m

1.79, br m, 1.38, m

1.26, m 1.22, m

1.25, m

1.26, m

1.25, m

1.25, m

721, m

1.82, br m, 1.47, m

1.26, m 1.22, m

1.25, m

1.26, m

1.25, m

1.25, m

7.21, m

1.16, 1.59, m
0.91, 1.69, m

1.26, m 1.22, m

1.25, m

1.26, m

1.25, m

1.25, m

1.26, m 1.22, m

1.25, m

1.26, m
0.86, t (7 Hz)

1.25, m

1.25, m

1.22, m
122 m

1.26, m

0.86 t (7 Hz)

0.86, t (7 Hz)

0.86, t (8 Hz)

0.88, t (7 Hz)
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0.84, t (7 Hz)

141, s

1.44, 1.40, 1.39
1.30, 1.28, 1.26

2.50, m

1.36, s

144, s

1.43,s

1.46, s

141,s

3-M62
5-Me2

473, m
1.56%, 1.59%

1.63, 1.59

1.61, 1.58
1.56, 1.52

2// + 2///
4// + 4///

1// + l///

1.47%, 1.52%

1.56, 1.53

5// + 5///

#In CDCls, NR =not resolved.

® Tautomers not resolved, though some (*) signals broadened.

compounds, suggesting that this is due to interaction
with cytoplasmic membranes of the bacterial cells, thus
interfering with respiration and ATP synthesis.>> Alkyl
chain length of similar compounds has also been impli-
cated in other types of biological activity, including anti-
viral and antifungal activities.3®-3” However, variation of
the alkyl substituents on the ring also changes the antimi-
crobial activity. Tetraethyl triketone 25 is less active than
tetramethyl 16 and tetraprenyl 26 is much less active
(Table 5). This could be due to steric crowding of the
acidic enol group, which may be important for the bio-
logical activity.’® On the other hand, the tetra prenyl
analogue 27 was more antimicrobial than flavesone 4.
Plotting liphophilicity of the triketones, expressed as
ClogP values,’’against their antimicrobial activity
(Fig. 3) helped us to rationalize these apparently contra-
dictory substituent effects. The optimum ClogP is
around 6, corresponding to tetramethyl triketone 16.
The tetraethyl 25 analogue of 16 had a higher Clog P val-
ue (Table 5), and tetraprenyl analogue 26 is expected to
have an even higher value (compare 4 and 27, Table 5).
Flavesone 4 has a Clog P a long way from the optimum,
whereas tetraprenyl analogue 27 has a Clog P closer to
optimum.

The studies noted above and our results suggest that
the triketones may act by disrupting the cytoplasmic
membrane due to their hydrophobic nature.?® Because
vitally important energy generating systems are located
in the cytoplasmic membrane (i.e., electron transport
chain, F;Fq ATP synthase), this could lead to toxicity
against mammalian cells, and lack of selective antimi-
crobial action. Activity against the mouse leukaemia
P388 cell line did show some parallels to the antimicro-
bial activity against MRSA (Table 5), though no clear
relationship was observed. For example, the tetra ethyl
C;, compound 25 had a P388 IC5, to MRSA MIC ra-
tio of about 1:20, that is, it was apparently more cyto-
toxic than antimicrobial. On the other hand, the tetra
methyl C;y and C;, compounds 14 and 16 had ratios
of about 2:1, more favourable for selective antimicrobi-
al activity.

Activity against a range of bacteria, fungi and mamma-
lian cells showed that the triketones were relatively non-
specific in their target, consistent with the target being
the cytoplasmic membrane. We examined their mode
of action by looking at the effects of the most potent
antibacterial compound 16 on energy transduction of
S. aureus. In general, the addition of protonophores
(compounds that interact with the cytoplasmic mem-
brane), such as carbonyl cyanide m-chlorophenylhyd-
razone (CCCP), to resting bacterial cell suspensions
(oxidizing added substrate) causes a transient decline
in the membrane potential. The potential is reestab-
lished via an increase in the rate of proton pumping
through the membrane-bound respiratory chain compo-
nents, and thus a stimulation of oxygen consumption is
observed.***! However, O, consumption is stimulated
only over a narrow concentration range and may be
inhibited at high concentrations of protonophore.*?
The effect on oxygen consumption by resting cell sus-
pensions was examined and the results are presented in
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Table 5. Summary of phloroglucinol and triketone activity

Phloroglucinol MRSA®  B.sub® T.ment® P388° Triketone

MRSA® VRE' MDR-TB' B sub®

T. ment® P388° ClogP®

1 NT 1 0 >25 2 1000 NT NT 1 0 >25 0.56
3 NT 6 5 >25 4* 500-1000 >500 125 0 0 >25 1.41
5 NT 5 4 >25 6" 250 >500 125 2 1 >25 1.94
7 NT 8 8 >25 8 250 >500 125 2 3 >25 2.02
9 NT 2 0 >25 10°? 125 125 31 6 5 10.5  2.66
11 NT 6 3 10.5 12¢ 125 63 31 3 3 55  2.68
13 8-15 1 1 169 14 1-2 4 4 7 5 3.0 4.80
15°¢ 4-8 0 3 >25 16 0.5-1 4 2 3 2 1.5 5.86
17° NT 0 0 8.8 18 2-8 31 31 0 0 1.0 797
19 15-31 2 0 >25 20 15-63 250 125 0 0 209  2.60
21 4-8 4 6 >25 22 4-8 31 15 12 5 1.8 3.75
23 NT 3 4 >25 24 500 125 63 3 2 99 241
28 4-15 0 0 7.5 25 4-8 31 31 0 0 04 747
26 >500 250 125 0 0 >25 >7.5 (NA)
27 15-31 500 125 5 0 40 729
29 1-2 4 31 0 0 1.7 7.36
NT = not tested; NA = not able to be calculated.
#Naturally occuring compounds.
® Methicillin-resistant Staphylococcus aureus MIC in pg/ml, vancomycin MIC 1.6-3.1 pg/ml.
€ Bacillus subtilis inhibition zone (mm) at 60 pg/disc.
4 Trichophyton mentagrophytes inhibition zone (mm) at 60 pg/disc.
¢ IC50Hg/ml
fVancomycin-resistant Enterococcus faecalis MIC pg/ml.
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Figure 3. Comparison of MRSA activity versus calculated log P of triketones.

Figure 4a. Addition of triketone 16 (up to 30 pg/ml)
stimulated oxygen consumption in resting cell suspen-
sions that were oxidizing glucose. Identical results were
confirmed when succinate was used as the oxidizable
substrate (data not shown). Nisin, a bacterial peptide
antibiotic, has also been shown to stimulate oxygen con-
sumption by resting cells of S. aureus.*® The effect of trik-
etone 16 on the membrane potential (i.e., energized cell
membrane) of S. aureus cells was examined using tritiat-
ed tetraphenylphosphonium ions (TPP) as a probe. It
was observed that triketone 16 at the concentration test-
ed did not dissipate the membrane potential over the
time course of the assay compared to nigericin and valin-
omycin (Fig. 4b), proven inhibitors of the membrane

potential Gram-positive bacteria. When triketone 16
was incubated with cell suspensions, intracellular ATP
decreased with time, suggesting that this compound
was able to inhibit ATP production (Fig. 4c). No effect
on intracellular K™ concentration was noted (Fig. 4d).

4. Conclusions

We have sought to identify novel structures with signif-
icant activity against antibiotic-resistant Gram-positive
bacteria that could be used as therapeutic agents. The
series of naturally occurring triketones led us to new
synthetic analogues with much more potent activities
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Figure 4. Mode of action of triketone 16 with Staphylococcus aureus cells. (a) The effect of triketone 16 concentration (0-30 pg/ml) on oxygen
consumption of glucose oxidizing cells. (b) The effect of triketone 16 (10 pg/ml) on the membrane potential of S. aureus. NV = nigericin and
valinomycin added in combination at 15 mM each). (c) The effect of triketone 16 (10 pg/ml) on intracellular ATP levels. (d) The effect of triketonel6

(10 pg/ml) on intracellular potassium levels.

against MRSA, VRE and MDR-TB (Table 5).
Compound 16 with an n-alkyl C,, side chain was the
most active, apparently due to its optimum lipophilicity.
The antibacterial activity of 16 (MIC 0.5-1.0 mg/ml) is
of the same order of magnitude as the commercial anti-

biotic vancomycin, which is widely used clinically for
treating MRSA. 43

Triketone 16 was shown to stimulate oxygen consump-
tion by resting cell suspensions, suggesting that it does
indeed interact with the cytoplasmic membrane. This is
also consistent with the compounds’ ability to inhibit a
wide range of Gram-positive bacteria but not Gram-
negative bacteria in which the outer membrane may
serve as a barrier to triketone 16. Furthermore, ATP
generation was also affected by triketone 16, a process
that is carried out by the membrane-bound F;F, ATP
synthase during oxidation of succinate and requires an
intact (undisturbed) cytoplasmic membrane. Neither
the membrane potential nor intracellular potassium lev-
els were affected by triketone 16, suggesting that this
compound did not promote critical ion loss from the
cell, even though it was able to disrupt the cytoplasmic
membrane by some unknown mechanism.

5. Experimental
5.1. General experimental procedures
All solvents were distilled before use and were removed

by rotary evaporation at temperatures up to 35 °C.
Merck silica gel 60, 200-400 mesh, 40-63 um, was used

for silica gel flash chromatography. TLC was carried out
using Merck DC-plastikfolien Kieselgel 60 F254, visual-
ised with a UV lamp. Mass, UV, and IR spectra were
recorded on Kratos MS-80, Shimadzu UV 240 and Per-
kin-Elmer 1600 FTIR instruments, respectively. NMR
spectra, at 25 °C, were recorded at 300 MHz for 'H
and 75 MHz for '*C on a Varian INOVA 300 spectrom-
eter. Chemical shifts are given in ppm on the J scale ref-
erenced to the solvent peaks CHCl; at 7.25 and CDCl;
at 77.0 ppm or (CHj3),CO at 2.15 and (CD3),CO at
30.5 ppm.

5.2. Acylations

Compounds were synthesized by the method described
previously'? and the previously undescribed compounds
are characterized below:

5.2.1. 1-(2,4,6-Trihydroxyphenyl)-1-decanone (13). White
crystals (23% yield); mp 127 °C. TLC: R; 0.24 (10:1
DCM/EtOACc); UV (MeOH) Apax (loge): 230 (3.94), 282
(4.05), 320 (3.35) nm. IR (dry film): vy 3300, 1650,
1580, 1470, 1072 cm ™. EIMS (70 eV) m/z (rel. int.): 280
IM]" (32%), 181 (78) 153 (100). Anal. Calcd for
C16H2404: C, 68.57; H, 8.57. Found: C, 68.31; H, 8.64.

5.2.2. 1-(2,4,6-Trihydroxyphenyl)-1-dodecanone (15).
White crystals (25% yield); mp 134 °C. TLC: R¢ 0.50
(1:1 hexane/EtOAc); UV (hexane) An.x (loge): 286
(4.13), 226 (4.09) nm. IR (dry film) vpax: 3250, 2900,
2840, 1650, 1600, 1556, 1523, 1460, 1380, 1290, 1205,
1060, 770 cm™'. EIMS (70 eV) m/z (rel. int.): 308 [M]*
(12), 290 (10), 181 (25), 168 (49), 153 (100). Anal. Calcd
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for C;gH,304: C, 70.09; H, 9.15. Found: C, 69.83; H,
9.45.

5.2.3. 1-(2,4,6-Trihydroxyphenyl)-1-hexadecanone (17).
White crystals (16% yield); mp 129 °C. TLC: R¢ 0.27
(10:1 DCM/EtOAc); UV (MeOH) /.. (loge): 230
(3.96), 288 (4.05), 320 (3.34) nm. IR (dry film) vyay
3300, 1660, 1560, 1480, 1200 cm™~'. HR-EIMS (70 eV)
miz (rel. int.): 364.26236 [M]* (4%, C,,H340,4 calcd
364.26202), 346 (9), 236 (11), 181 (23), 168 (42), 153
(100).

5.2.4. 1-(2,4,6-Trihydroxyphenyl)-cyclohexylmethanone
(19). Oily solid (27% yield); TLC: R 0.30 (10:1 DCM/
EtOAc); UV (MeOH) Amnax (loge): 230 (4.04), 288
(4.15), 320 (3.47) nm. IR (dry film) vpa: 3290, 2929,
2853, 1702, 1631, 1605, 1451, 1214, 1174, 828 cm™ .
HR-EIMS (70 eV) m/z (rel. int.): 236.10465 [M]" (44%,
C3H;604 caled 236.10378), and 153 (100).

5.2.5. 1-(2,4,6-Trihydroxyphenyl)-3-cyclohexyl-1-propa-
none (21). White crystals (51% yield); mp 138 °C. TLC:
R 0.32 (10:1 DCM/EtOAc); UV (MeOH) /.« (loge):
230 (4.14), 288 (4.26), 320 (3.52) nm; IR (dry film) vy .x:
3308, 2923, 2851, 1704, 1632, 1605, 1453, 1234,
827cm~'. EIMS (70eV) miz (rel. int.): 264 [M]*
(10%), 246 (22), 168 (86), 153 (100). Anal. Calcd for
Ci5H,004: C, 68.18; H, 7.58. Found: C, 68.38; H, 7.68.

5.2.6. 1-(2,4,6-Trihydroxyphenyl)-2-phenylethanone (23).
White crystals (20% yield); mp 162 °C. TLC: R;0.31 (1:1
hexane:EtOAc); UV (MeOH) ..« (loge): 287 (3.96),
226 (3.84) nm; IR (dry film) vy, 3310, 2958, 1635,
1600, 1522, 1456, 1394, 1347, 1295, 1228, 1167, 1074,
975, 824, 730, 668 cm~'. EIMS (70 eV) m/z (rel. int.):
244 [M]" (12), 154 (15), 153 (100). Anal. Calcd for
C14H1,04: C, 68.18; H, 7.58. Found: C, 68.38; H, 7.68.

5.3. Alkylations

Compounds were synthesized by the method described
previously'? and the previously undescribed compounds
are characterized below.

5.3.1. 5-Hydroxy-4-(1-oxodecyl)-2,2,6,6-tetramethyl-4-
cyclohexene-1,3-dione (14). Colourless oil (73% yield);
TLC: Ry 0.28 (1:1 hexane/DCM); UV (MeOH) Apax
(loge): 278 (4.0), 238 (3.8) nm. IR (dry film) vyax:
2927, 2855, 1723, 1672, 1666, 1581, 1564, 1552,
1049 cm~'. HR-EIMS (70 eV) m/z (rel. int.): 336.23116
[M]* (30%, CyH3,04 caled 336.23006), 321 (21), 266
(62), 237 (89), 224 (63), 154 (53) 96 (100).

5.3.2. 5-Hydroxy-4-(1-oxododecyl)-2,2,6,6-tetramethyl-4-
cyclohexene-1,3-dione (16). Pale yellow oil (92% yield);
TLC: R 0.45 (9:1 hexane:EtOAc); UV (hexane) Apax
(loge): 277 (4.23), 236 (3.86) nm. IR (dry film) vyax:
2924, 1721, 1670, 1559, 1465, 1381, 1048; EIMS
(70 eV) miz (rel. int.) 364 [M]" (95), 349 (23), 346 (20),
294 (70), 237 (93), 224 (96), 209 (40), 196 (35), 167
(40), 154 (58), 113 (31), 96 (100), 81 (44), 70 (60), 69
(62), 55 (71). Anal. Caled C,,H3604: C, 72.48; H, 9.95.
Found: C, 72.52; H, 9.81.

5.3.3. 5-Hydroxy-4-(1-oxohexadecyl)-2,2,6,6-tetrameth-
yl-4-cyclohexene-1,3-dione (18). White crystals (86%
yield); mp 39 °C. TLC: R; 0.31 (1:1 hexane/DCM); UV
(MeOH) Apmax (loge): 278 (4.0), 239 (3.8) nm. IR (dry
film) vpax: 2927, 2855, 1723, 1672, 1666, 1581, 1564,
1552, 1049 cm™'; HR-EIMS (70eV) m/z (rel. int.)
420.32577 [M]" (23%, CrsH4404 caled 420.32396), 350
(32), 237 (99), 224 (79), 154 (52), 96 (100).

5.3.4. 5-Hydroxy-4-(1-oxocyclohexyl)-2,2,6,6-tetrameth-
yl-4-cyclohexene-1,3- dione (20). White crystals (54%
yield); mp 48 °C. TLC: R; 0.23 (1:1 hexane/DCM); UV
(MeOH) Anax (loge): 280 (4.1), 240 (3.8) nm. IR (dry
film) vpax: 2932, 2854, 1723, 1672, 1666, 1581, 1563,
1549, 1049 cm~'. HR-EIMS (70eV) m/z (rel. int.):
292.16837 [M]" (94%, C;7H»40, calcd 292.16746), 277
(47), 222 (56), 204 (47), 83 (100).

5.3.5. 5-Hydroxy-4-(1-oxo-ethylcyclohexyl)-2,2,6,6-tetra-
methyl-4-cyclohexene-1, 3-dione (22). Yellow crystalline
solid (58% yield); mp 45 °C; TLC: R 0.27 (1:1 hexane/
DCM); UV (MeOH) Anax (loge): 279 (4.2), 238
(4.0) nm. IR (dry film) v, 2924, 2852, 1723, 1672,
1666, 1581, 1563, 1549, 1049 cm™'. EIMS (70 eV) m/z:
320 [M]" (17%), 237 (100). Anal. Caled for C;oH»3O4:
C, 71.25; H, 8.75. Found 71.54; H, 8.74.

5.3.6. 5-Hydroxy-4-(1-oxophenylacetyl)-2,2,6,6-tetra-
methyl-4-cyclohexene-1,3- dione (24). Pale yellow oil
(90% yield); TLC: Ry 0.22 (9:1 hexane:EtOAc); UV
(MeOH) Zyax (loge) 279 (3.9), 230 (4.0) nm. IR (film)
Vmax: 2983, 2939, 1722, 1671, 1560, 1494, 1471, 1382,
1304, 1183, 1048, 964, 874, 848, 750, 701, 668 cm .
HR-EIMS 70 eV m/z (rel. int.) 300.13608 [M]" (8%,
CsH»004 caled for 300.13616), 229 (29), 209 (100),
191 (29), 139 (41), 96 (40), 91 (92), 70 (30), 69 (33).

5.3.7. 5-Hydroxy-4-(1-oxododecyl)-2,2,6,6-tetraethyl-4-
cyclohexene-1,3-dione (25). Sodium metal (0.3 g) was
slowly added to MeOH (5 ml) to form a solution. To
this was added the phloroglucinol 15 (200 mg), followed
by CH5;CH,I (5 ml). The solution was refluxed under N,
for 3 h. Addition of HCI (1 M) until just acidic, followed
by extraction into EtOAc, gave the crude product. Col-
umn chromatography over silica gel eluting with hexane
containing increasing amounts of DCM gave the tetra-
ethyltriketone 25 as a colourless oil (109 mg, 40%);
TLC: R; 0.51 (1:1 hexane/DCM); UV (MeOH) Anax
(loge) 320 sh (3.3), 281 (4.1) 238 (3.9) nm. IR (dry film)
Vmax: 2926, 2854, 1711, 1668, 1666, 1581, 1564, 1552,
1068 cm~'. HR-EIMS (70 €V) m/z (rel. int.): 420.32390
[IM]" (2%, CysHs4O4 caled 420.32396), 391 (42), 265
(12), 237 (54), 149 (26), 111 (40), 57 (100).

5.3.8. 5-Hydroxy-4-(1-oxododecyl)-2,2,6,6-tetrakis(3-
methyl-2-butenyl)-4-cyclohexene-1,3-dione  (26) and
1-(2,4,6-trihydroxyphenyl)-3-(3-methyl-2-butenyl)-1-
dodecanone (28). To a stirred suspension of K,CO;
(240 mg) and phloroglucinol 15 (0.5 g) in dry acetone
(5 ml) was added prenyl bromide (270 pl), and the mix-
ture was refluxed for 5 h. The solvents were removed in
vacuo to give an orange solid. Column chromatography
over Si gel eluting with hexane containing increasing
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amounts of DCM and then EtOAc first gave 26 as a col-
ourless oil (40 mg, 4%); TLC: R; 0.66 (1:1 hexane/
DCM); UV (MeOH) .« (loge): 283 (3.9), 235 (3.8),
201 (4.2)nm. IR (dry film) vp.: 2925, 2855, 1712,
1672, 1666, 1581, 1564, 1549, 1038 cm~'. HR-EIMS
(70 eV) miz (rel. int.): 580.44942 [M]* (1.3%, C3sHgoO4
calcd 580.44986), 511 (21), 443 (47), 387 (100); Followed
by a mixture of C and O mono-prenyl compounds
(227 mg, 37%). Recrystallisation from DCM gave 28
as a white crystalline solid (82 mg, 13%); mp 114 °C
TLC: Rf 0.54 (10:1 DCM/ EtOAc); UV (MeOH) Apax
(loge) 325 (3.2), 290 (4.1), 226 (3.9), 202 (4.1) nm. IR
(dry film) vpae 3450, 1622, 1460, 1250, 1080 cm .
HR-EIMS (70 eV) m/z (rel. int.) 376.26253 [M]* (12%,
Cy3H3604 caled 376.26136), 359 (100), 321 (15), 221
(30) 165 (35).

5.3.9. 5-Hydroxy-4-(2-methyl-1-oxopropyl)-2,2,6,6-tetra-
kis(3-methyl-2-butenyl)-4-cyclohexene-1,3-dione 7).
Phloroglucinol 3 (100 mg) was reacted with K,CO;
(0.5 g) and prenyl bromide (0.2 ml) in acetone. Column
chromatography over Si gel eluting with hexane con-
taining increasing amounts of DCM gave 27 as a colour-
less oil (67 mg, 28%); TLC: R; 0.58 (1:1 hexane/DCM);
UV (MeOH) Anax (log ¢): 284 (4.1), 234 (4.0), and 202
(4.3)nm. IR (dry film) vy, 2968, 2926, 1713, 1672,
1666, 1581, 1564, 1549, 1062 cm™~'. HR-EIMS (70 V)
mlz (rel. int.): 468.32438 [M]" (1%, CsyHasO4 caled
468.32528), 399 (24), 331 (34), 275 (100).

5.3.10. 5-Hydroxy-4-(1-oxododecyl)-2,2,6-trimethyl-6-(3-
methyl-2-butenyl)-4- cyclohexene-1,3-dione (29). Sodium
metal (0.15 g) was slowly added to MeOH (3 ml) to form
a solution. To this was added the phloroglucinol 28
(50 mg), followed by CH;I (3 ml). The solution was re-
fluxed under N, for 3 h. Addition of HCI (1 M) until just
acidic, followed by extraction into EtOAc, gave the
crude product. Column chromatography over Si gel
eluting with hexane containing increasing amounts of
DCM gave 29 as a colourless oil (45 mg, 82%); TLC:
R; 0.42 (1:1 hexane/DCM); UV (MeOH) A,.x (loge)
279 (3.9), 238 (3.7) nm. IR (dry film) v .. 2926, 2854,
1721, 1672, 1666, 1580, 1564, 1549, 1034 cm '. HR-
EIMS (70 eV) m/z (rel int.): 418.30909 [M]" (10%,
CyH4204 caled 418.31096), 375 (14), 350 (35), 322
(16), 293 (17), 69 (100).

5.4. Biological assays

MRSA assays: were performed against methicillin-resis-
tant Staphylococcus aureus (SRL 62.537) with methicil-
lin MIC of greater than or equal to 128 pg/ml and an
oxacillin MIC in the range of 64 to greater than
128 pg/ml. Minimum inhibitory concentrations (MICs)
were determined by preparing doubling dilutions of each
test sample in Mueller—Hinton broth containing 0.5%
Tween 80. Each dilution was then inoculated with a
standard inoculum of an overnight culture of bacteria
adjusted so that each test received 3 x 10°-5 x 10° CFU
(colony-forming units)/ml. All tests were performed in
duplicate or triplicate with control growth controls
(liquid medium plus inoculum) and sterility controls
(liquid medium plus test sample only). A positive

control was performed using vancomycin (MIC
1.25 pg/ml). The MIC was defined as the lowest drug
concentration that prevented visible growth.

Anti-mycobacterial assays: were performed against mul-
ti-drug resistant Mycobacterium tuberculosis (MDR-
TB). A clinical isolate of MDR-TB (IMCJ945),
obtained from International Medical Center of Japan
Hospital, was subcultured on 1% Ogawa agar medium
(Kyokuto Seiyaku Co. Ltd. Tokyo, Japan). The isolate
IMCJ945 was resistant to isoniazide, rifampicin, eth-
ombutol, streptomycin, kanamycin, ethionamide and
p-aminosalicylic acid. Bacterial suspensions were incu-
bated at 37 °C in 7H9GC broth (4.7 g of Middlebrook
7HO broth base, BBLTM Middlebrook OADC Enrich-
ment; 8.5 g NaCl, 50.0 g bovine albumin, 20.0 g dex-
trose, 0.03 g catalase and 0.6 ml oleic acid in 1.0 1 H,O
containing 2.0 ml glycerol) so that their turbidities
matched that of a McFarland no. 1 turbidity standard.
One hundred microlitres of 7H9 GC broth was added
to all outer-perimeter wells of sterile 96-well plates to
minimize evaporation of the medium in the test wells
during incubation. Next, 100 ul of 2 x drug solutions
was added to the first wells. By using a multichannel pip-
ette, 100 pl was transferred from first well to next well,
and the contents of the wells were mixed well. Identical
serial 1:2 dilutions were continued through final wells,
and 100 pl of excess medium was discarded from the fi-
nal wells. Final drug concentration ranges were 2—
125 pg/ml. Ten microliters of M. tuberculosis inoculum
was added to all the wells (yielding a final volume of
210 pl per well). The wells filled with 7H9 GC broth
served as drug-free (inoculum-only) controls. The plates
were sealed with Parafilm and were incubated with CO,
at 35 °C for 7 days. The MIC was defined as the lowest
drug concentration that prevented visible growth. A po-
sitive control was performed using rifampicin (MIC
0.02 pg/ml for TB, >12.5 pg/ml for MDR-TB).

VRE assays: A vancomycin-resistant strain of Entero-
coccus faecalis ATCC 700802 was obtained from the
American Type Culture Collection. One hundred micro-
litres of the compounds in solution was serially diluted
into Mueller—Hinton broth by using a 96-well microtitre
plate. After the constituents were diluted, a 10 pl aliquot
of the test isolate (5 x 10° CFU/ml) was added to each
well of the microtiter plate. Inocula of the test organisms
were prepared from colonies grown on Mueller—-Hinton
plates, incubated for 20-24 h. Colonies were suspended
in 0.9% saline to obtain a suspension equivalent to the
turbidity of a 0.5 McFarland standard and diluted fur-
ther 1:20 in 0.9% saline within 15 min. This provided a
final inoculum density of approximately 5x 103 CFU/
ml in the wells of the microdilution panels. The inoculat-
ed plates were incubated at 35 °C in ambient air for 18—
24 h. The MIC was defined as the lowest drug concen-
tration that prevented visible growth.

Antimicrobial disc-diffusion assays: were performed
against Bacillus subtilis (ATCC Strain number 19659),
positive control 30 pg/disc chloramphenicol (12 mm
zone), Escherichia coli (25922), positive control 10 pg/
disc gentamicin (10 mm zone), Candida albicans
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(14053), positive control 100 units/disc nystatin (12 mm
zone), Trichophyton mentagrophytes (28185), positive
control 100 units/disc nystatin (6 mm zone), Pseudomo-
nas aeruginosa (27853), positive control 10 pg/disc gen-
tamicin (10 mm zone) and Cladosporium resinae
positive control 100 units/disc nystatin (10 mm zone).
Solutions of compounds for assay were dried onto
6 mm filter paper disks, which were then placed onto
seeded agar petri dishes and incubated. Activity showed
as a zone of inhibition around the disc, with its width
recorded from the edge of the disc in millimeters.

For the P388 assay, a twofold dilution series of the sam-
ple was incubated for 72 h with murine leukaemia cells
(ATCC CCL 46 P388DI1). The concentration of the
sample required to inhibit cell growth to 50% of the
growth of a solvent control was determined using
the absorbance obtained upon staining with MTT tetra-
zolium. As a positive control for this assay, mitomycin C
at a concentration of 0.06 pg/ml inhibited the growth of
P388 cells by 43-75%.

5.4.1. Effect of triketone 16 on oxygen consumption.
Staphylococcus aureus ATCC25923 cells in the exponen-
tial phase of growth (tryptic soy broth, TSB) were har-
vested by centrifugation, washed twice with 100 mM
sodium phosphate buffer (pH 7.0) and then resuspended
to a final ODgyy of 0.2-1.0. A Clark-type oxygen elec-
trode (Digital Model 10, Rank Brothers Ltd, England)
was employed to measure the oxygen consumption
rates. When oxygen consumption had reached steady
state, measurement of respiration began by the addition
of either glucose or succinate (final concentration
20 mM). After 5 min, steady-state respiration, triketone
16 was added to the chamber at a final concentration of
10 pg/ml. Identical experiments were performed over a
range of triketone 16 concentrations. The same process
was performed with cells grown to ODgo 0.2 and
ODygg 0.5, testing the cells with 10, 20 and 30 pg/ml
triketone 16.

5.4.2. Effect of triketone 16 on the membrane potential
(AY). The Ay was determined on mid-log phase cultures
(grown at pH 7.0) that were harvested by centrifugation
(8000g, 20 min, 4 °C) and washed twice in 100 mM sodi-
um phosphate buffer (pH 7.0). Cells were energized with
20 mM glucose for 15 min, followed by the addition of
[*H]TPP* (1 uM final concentration). After incubation
for 10 min at 37 °C, the cultures were centrifuged
through 0.35 ml silicon oil (BDH Laboratory Supplies,
Poole, England) in 1.5ml microcentrifuge tubes
(13,000 x g, Smin, 22°C) and 20 ul samples of the
supernatant were removed. The tubes and contents were
frozen (—20 °C), and cell pellets were removed with dog
nail-clippers. Supernatant and cell pellets were dissolved
in scintillation fluid and counted. The silicon oil mix was
a 40 % mixture of phthalic acid bis(2-ethyl-hexyl ester)
and 60 % silicone oil (40 % part mixture of DC200/
200 silicone oil and 60 % DC 550). Silicon oils were left
overnight at room temperature to equilibrate. Non-spe-
cific TPP* binding was estimated from cells that had
been treated with valinomycin and nigericin (15 uM
each) for 25 min.

5.4.3. Effect of triketone 16 on intracellular ATP levels
and K*. ATP was extracted from glucose-energized
cell suspensions (100 mM potassium phosphate buffer,
pH 7.0, and 5mM MgCl,), with and without the
addition of triketone 16, by perchloric acid and
KOH/NaHCO; treatment and frozen at —70 °C. Prior
to analysis, samples were thawed and the potassium
perchlorate was removed by centrifugation (13,000g,
5min, 22 °C). ATP was determined by the luciferin—
luciferase method.** The samples (50 pl) were then
diluted in 400 pl of 40 mM Tris-acetate buffer (pH
7.75) containing 2mM EDTA and 50 mM MgCl,.
The luciferase reaction was initiated by adding 50 ul
of a purified luciferin-luciferase mix to 450 pl of the
diluted extract, according to the supplier’s recommen-
dations (Sigma). Light output was immediately mea-
sured with a luminometer (Model LB953, Eg and G
Berthold) using ATP as a standard.

Internal K* measurements were performed on glucose-
energized cells that were separated from the external
medium by silicon oil centrifugation (see above). For
all samples, the cell pellets and supernatant samples
were digested at room temperature for 24h in 3 N
HNO;. Potassium concentrations were determined by
flame photometry. Corrections were made for extracel-
lular contamination of the cell pellet by K.
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Abstract—The synthesis and NMDA receptor affinity of ring and side-chain homologues of etoxadrol and dexoxadrol are described.
For the regioselective synthesis of etoxadrol homologues, the regioisomeric 4-azidobutanediols (£)-9 and (+)-14 were employed. A
synthesis of the enantiomerically pure azidobutanediols (S)-, (R)-9 and (S)-, (R)-14 was developed and the homochiral building
blocks were used for the synthesis of enantiomerically pure etoxadrol and dexoxadrol homologues. The affinity of the racemic
and enantiomerically pure primary amines toward the phencyclidine binding site of the NMDA receptor was investigated in receptor
binding studies with tritium labeled [*H]-(+)-MK-801 as radioligand. Benzaldehyde derivatives (+)-12a, (*)-13a, and (+)-16a bear-
ing a proton at the acetalic position do not interact significantly with the NMDA receptor. An enantioselective NMDA receptor
binding was observed for the trans-configured 2-(2-ethyl-2-phenyl-1,3-dioxolan-4-yl)ethanamine 13b, the (2-ethyl-2-phenyl-1,3-diox-
an-4-yl)methanamine 16b, and the (2,2-diphenyl-1,3-dioxan-4-yl)methanamine 16c. The NMDA receptor affinity of these com-
pounds resides almost exclusively in the (S)-configured enantiomers (25,4S5)-13b, (25,45)-16b, and (4S)-16¢c. The lowest K;-value
in this series was found for the (25,4S5)-configured 1,3-dioxolane (2S5,45)-13b (K; = 69 nM), which is in the range of the Kj-value
of the lead compounds etoxadrol and dexoxadrol, indicating that the 2-aminoethyl and the piperidin-2-yl substituents lead to similar

NMDA receptor interactions.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The physiological activity of the excitatory amino acid
neurotransmitter (S)-glutamate is communicated by
interaction with ionotropic (NMDA, AMPA, and kai-
nate) and metabotropic receptors (mGluR 1-mGIuRS8).!
Among these receptors, the NMDA receptor, which is
selectively activated by N-methyl-p-aspartate (NMDA),
is best characterized. The NMDA receptor is highly sen-
sitive to Mg**-ions, which have been shown to block the
ion channel of the NMDA receptor in a voltage-depen-
dent manner.>?

Cloning of the subunits of the ionotropic glutamate
receptors resulted in six different NMDA receptor sub-
units, which are termed NR1, NR2A-D, and NR3A.

Keywords: Non-competitive NMDA receptor antagonists; Enantio-

merically pure azidobutanediols; 1,3-Dioxolanes; 1,3-Dioxanes; Ster-

eoselective receptor binding.
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Additionally, several splice variants have been identi-
fied. Whether a functional NMDA receptor consists of
four or five subunits still remains to be elucidated.
Although the precise subunit composition of the
NMDA receptor complex is still unclear, it is well estab-
lished that a functional ion channel is formed by a het-
eromeric arrangement of at least one NR1 subunit and
one NR2 subunit.!*>

The physiological activation of the NMDA receptor is
important for the development of neurons and thus asso-
ciated with processes, such as learning and memory. How-
ever, an overactivation of the NMDA receptor leads to an
increased influx of Ca”*-ions into neurons, resulting in
damage of the neuronal cells (excitotoxicity). Therefore,
compounds blocking the excessive influx of Ca**-ions
into neurons are of major interest as neuroprotective
agents, which may be used for the therapy of cerebral
ischemia (stroke), epilepsy, and trauma (brain injury).
Moreover, permanent increased activation of NMDA
receptors has been discussed to be involved in the
development of chronic neurodegenerative disorders,
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for example, Parkinson’s disease, Alzheimer’s discase,
amyotrophic lateral sclerosis, and alcohol dependency.
Altogether, the NMDA receptor represents an interesting
target for the development of novel drugs for the therapy
of neurological disorders. -

The opening of the NMDA receptor-associated cation
channel is controlled by various ligands interacting with
different binding sites at the receptor. The receptor com-
prises binding sites for glutamate, glycine, polyamines,
Zn**, Mg®*, H", and phencyclidine (PCP).> Our interest
has been focused on the PCP binding site that is located
within the cation channel. Compounds interacting with
the PCP binding site work as non-competitive NMDA
receptor antagonists by blocking the cation channel
and inhibiting the influx of Ca**-ions.

In 1966, the 1,3-dioxolane derivative 1 (dexoxadrol,
Fig. 1) was synthesized and pharmacologically evaluated
as a local anesthetic and general anesthetic drug.”® Dur-
ing clinical evaluation, it became obvious that non-toler-
able side effects (retrograde amnesia, psychotomimetic
effects) are associated with the application of dexoxa-
drol. These observations have led to termination of clin-
ical development. After the PCP receptor’ has been
postulated as a target system for phencyclidine and
related compounds, it was shown that dexoxadrol binds
with high affinity toward this receptor. Later on, it
became clear that the PCP receptor is not a unique
receptor but a binding site within the NMDA
receptor-associated ion channel.’

There are only few studies concerning the relationship
between the structure of dexoxadrol analogues and their
NMDA receptor affinity.>!° Etoxadrol (2, Fig. 1) repre-
sents an analogue with a similar NMDA receptor affin-
ity.!! The last detailed structure-affinity relationship
study with dexoxadrol and its analogues has been de-
scribed by Thurkauf et al. in 1992.° This is surprising
since the lead structures dexoxadrol and etoxadrol rep-
resent chemically very interesting compounds with two
or three stereogenic centers and two heterocyclic systems
(1,3-dioxolane, piperidine) allowing numerous structural
modifications.

Recently, we have described a structure NMDA recep-
tor affinity study of novel dexoxadrol homologues (*)-
3 and (*)-4 with various amino substituents NR,
(Fig. 2). In both series (*)-3 and (*)-4, the benzophe-
none acetal substructure was conserved and the piperi-
dine ring was replaced by an amino moiety. Whereas
in compound (*)-3, the distance between the basic ami-

H H
"o "o
H H

1 (dexoxadrol) 2 (etoxadrol)

'y,

Figure 1. Structures of the lead compounds dexoxadrol and etoxadrol.

®)3 ()4

Figure 2. Dexoxadrol homologues with various amino substituents.

no group and the 1,3-dioxolane ring was extended by
one carbon atom (side-chain homologue of dexoxadrol),
in compound (*)-4 the oxygen heterocycle was extended
to a six-membered 1,3-dioxane (ring homologue of dex-
oxadrol). It was found that in both series of homologues
the primary amines (NR, = NH,) possess the highest
affinity toward the PCP binding site of the NMDA
receptor. Introduction of a secondary or a tertiary ami-
no substituent into ()-3 and (£)-4 led to a decreased
receptor affinity of the ligands.'?

In this communication, we describe the synthesis of ana-
logues of 3 and 4 with various substituents at position 2
of the oxygen-containing heterocycles. In particular, we
are interested in propiophenone acetals, which are simi-
lar to the NMDA receptor antagonist etoxadrol (2), and
in benzaldehyde acetals bearing only one carbon substi-
tuent at the acetalic position. Different substituents in
position 2 result in an additional center of chirality.
Therefore, the influence of the configuration of novel
1,3-dioxolanes and 1,3-dioxanes on the NMDA receptor
affinity is a special aspect of this report.

2. Chemistry

At first, the synthesis of the etoxadrol homologues 12b,
13b, and 16b was planned to proceed in analogy with the
synthesis of the dexoxadrol homologues 3 and 4 by con-
densation of propiophenone dimethyl acetal (5b)!? with
racemic butane-1,2,4-triol (£)-6, which led to a mixture
of regioisomeric and diasterecomeric acetals (+)-7b and
(£)-8b (Scheme 1). In contrast to the transacetalization
of benzophenone dimethyl acetal, the regioselectivity

OCH, OH OH
+ @
I\/I\/OH - >
H,C OCH,

5b (*)-6
i * On\
o
3\/\ OH
H,C o OH H,C
(*)-7b ()-8b

Scheme 1. Reaction conditions: (a) see Table 1.
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Table 1. Regio- and diastereoselectivity during the transacetalization of propiophenone dimethyl acetal (5b) with butane-1,2.4-triol (+)-6

Entry Temperature (°C) Time (h) Ratio 7b:8b Ratio cis-7b:trans-Tb Total yield (%)
1 20 1.5 78:22 48:52 69
2 20 24 79:21 51:49 73
3 66 3 80:20 57:43 81
4 66 24 88:12 35:65 64

of this transformation was only slightly influenced by
the reaction conditions. At room temperature, the 1,3-
dioxolanes (*)-7b and the 1,3-dioxane (£)-8b were
formed in the ratio 78:22 (Table 1, entry 1), whereas
heating of the reaction mixture to 66 °C for 24 h led to
the regioisomers (+)-7b and (£)-8b in a ratio of 88:12
(Table 1, entry 4). In addition to the low control of reg-
ioselectivity, the chromatographic separation of the reg-
ioisomeric acetals (£)-7b and (%)-8b was very difficult
and provided the desired alcohols (+)-7b and (%)-8b in
only moderate yield. Therefore, an alternate synthesis
was performed.

Recently, we have described the selective synthesis of the
regioisomeric azidobutanediols (*)-9 and (#)-14.'4
These building blocks were employed for the selective
construction of the five- and six-membered acetals 12,
13, and 16. Transacetalization of propiophenone
dimethyl acetal (Sb) with 4-azidobutane-1,2-diol (%+)-9
afforded the cis- and trams-configured 1,3-dioxolanes
(£)-10b and (£)-11b in the ratio 1:1 (Scheme 2). The dia-

oL
R ocH,
5a,b,c (#)-9
\@H
e

(+)-10a,b (cis)

H,, Pd/Cl

(x)-11a,b (trans)

H,, Pd/Cl
R O
\4 NH,

N (0] H

(#)-12a,b (cis) (+)-13a,b (trans)

Scheme 2.

stereomeric dioxolanes were separated by flash chroma-
tography and subsequently reduced by H, and Pd/C to
provide the cis- and trans-configured primary amines
(£)-12b and (£)-13b. (The stereodescriptors cis and trans
define the relative configuration of the phenyl and ami-
noethyl substituents.)

The relative configuration of the azides (+)-10b and (%)-
11b was determined by NOE experiments. Saturation of
the signal at 0.90 ppm (CH,CH3) of the trans-configured
diastereomer (*)-11b led to an increased signal at
1.6 ppm (CH,CH,Nj3), indicating a cis-relationship of
these substituents. On the other hand, saturation of
the same signal (0.90 ppm, CH,CH5) of the cis-config-
ured diastereomer ()-10b did not influence the signal
intensity of the CH,CH,N3-side chain.

The regioisomeric 4-azidobutane-1,3-diol (+)-14 reacted
with the dimethyl acetal 5b stereoselectively to give
exclusively the cis-configured 1,3-dioxane (*)-15b
(Scheme 3). Catalytic hydrogenation of the azide moiety
led to the primary amine (%)-16b. The cis-configuration
of the azide (%)-15b was shown by a positive NOE
between the axially arranged ethyl residue in position
2 and the axially oriented protons in 4- and 6-position.

For the purpose of comparison, the benzaldehyde de-
rived 1,3-dioxolanes (+)-12a, (+)-13a and 1,3-dioxanes
(+)-16a bearing a phenyl residue and a proton in posi-
tion 2 were prepared and evaluated for their NMDA-re-
ceptor affinity. Thus, transacetalization of benzaldehyde
dimethyl acetal (5a) with 4-azidobutane-1,2-diol (£)-9
yielded the cis- and trams-configured 1,3-dioxolanes
(£)-10a and (*)-11a in a ratio of 58:42 (see Scheme 2).
The diastereomeric 1,3-dioxolanes (*)-10a and (£)-11a
were separated by flash chromatography and the puri-
fied products were reduced with H, and Pd/C to afford

OCH, OH  OH TosOH
N S
N3
H,C OCH,
+)-14
5b (€]
H
O 2, o}
0 Pd/C 0
N, NH,
H,C H,C
(+)-15b ()-16b

Scheme 3.
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the cis- and trans-configured primary amines (f)-12a
and (£)-13a. A positive NOE between the protons in po-
sition 2 and 4 proves the cis-configuration of the azide
(+)-10a, whereas a positive NOE between 2-H and the
CH,CH,;N;3-moiety demonstrates the trans-configura-
tion of (*)-11a.

Noteworthy, acetalization of benzaldehyde and trans-
acetalization of benzaldehyde dimethyl acetal with
butane-1,2,4-triol (6) predominantly lead to the
six-membered acetal (%)-8a.'>!6 Therefore, the synthesis
of the five-membered acetals 10a—13a from benzalde-
hyde derivatives employing the azidobutanediol strategy
is of particular interest.

The (1,3-dioxan-4-yl)methanol (+)-8a'>!® was employed
for the synthesis of the primary amine (+)-16a (Scheme
4). The reaction of the alcohol (+)-8a with p-toluene-
sulfonyl chloride provided the tosylate (+)-17a, which
was substituted with NaN; to give the azide (*)-15a.
Subsequent hydrogenation using the catalyst Pd/C affor-
ded the primary amine (%)-16a.

The receptor binding studies have demonstrated moder-
ate to high NMDA receptor affinity of the racemic
1,3-dioxolanes and 1,3-dioxanes derived from benzophe-
none (R =Ph, c-series) and propiophenone (R = Et,
b-series) (see Table 2). Therefore, we envisaged the
synthesis of the corresponding enantiomerically pure
derivatives. For this purpose, the regioisomeric 4-azi-
dobutanediols 9 and 14 were synthesized in an enantio-
merically pure form.

The synthesis of the enantiomerically pure azidobutane-
diols 9 and 14, and their transformation into the target
compounds are outlined in Schemes 5-7 for the (S)-con-
figured enantiomers and follow the same route as the
synthesis of the corresponding racemates.'* Commer-
cially available (S)-butane-1,2,4-triol (S)-6 was
condensed with pivalaldehyde 18 to afford the regioiso-
meric acetals (45)-19 and (25,45)-20 (Scheme 5). The ra-
tio of these acetals was controlled by the reaction
conditions. Refluxing of a THF solution for 70 h yield-
ed predominantly the thermodynamically more stable
1,3-dioxane (25,45)-20 ((45)-19/(25,45)-20 = 24:76),

TosCl
0 sty o
OH OTos
H H

(+)-8a (*)-17a

NaN,
DMF
o H,, Pd/C o
Ny o/
! N, A NH,
(x)-15a (+)-16a

Scheme 4.

H,C OH  OH @
HaC%CHm R
H,C

18 (S)-6

(o}
H . O
tBU 47, /\ + BU\LCQ\
K OH 2 1 OH

o

(4S)-19 (25,45)-20

Scheme 5. Reagents and conditions: (a) p-toluenesulfonic acid, THF,
66 °C, 4 h, yields: (4S5)-19: 45%; (2S,45)-20: 31%.

(0]
t WL}H
Bu
., /\X

(e}

(45)-19: X = OH
TosCl, NE
(45)-21: X =OTos °

(4S)-22: X = N, & NaNs, DMF

lH*, MeOH
HO TosOH

TN
(S)»9
TosOH (4s)-10c: Y =N,

H2
(4S)-12c: Y =NH, : Pd/C

(2R4S)-10b  (25:4S)-11b
l H,, Pd/C \‘Hz, Pd/C
o}
RNV
S ~, H
2 4,
N (0] "/\NH \ .
' 4",
’ H,c—" 270 "/\NHz
(2RASy12D (25.45)-13b

(cis) (trans)

Scheme 6.

whereas under Kkinetic control (29 h, 20 °C) the five-
membered 1,3-dioxolane (45)-19 predominated ((4S)-
19/(25,45)-20 = 70:30).

The regioisomers (45)-19 and (25,45)-20 were separated
by flash chromatography and transformed into the (S)-
configured azidobutanediols (S5)-9 and (S)-14 via the
tosylates (4S5)-21, (2S5,45)-23 and azides (495)-22,
(2S5,45)-24 (Schemes 6 and 7). The cleavage of the pival-
aldehyde acetals (4.5)-22 and (25,4S)-24 was performed
in methanol in the presence of the strongly acidic ion ex-
change resin Amberlyst® 15. After separation of the ion
exchange resin by filtration, evaporation under reduced
pressure removed all volatile components including
pivalaldehyde dimethyl acetal, providing the azidobutane-
diols (S)-9 and (S)-14 in high yield and purity.

As described for the racemates, the (S)-configured azi-
dobutanediols (S)-9 and (S)-14 were transformed into
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(6]
tBU\LM\
X
(2S,4S)-20: X=0H j TosCl, NEt,

j NaN,, DMF

(25,45)-23: X = OTos
(25,45)-24: X =N,

lH*, MeOH

OH OH
g

(S)-14

ASb/
TosOH \5¢

(2S,4S)-15b

le, Pd/C

(@]
o/
4 NH,

(2S,4S)-16b

2
H.C
(4S)-15¢c: Y =N, H,
(4S)-16¢c: Y = NH, Pd/C

Scheme 7.

enantiomerically pure 1,3-dioxolanes (2R,4S)-12b,
(25,45)-13b, (45)-12¢ (Scheme 6), and 1,3-dioxanes
(25,4S5)-16b and (4.5)-16¢ (Scheme 7). In the same man-
ner, the enantiomers were prepared using the (R)-config-
ured azidobutanediols (R)-9 and (R)-14 as chiral
building blocks.

3. Receptor binding studies

The affinity of the racemic and enantiomerically pure
primary amines toward the PCP binding site of the
NMDA receptor was determined in competition experi-
ments with the radioligand [*H]-(+)-MK-801, which
binds to this site with high affinity and selectivity. In
the assay, membrane receptor preparations from pig
brain cortex were used. Non-specific binding was deter-
mined by saturation of the specific binding sites with a
large excess of non-tritiated (+)-MK-801.!7:18

There are several compounds interacting both with the
phencyclidine binding site of the NMDA receptor and
with o receptors. Therefore, in the past the enigmatic
o receptor had been regarded to be identical with the
phencyclidine binding site of the NMDA receptor.!”
This hypothesis was disproved by further investigations
demonstrating the o receptor to be a unique recep-
tor.?%2! The cross-reactivity of ligands with both recep-
tor types prompted us to investigate the o; receptor
affinity of the enantiomerically pure compounds in addi-
tion to their NMDA receptor affinity.

In the o, assay, homogenates of guinea pig brain prep-
arations were used as receptor material. The o selective
ligand [*H]-(+)-pentazocine was employed as radioli-

gand, and the non-specific binding was determined by
saturation of the specific binding sites with a large excess
of haloperidol.??

4. Results and discussion

The affinities of the racemic primary amines containing
various substituents at the acetalic position (H, C,Hs,
and C¢Hs) toward the PCP binding site of the NMDA
receptor are given in Table 2.

It is obvious that the interaction of the benzaldehyde
derivatives (*)-12a, (¥)-13a, and (£)-16a (R = H) with
the PCP binding site of the NMDA receptor is very
low. This observation is in accordance with literature re-
port, that indicate high NMDA receptor affinity only
for ligands substituted with a phenyl and a second volu-
minous group (e.g., C¢Hs, C,Hs) at the acetalic position.

High affinity was obtained with ligands bearing an ethyl
substituent at the acetalic position. In the 1,3-dioxane
series the ethyl derivative (£)-16b is about three times
more active than the diphenyl derivative (Z)-16c. In
the five membered series, the NMDA receptor affinity
is strongly dependent on the stereochemistry. Whereas
the Kj-value of the cis-configured 1,3-dioxolane (£)-12b
(K; = 6030 nM) is higher than the that of the corre-
sponding diphenyl derivative (f)-12¢ (K; = 3380 nM),
the tramns-configured 1,3-dioxolane (%)-13b displays a
30-fold increase of NMDA receptor affinity
(K; = 118 nM). A similar result had been obtained with
etoxadrol (2) sterecoisomers. Transformation of etoxa-
drol with a trans-orientation of piperidinyl and phenyl
residues in the 1,3-dioxolane ring into 2’-epi-etoxadrol
with a cis-relationship of the corresponding substituents
resulted in a 35-fold loss in NMDA receptor affinity.!!

The promising NMDA receptor affinities of some race-
mic primary amines led to the synthesis and pharmaco-
logical evaluation of the corresponding enantiomerically
pure compounds. In Table 3, the results of the NMDA

Table 2. NMDA receptor affinity of racemic dioxolanes and dioxanes

e} 6]
3\111/\ m\
R o) NH, R N,

Compound Ringsize R K; £ SEM (nM)
n=3
(¥)-12a 5 H (cis) >100,000 (n=1)
(£)-13a 5 H (trans) >100,000 (n=1)
(*)-12b 5 C,H;s (cis) 6030 = 1130
(£)-13b 5 C,Hs (trans) 1182
(¥)-12¢ 5 CeH;s 3380 =290
(£)-16a 6 H >10,000 (n = 1)
(+)-16b 6 C,H; 449+ 8
(*)-16¢ 6 CeHss 1450 + 90
Dexoxadrol (1) 233+34
Etoxadrol (2) 19.8+2.0
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Table 3. NMDA receptor affinity of enantiomerically pure dioxolanes
and dioxanes

0 (6]
BN L
RT O NH, R NH,

Compound Ring size R K; £ SEM (nM)
n=3
(2)-12b 5 C,Hs (cis) 6030 £ 1130
(2R,45)-12b 5 C,Hs (cis) 5950 + 610
(2S,4R)-12b 5 C,Hs5 (cis) 5000 + 260
(£)-13b 5 C,Hs (trans) 1182
(25,45)-13b 5 C,Hs (trans) 697
(2R,4R)-13b 5 C,Hs (trans) 1190 £ 70
(£)-12¢ 5 Cg¢Hs 3380 + 290
(45)-12¢ 5 Cg¢Hs 3260 £ 150
(4R)-12¢ 5 CgHs 3190 + 130
(%)-16b 6 C,Hs 449 + 8
(25,45)-16b 6 C,Hs 257+ 12
(2R,4R)-16b 6 C,Hs 3420 + 200
($)-16¢ 6 Ce¢Hs 1450 £ 90
(45)-16¢ 6 Cg¢Hs 717 £ 42
(4R)-16¢ 6 Cg¢Hs 5840 + 530
Dexoxadrol (1) 233+34
Etoxadrol (2) 19.8 £2.0

receptor affinity studies with enantiomerically pure
ligands are given.

Table 3 shows that the enantiomers of the cis-configured
1,3-dioxolane 12b and the diphenyl substituted 1,3-
dioxolane 12¢ are almost equally potent at the PCP
binding site of the NMDA receptor. Their Kj-values
do not differ significantly from those of the racemates.
On the other hand, the tramns-configured 1,3-dioxolane
13b and the 1,3-dioxanes 16b and 16c¢ display strong
enantioselective NMDA receptor binding (factor 8-
17). Their NMDA receptor affinity resides almost exclu-
sively in the (S)-configured enantiomers (25,4S)-13b,
(2S,45)-16b, and (45)-16¢.

In the six-membered series, the ethyl derivative (25,4S5)-
16b (K;=257nM) is about three times more active
than the corresponding diphenyl derivative (4.5)-16¢
(K; = 717 nM). The most active compound in this series
with the highest enantioselectivity of the NMDA recep-
tor binding (factor 17) is the (S,S)-configured phenyl-
ethyl-1,3-dioxolane (25,4S5)-13b. The corresponding
binding curves of the racemate and the enantiomers of
13b are shown in Figure. 3. Its NMDA receptor affinity
(K; = 69 nM) is almost in the range of the NMDA recep-
tor affinity of the lead compounds dexoxadrol and
etoxadrol.

The stereochemistry of the high affinity primary amine
(25,45)-13b is in accordance with the three-dimensional
structure of the lead compound etoxadrol ((S,S,S)-con-
figuration). Moreover, a similar enantioselective
NMDA receptor binding has been shown for etoxadrol:
The (R,R,R)-configured etoxadrol enantiomer displays
about 25-fold lower NMDA receptor affinity than the
(S,S,S)-configured enantiomer.!' Recently, a pharmaco-

. 100-mmmmmame e o .
> o= (4)-13b
- 90 K, = 118 nM
§ 80- = (25,4S)-13b
8 K, =69 nM
S 70-
e 0= (2R,4R)-13b
5 60 K, = 1190 nM
L
= 50
o
2 40
2 30
e}
Q 204
2 10
3 0
0, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
9 8 7 6 5 -4 -3
/ ®-130 (5R 4R)-130 log ¢

(2S,4S)-13b

Figure 3. Comparison of the competition curves of racemic dioxolane
()-13b and its enantiomers (25,4S5)-13b and (2R,4R)-13b.

H
tN _>/H
H.C N S NH,
H
etoxadrol (2) (25,4S)-13b

Figure 4. Comparison of the three-dimensional structure of (25,4.5)-
13b with etoxadrol (2).

phore model for non-competitive NMDA receptor
antagonists has been proposed.?® In principle, (25,4S5)-
13b fits well to the characteristic features of this model
(see Fig. 4).

To determine the o, receptor affinity of the enantio-
merically pure primary amines, a screening with a
concentration of 10 pM was carried out. At this concen-
tration, the inhibition of the radioligand binding was
less than 35%, indicating an ICsp-value higher than
10 uM. Thus, the o receptor affinity of the described
primary amines is very low. In particular, the high affin-
ity NMDA receptor antagonists (25,45)-13b and
(25,45)-16b exhibit high selectivity against o, receptors.

5. Conclusion

Herein, we have shown that homologization of the oxy-
gen heterocycle or the distance amine—oxygen heterocy-
cle of the lead structures dexoxadrol and etoxadrol
provides novel non-competitive NMDA receptor antag-
onists (PCP binding site) binding in the high nanomolar
range. The relative and absolute configuration of the
novel ligands considerably influence the NMDA recep-
tor binding. The NMDA receptor affinity of (25,4S)-
13b is in the same range as the NMDA receptor affinity
of etoxadrol. This result indicates that the 2-aminoethyl
substituent and the piperidin-2-yl moiety cause similar
interactions with the NMDA receptor.
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6. Experimental
6.1. Chemistry, general

Thin-layer chromatography (tlc): Silica gel 60 F,sq
plates (Merck). Flash chromatography (fc)?3: Silica gel
60, 0.040-0.063 mm (Merck); parentheses include:
Diameter of the column [cm], eluent, fraction size
[mL], R; Melting points: Melting point apparatus
SMP 2 (Stuart Scientific), uncorrected. Optical rotation:
Polarimeter 241 (Perkin Elmer); 1.0 dm tube; concentra-
tion ¢ [g/100 mL]; temperature is given. Elemental anal-
yses: Vario EL (Elementaranalysesysteme GmbH). The
purity of all target compounds was shown by elemental
analyses, which agree with the calculated values within
0.4 %. MS: MAT 312, MAT 8200, MAT 44, and
TSQ 7000 (Finnigan); EI, electron impact; CI, chemical
ionization. High resolution MS (HRMS): MAT 8200
(Finnigan). IR: IR spectrophotometer 1605 FT-IR (Per-
kin-Elmer); (br, broad; m, medium; s, strong). 'H NMR
(300 MHz), '*C NMR (75 MHz): Unity 300 FT NMR
spectrometer (Varian), 6 in ppm related to tetramethylsi-
lane, coupling constants are given with 0.5 Hz resolu-
tion; the assignments of '*C and 'H NMR signals
were supported by 2D NMR techniques.

6.2. Propiophenone dimethyl acetal (5b)'3

A solution of propiophenone (13.3 mL, 100 mmol), p-tol-
uenesulfonic acid monohydrate (0.951 g, 5 mmol), and
trimethyl orthoformate (110 mL, 1.0 mol) in methanol
(200 mL) was heated to reflux for 24 h. A part of the sol-
vent was evaporated in vacuo, Et,0O (250 mL) was added
to the residue (ca. 50 mL), and the mixture was washed
with a saturated solution of NaHCO; (250 mL). After
drying (MgSQO,), the organic layer was concentrated in
vacuo and the residue was purified by fc (8 cm, petroleum
ether/ethyl acetate 19:1, 35 mL, Ry = 0.30). Colorless oil,
yield 13.9g (77%). 'H NMR (CDCL): § (ppm)
CH3;=0.60 (t, J=7.5Hz, 3H, CHj), 1.92 (q, J=
7.3 Hz, 2H, CH,-), 3.17 (s, 6H, OCH3), 7.25-7.38 (m, 3
H, arom. H, m- and p-position), 7.44-7.48 (m, 2H, arom.
H, o-position). IR (film): ¥ (cm ') = 2972, 2941 (m, vcy),
2829 (IIl, VCH(OCH3)); 1051 (S, Vco), 760, 702 (S, Varyl)-

6.3. rac-2-(2-Ethyl-2-phenyl-1,3-dioxolan-4-yl)ethan-1-ol
((¥)-7b) and rac-(2-ethyl-2-phenyl-1,3-dioxan-4-yl)meth-
anol ((¥)-8b)

Propiophenone dimethyl acetal (5b, 1.80 g, 10.0 mmol),
racemic butanetriol (£-6, 1.06 g, 10 mmol), and Na,SOy4
(ca. 1 g) were dissolved and suspended in THF (50 mL).
Then, a solution of p-toluenesulfonic acid in THF
(0.025 mol/L, 20.0 mL) was added and the mixture was
heated to reflux for 3 h. It was decanted, Et,O (50 mL)
was added, and the mixture was washed with a saturated
solution of NaHCO; (100 mL), dried (MgSQ,), and
concentrated in vacuo. A 'H NMR spectrum was
recorded and the residue was purified by fc (6 cm, petro-
leum ether/ethyl acetate = 7: 3, fractions 35 mL).

(£)-7b (R¢ = 0.28): Colorless oil, yield 0.847 g (38%). 'H
NMR (CDCly): ¢ [ppm] = 0.86 (t, J = 7.5 Hz, 3x 0.57H,

CH,CH3), 0.89 (t, J=7.5Hz, 3x 0.43H, CH,CHj),
1.60-1.74 (m, 2x 0.57H, CH,CH,OH), 1.82 (br s, 1H,
OH), 1.75-1.98 (m, 2x 0.43H, CH,CH,OH), 1.88 (q,
J=17.5Hz, 2H, CH,CHj;), 3.41 (dd, J=28.5/8.2 Hz,
0.57H, 5-H), 3.65 (dd, J=7.6/6.7 Hz, 0.43H, 5-H),
3.76 (dt, J = 11.3/5.8 Hz, 0.57H, CH,CH,OH), 3.80 (dt,
J=11.3/6.0 Hz, 0.57H, CH,CH,OH), 3.83 (t, / = 5.8 Hz,
2% 0.43H, CH,CH,OH), 3.90 (dd, J = 7.6/7.0 Hz, 0.43H,
5-H), 4.11 (tdd, J=17.0/6.7/4.7 Hz, 0.43H, 4-H), 4.18
(dd, J = 8.2/5.8 Hz, 0.57H, 5-H), 4.34 (dddd, J = 8.5/7.9/
5.8/4.9 Hz, 0.57H, 4-H), 7.25-7.37 (m, 3H, arom. H in
m- and p-position), 7.41-7.46 (m, 2H, arom. H in
o-position).

(£)-8b (R¢ = 0.23): Colorless oil, yield 0.245 g (11%). 'H
NMR (CDCL): 6 [ppm]=0.82 (t, J=7.4Hz 3H,
CH,CHj3), 1.21 (dtd, J=12.8/2.4/1.5 Hz, 1H, 5-H¢,),
1.76 (q, J = 7.4 Hz, 2H, CH,CH3), 1.79 (br s, 1H, OH),
1.77-1.85 (m, 1H, 5-H,,), 3.58 (dd, J=11.6/6.1 Hz,
1H, CH,OH), 3.65 (dd, J = 11.6/3.7 Hz, 1H, CH,OH),
3.79 (ddd, J=12.5/11.4/2.4 Hz, 1H, 6-H,,), 3.81-3.90
(m, 1H, 4-H,,), 3.90 (ddd, J=11.4/5.5/1.5Hz, 1H, 6-
Heq), 7.26-7.34 (m, 1H, arom. H in p-position), 7.34—
7.45 (m, 4H, arom. H in o- and m-position).

6.4. (—)-(25)-4-Azidobutane-1,2-diol ((S)-9)

A mixture of azide (45)-22 (0.20 g, 1.0 mmol), Amber-
lyst® 15 (100 mg), and methanol (10 mL) was heated
to reflux for 4 h. It was filtered and the solvent together
with pivalaldehyde dimethyl acetal was evaporated in
vacuo. Further transformations of (5)-9 were performed
without purification. Colorless oil, yield 0.13 g (100%).
[0)25 —22.0 (¢ 0.74, CH,CL,).

6.5. (+)-(2R)-4-Azidobutane-1,2-diol ((R)-9)

As described for (S)-9, the azide (4R)-22 (0.20 g,
1.0 mmol) was reacted with Amberlyst® 15 (100 mg),
and methanol (10 mL) to afford the azidobutanediol
(R)-9. Colorless oil, yield 0.13 g (100%). [« +19.8 (¢
0.77, CH,Cl,).

6.6. rac-cis-4-(2-Azidoethyl)-2-phenyl-1,3-dioxolane ((¥)-
10a) and rac-trans-4-(2-azidoethyl)-2-phenyl-1,3-dioxo-
lane ((*)-11a)

As described for the racemates (£)-10b/11b, benzalde-
hyde dimethyl acetal (5a, 0.76 g, 5.0 mmol) and racemic
4-azidobutane-1,2-diol (£)-9 (0.328 g, 2.5 mmol) were
reacted at room temperature for 20 h. After decantation
and extraction, the residue was purified twice by fc
(3 cm, petroleum ether/ethyl acetate = 19:1, fractions
SmL).

(£)-10a (cis, R;=0.10): Colorless oil, yield 84.4 mg
(15%). '"H NMR (CDCls): 6 [ppm]=191 (dtd, J=
14.0/7.3/4.9 Hz, 1H, CH,CH,N3;), 1.97 (ddt, J = 14.0/
7.6/6.4 Hz, 1H, CH,CH,N3), 3.48 (ddd, J=12.5/7.9/
6.7Hz, 1H, CH,CH,N3), 3.53 (ddd, J=12.5/6.7/
6.1 Hz, 1H, CH,CH,N»), 3.77 (dd, J=7.8/6.1 Hz, 1H,
5-H), 4.16 (dd, J=17.8/6.7 Hz, 1H, 5-H), 4.34 (dddd,
J=17.6/6.7/6.1/49 Hz, 1H, 4-H), 5.82 (s, 1H, 2-H),
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7.37-7.42 (m, 3H, arom. H in m- and p-position), 7.46—
7.50 (m, 2H, arom. H in o-position).

()-11a (trans, Ry=0.12): Colorless oil, yield 75.6 mg
(14%). MS (ED): m/z (%) =219 (M, 1.6), 105 (PhCO,
100). 'H NMR (CDCly): 6 [ppm]=1.84 (dddd,
J =14.0/7.9/7.3/4.3 Hz, 1H, CH,CH,Nj3), 1.98 (dddd,
J=14.0/8.2/6.4/5.5 Hz, 1H, CH,CH,N3), 3.49 (ddd,
J=12.5/79/6.4Hz, 1H, CH,CH,;N3), 3.55 (ddd,
J =12.5/7.3/5.5 Hz, 1H, CH,CH,N3), 3.67 (dd, J = 7.3/
6.1 Hz, 1H, 5-H), 4.32 (dd, J=17.3/6.7 Hz, 1H, 5-H),
4.34 (dddd, J=18.2/6.7/6.1/4.3 Hz, 1H, 4-H), 5.94 (s,
1H, 2-H), 7.36-7.42 (m, 3H, arom. H in m- and p-posi-
tion), 7.45-7.50 (m, 2H, arom. H in o-position). IR
(film): ¥ [em™']1=2927 (m, v cu, ), 2880 (m, v cuo),
2097 (s, vN,)-

6.7. rac-cis-4-(2-Azidoethyl)-2-ethyl-2-phenyl-1,3-dioxo-
lane ((£)-10b) and rac-trans-4-(2-azidoethyl)-2-ethyl-2-
phenyl-1,3-dioxolane ((*)-11b)

Na,SOy4 (ca. 1 g) was added to a solution of racemic azi-
dobutanediol (£)-9'* (0.33 g, 2.5 mmol) and propiophe-
none dimethyl acetal (Sb, 0.45¢g, 2.5 mmol) in THF
(20 mL), and then a solution of p-toluenesulfonic acid
in THF (5.0 mL, 0.025 mol/L) was added and the mix-
ture was heated to reflux for 8 h. It was decanted,
Et,0O (25mL) was added, and the organic layer was
washed with a saturated solution of NaHCOj; (25 mL)
and water (25 mL), dried (MgSO,), and concentrated
in vacuo. The residue was purified by fc (3 cm, petro-
leum ether/CH,CIl, = 3:2, fractions 3 mL).

(£)-10b (cis, Ry=0.16): Colorless oil, yield 54.4 mg
(8.8%). 'H NMR (CDCly): 6 [ppm]=0.84 (t,
J=173Hz, 3H, CH,CH;), 1.64 (q, J=6.7Hz, 2H,
CH,CH;N3), 1.86 (q, J=7.3 Hz, 2H, CH,CH3;), 3.38
(t, J=79Hz, 1H, 5-H), 341 (t, J=6.7Hz, 2H,
CH,CH;N3), 4.18 (dd, J=7.9/6.1 Hz, 1H, 5-H), 4.26
(dtd, J=7.9/6.7/6.1 Hz, 1H, 4-H), 7.24-7.36 (m, 3H,
arom. H in m- and p-position), 7.41-7.47 (m, 2H, arom.
H in o-position). IR (film): ¥ [em '] = 2095 (s, VN,)-

(2)-11b (trans, Ry=0.14): Colorless oil, yield 80.4 mg
(13%). MS (CI): m/z (%) =248 (MH, 52), 220 (MH-
N,, 87), 86 (OCH,CH(CH,),N + H, 100). '"H NMR
(CDCly): 6 [ppm] =0.88 (t, J=7.5Hz, 3H, CH,CH3),
1.83 (dtd, J=13.7/7.5/4.9 Hz, 1H, CH,CH,N3), 1.88
(q, J=17.5Hz, 2H, CH,CH3), 1.91 (dddd, J = 13.7/7.9/
6.6/5.8 Hz, 1H, CH,CH,N3), 3.44 (ddd, J=12.5/7.6/
6.6 Hz, 1H, CH,CH,N3), 3.49 (ddd, J=12.5/7.3/
5.8 Hz, 1H, CH,CH;N3), 3.61 (dd, J=7.9/6.1 Hz, 1H,
5-H), 3.86 (dd, J=7.9/7.0 Hz, 1H, 5-H), 4.00 (dddd,
J=79/7.0/6.1/49 Hz, 1H, 4-H), 7.25-7.36 (m, 3H,
arom. H in m- and p-position), 7.40-7.45 (m, 2H, arom.
H in o-position). IR (film): ¥ [cm™~'] = 2098 (s, VN)-

6.8. (+)-(2R,4S5)-4-(2-Azidoethyl)-2-ethyl-2-phenyl-1,3-
dioxolane ((2R,45)-10b) and (—)-(2S5,4.5)-4-(2-azidoeth-
yl)-2-ethyl-2-phenyl-1,3-dioxolane ((25,45)-11b)

Propiophenone dimethyl acetal (5b, 0.18 g, 1.0 mmol)
and (S)-configured azidobutanediol (S)-9 (0.13 g,

1.0 mmol) were reacted, worked up and the products
were isolated, as described for the racemates 10b/11b.
For the isolation of pure products, repetitive chromato-
graphic separations were necessary.

(2R,45)-10b (cis, Ry=0.11, petroleum ether/CH,Cl, =
4:1): Colorless oil, yield 54.2 mg (22%). [#]z, +13.6 (¢
0.78, CH,Cl,).

(25,48)-11b  (trans, Ry=0.10, petroleum ether/
CH,Cl, = 4:1): Colorless oil, yield 74.7 mg (30%). [oc]ég9
— 41.3 (¢ 0.68, CH,Cl,).

6.9. (—)-(2S,4R)-4-(2-Azidoethyl)-2-ethyl-2-phenyl-1,3-
dioxolane ((2S5,4R)-10b) and (+)-(2R,4R)-4-(2-azidoeth-
yl)-2-ethyl-2-phenyl-1,3-dioxolane ((2R,4R)-11b)

Propiophenone dimethyl acetal (5b, 0.18 g, 1.0 mmol)
and (R)-9 (0.13 g, 1.0 mmol) were reacted, worked up
and the products were isolated, as described for the race-
mates 10b/11b. For the isolation of the pure products,
repetitive chromatographic separations were necessary.

(2S,4R)-10b  (cis, Rr;=0.11, petroleum ether/
CH,Cl, = 4:1): Colorless oil, yield 34.1 mg (14%). [0z,
—12.5 (¢ 0.71, CH,CL,).

(2RAR)-11b  (trans, R;=0.10, petroleum ether/
CH,Cl, = 4:1): Colorless oil, yield 62.6 mg (25%). [
+38.5 (¢ 0.74, CH,CL).

6.10. (—)-(45)-4-(2-Azidoethyl)-2,2-diphenyl-1,3-dioxo-
lane ((4.5)-10c)

As described for the racemates (+)-10b/11b, the (S)-con-
figured 4-azidobutanediol (S)-9 (0.131 g, 1.0 mmol) was
heated to reflux with benzophenone dimethyl acetal (Sc,
0.228 g, 1.0 mmol) in THF (10 mL) for 3.5 h. Purifica-
tion by fc (4 cm, petroleum ether/ethyl acetate = 77:3,
fractions 10 mL, R;=0.17) provided a colorless oil,
yield 0.158 g (54%). [0]%, —9.34 (c 1.15, CH,Cl,). MS
(ED: milz (%) =295 (M, 1.1), 218 (M-Ph, 62), 105
(PhCO, 100). '"H NMR (CDCls): 6 [ppm] = 1.85 (dtd,
J=14.0/7.6/4.6 Hz, 1H, CH,CH,N3), 194 (ddt,
J=14.0/7.9/6.1 Hz, 1H, CH,CH;N3), 3.50 (br t,
J=6.9 Hz, 2H, CH,CH;,N3), 3.75 (dd, J =7.9/6.7 Hz,
1H, 5-H), 4.15 (dd, J =7.9/6.7 Hz, 1H, 5-H), 4.29 (dtd,
J=179/6.7/4.6 Hz, 1H, 4-H), 7.27-7.38 (m, 6H, arom.
H in m- and p-position), 7.47-7.55 (m, 4H, arom. H in
o-position). IR (film): ¥ [ecm ']=2943 (m, V_CH, )
2882 (m, v_cuo), 2097 (s, vn,), 1089 (s, veo), 756, 703
(Sa Varyl)'

6.11. (+)-(4R)-4-(2-Azidoethyl)-2,2-diphenyl-1,3-dioxo-
lane ((4R)-10c)

As described for the racemates (£)-10b/11b, the (R)-con-
figured 4-azidobutanediol (R)-9 (65.6 mg, 0.50 mmol)
was heated to reflux with benzophenone dimethyl acetal
(5¢, 0.228 g, 1.0 mmol) in THF (7 mL) for 3.5 h. Purifi-
cation by fc (3 cm, petroleum ether/ethyl acetate 39:1,
fractions 10 mL, R;=0.12) gave a colorless oil, yield
87.7 mg (59%). [o]2 +8.70 (c 0.97, CH,Cl,).
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6.12. rac-cis-2-(2-Phenyl-1,3-dioxolan-4-yl)ethan-1-amine
((¥)-12a)

As described for the racemic amine (£)-12b, the racemic
azide (+)-10a (28.5 mg, 0.13 mmol) was hydrogenated to
yield (£)-12a. Colorless oil, yield 18.4 mg (73%). MS
(CI): mlz (%) =194 (MH, 100). '"H NMR (CDCl;): §
[ppm] = 1.39 (br s, 2H, NH,), 1.78 (dtd, J = 13.7/7.2/
49 Hz, 1H, CH,CH,NH,), 1.87 (ddt, J=13.7/7.6/
6.7 Hz, 1H, CH,CH,;NH,), 2.86 (dt, J=12.5/7.0 Hz,
1H, CH,CH,;NH;), 2.92 (ddd, J =12.5/7.3/6.4 Hz, 1H,
CH,CH,;NH;), 3.70 (dd, J = 7.6/7.0 Hz, 1H, 5-H), 4.12
(dd, J=17.6/6.7 Hz, 1H, 5-H), 4.31 (dddd, J = 7.6/7.0/
6.7/49 Hz, 1H, 4-H), 5.79 (s, 1H, 2-H), 7.34-7.39 (m,
3H, arom. H in m- and p-position), 7.45-7.49 (m, 2H,
arom. H in o-position). IR (film): ¥ [cm '] = 3392 (m,
vnh), 2928, 2884 (m, vep), (193.25) HR-MS: Calcd.
for M—H 192.1025. Found: 192.1025.

6.13. rac-cis-2-(2-Ethyl-2-phenyl-1,3-dioxolan-4-yl)ethan-
1-amine (*)-(12b)

Racemic azide (+)-10b (22.3 mg, 0.09 mmol) was dis-
solved in THF (5 mL), Pd/C (5 %, 2.2 mg) was added,
and the suspension was stirred under a H, atmosphere
(1 bar) at room temperature for 90 min. The mixture
was filtered through Celite® and the filtrate was concen-
trated in vacuo. Colorless oil, yield 17.9 mg (90%). MS
(CI): mlz (%) =222 (MH, 100), 88 (O-CH,—CH-
(CH,)»— NH, + H, 38). '"H NMR (CDCl5): 6 [ppm] =
0.88 (t, J=7.3Hz, 3H, CH,CHj3), 1.45 (br s, 2H,
NH,), 1.70 (dtd, J = 13.7/7.0/4.9 Hz, 1H, CH,CH,NH,),
1.82 (dq, J=13.7/7.0 Hz, 1H, CH,CH,NH,), 1.88 (q,
J=73Hz, 2H, CH,CHj3), 2.82 (dt, J=12.5/7.0 Hz,
1H, CH,CH,NH,), 2.88 (dt, J=12.5/7.0Hz, 1H,
CH,CH,NH,), 3.58 (t, /=7.0 Hz, 1H, 5-H), 3.87 (t,
J=7.0Hz, 1H, 5-H), 3.99 (qd, J=7.0/49 Hz, 1H, 4-
H), 7.26-7.35 (m, 3H, arom. H in m- and p-position),
7.40-7.44 (m, 2H, arom. H in o-position). IR (film): v
[cm_l] = 3368 (m, vnn), 2938, 2878 (s, vey). HR-MS:
Calcd 221.1416. Found: 221.1416.

6.14. (+)-2-[(2R,45)-2-Ethyl-2-phenyl-1,3-dioxolan-4-
yllethan-1-amine ((2R,45)-12b)

As described for the racemic amine (£)-12b, the azide
(2R,45)-10b (27.2 mg, 0.11 mmol) was hydrogenated to
yield (2R,4S5)-12b. Colorless oil, yield 21.6 mg (89%).
[0]2% +20.6 (¢ 1.03, CH,Cl,).

6.15. (—)-2-[(25,4R)-2-Ethyl-2-phenyl-1,3-dioxolan-4-
yllethan-1-amine ((25,4R)-12b)

As described for the racemic amine (£)-12b, the azide
(2S,4R)-10b (19.8 mg, 0.08 mmol) was hydrogenated to
yield (25,4R)-12b. Colorless oil, yield 17.7 mg (100%).
[o)20) —17.4 (c 0.85, CH,Cl,).

6.16. (—)-(45)-2-(2,2-Diphenyl-1,3-dioxolan-4-yl)ethan-1-
amine ((45)-12¢)

As described for the racemic amine (£)-12b, the azide
(4S5)-10c (47.3mg, 0.16 mmol) was hydrogenated to

yield (45)-12¢. Colorless oil, yield 41.7 mg (97%). [0z,
—2.15 (¢ 1.74, CH,Cl,).

6.17. (+)-(4R)-2-(2,2-Diphenyl-1,3-dioxolan-4-yl)ethan-1-
amine ((4R)-12c)

As described for the racemic amine (£)-12b, the azide
(4R)-10c (32.5mg, 0.11 mmol) was hydrogenated to
yield (R)-12¢. Colorless oil, yield 30.0 mg (100%). e,
+2.08 (¢ 1.35, CH,Cl,).

6.18. rac-trans-2-(2-Phenyl-1,3-dioxolan-4-yl)ethan-1-
amine ((£)-13a)

As described for the racemic amine (Z)-12b, the racemic
azide (+)-11a (24.1 mg, 0.11 mmol) was hydrogenated to
yield (%)-13a. Colorless oil, yield 13.3 mg (63%). MS
(CI): mlz (%) =194 (MH, 100). "H NMR (CDCl;): §
[ppm] = 1.44 (br s, 2H, NH,), 1.69 (dtd, J = 13.7/7.0/
4.3 Hz, 1H, CH,CH,;NH,), 1.87 (dddd, J=13.7/8.2/
7.0/6.4 Hz, 1H, CH,CH,NH,), 2.85 (dt, J=12.5/
7.0 Hz, 1H, CH,CH,;NH,), 2.93 (ddd, J=12.5/7.3/
6.4 Hz, 1H, CH,CH,;NH,), 3.63 (dd, J=17.3/6.4 Hz,
1H, 5-H), 4.27 (dd, J = 7.3/6.4 Hz, 1H, 5-H), 4.32 (dtd,
J=28.2/6.4/4.3 Hz, 1H, 4-H), 5.92 (s, 1H, 2-H), 7.34-
7.39 (m, 3H, arom. H in m- and p-position), 7.44-7.48
(m, 2H, arom. H in o-position). IR (film): Vv
[em™'] = 3389 (m, van), 2924, 2876 (m, vcy). HR-MS:
Calcd for M—H 192.1025. Found: 192.1025.

6.19. rac-trans-2-(2-Ethyl-2-phenyl-1,3-dioxolan-4-
yl)ethan-1-amine ((£)13b)

As described for the racemic amine (£)-12b, the azide
(£)-11b (24.7 mg, 0.10 mmol) was hydrogenated to yield
racemic (1)-13b. Colorless oil, yield 19.9 mg (90%). MS
(CI): mlz (%) =222 (MH, 100). '"H NMR (CDCl;): §
[ppm] = 0.85 (t, J=7.3 Hz, 3H, CH,CH3), 1.42 (br s,
2H, NH,), 148 (dtd, J=13.7/7.2/49 Hz, 1H,
CH,CH,;NH,), 1.61 (dddd, J = 13.7/7.9/7.0/6.4 Hz, 1H,
CH,CH,NH,), 1.86 (q, /= 7.3 Hz, 2H, CH,CH3), 2.77
(dt, J=12.5/7.0Hz, 1H, CH,CH,NH,), 2.84 (ddd,
J=125/7.5/6.4Hz, 1H, CH,CH,NH,), 3.35 (t,
J=8.2Hz, 1H, 5-H), 4.14 (dd, J=8.2/6.1 Hz, 1H, 5-
H), 4.25 (tdd, J=8.1/6.1/4.9 Hz, 1H, 4-H), 7.25-7.34
(m, 3H, arom. H in m- and p-position), 7.43-7.47 (m,
2H, arom. H in o-position). IR (film): ¥ [cm~'] = 3368
(m, vwpn), 2974, 2938, 2877 (s, each, vcy). HR-MS: Calcd
221.1416. Found: 221.1420.

6.20. (—)-2-[(25,4S5)-2-Ethyl-2-phenyl-1,3-dioxolan-4-
yllethan-1-amine ((2S5,4S5)-13b)

As described for the racemic amine (£)-12b, the azide
(25,4S5)-11b (24.7 mg, 0.10 mmol) was hydrogenated to
yield (25,45)-13b. Colorless oil, yield 21.0 mg (95%).
(028 —15.0 (¢ 1.01, CH,Cl,).

6.21. (+)-2-[(2R,4R)-2-Ethyl-2-phenyl-1,3-dioxolan-4-
yllethan-1-amine ((2R,4R)-13b)

As described for the racemic amine (*)-12b, the azide
(2R,4R)-11b (24.7 mg, 0.10 mmol) was hydrogenated
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to yield (2R,4R)-13b. Colorless oil, yield 21.5 mg (97%).
020 +13.9 (¢ 1.00, CH,CL,).

6.22. (+)-(35)-4-Azidobutane-1,3-diol ((S)-14)'4

A mixture of azide (25,45)-24 (0.128 g, 0.64 mmol),
Amberlyst® 15 (60 mg), and methanol (5 mL) was heat-
ed to reflux for 4h. It was filtered and the solvent
together with pivalaldehyde dimethyl acetal was evapo-
rated in vacuo. Further transformations of (S)-14 were
performed without purification. Colorless oil, yield
69 mg (82%). ]34 +3.24 (c 0.68, CH,CL,).

6.23. (—)-(3R)-4-Azidobutane-1,3-diol ((R)-14)!*

A mixture of azide (2R,4R)-24 (0.169 g, 0.85 mmol),
Amberlyst® 15 (85 mg) and methanol (8 mL) was heated
to reflux for 4 h. It was filtered and the solvent together
with pivalaldehyde dimethyl acetal was evaporated in
vacuo. Further transformations of (R)-14 were per-
formed without purification. Colorless oil, yield
102 mg (92%). [0)25 —3.12 (¢ 0.80, CH,Cl,).

6.24. rac-cis-4-(Azidomethyl)-2-phenyl-1,3-dioxane
((*)-15a)

A solution of (F)-17a (0.348 g, 1.0 mmol) and NaNj;
(0.650 g, 10 mmol) in DMF (20 mL) was heated at
100 °C for 2.5 h. The mixture was concentrated in vacuo
(=10 mbar, 60 °C), the residue was suspended in Et,O
(20 mL), and the Et,O-layer was washed with a saturat-
ed solution of NaHCO; (10 mL) and water (10 mL),
dried (MgSO,), and concentrated in vacuo. Colorless
oil, yield 0.210 g (96%). MS (EI): m/z (%) =219 (M,
3.1). 163 (M—CH,N;, 88), 'H NMR (CDCly): o
[ppm] = 1.46 (dtd, J =13.1/2.4/1.5 Hz, 1H, 5-H.q), 1.87
(dddd, J=13.1/12.2/11.6/5.2 Hz, 1H, 5-H,,), 3.22 (dd,
J=12.8/40Hz, 1H, CH,Nj), 3.37 (dd, J=12.8/
6.7 Hz, 1H, CH,N3), 3.93 (ddd, J=12.2/11.6/2.4 Hz,
1H, 6-H.y), 4.03 (dddd, J=11.6/6.7/4.0/2.4 Hz, 1H, 4-
Hax), 4.25 (ddd, J=11.6/5.2/1.5 Hz, 1H, 6-H.q), 5.49
(s, 1H, 2-H,,), 7.26-7.33 (m, 3H, arom. H in m- and
p-position), 7.42-7.46 (m, 2H, arom. H in o-position).
IR (film): ¥ [em™']=2965, 2925 (m, v_cy, ), 2099 (s,
vny), 1107, 1024 (s, veo), 755, 700 (m, pary)-

6.25. rac-cis-4-(Azidomethyl)-2-ethyl-2-phenyl-1,3-diox-
ane ((¥)-15b)

Na,SOy4 (ca. 1 g) was added to a solution of racemic azi-
dodiol (#)-14'% (0.262 g, 2.0 mmol) and propiophenone
dimethyl acetal (5b, 0.361 g, 2.0 mmol) in THF
(20 mL), then a solution of p-toluenesulfonic acid in
THF (5.0 mL, 0.02 mol/L) was added and the mixture
was heated to reflux for 4 h. The solvent was evaporated
in vacuo, Et,O (30 mL) was added to the residue, the
mixture was decanted, and the Et,O layer was washed
with a saturated solution of NaHCOj; (2x 10 mL) and
water (10 mL), dried (MgSQy), and concentrated in vac-
uo. The residue was purified by fc (4 cm, petroleum
ether/ethyl acetate = 77:3, fractions 10 mL, R;=0.16).
Colorless oil, yield 0.250g (51%). MS (CI): m/z
(%) =248 (MH, 12), 220 (MH-N,, 97). '"H NMR

(CDCl3): 6 [ppm] =0.84 (t, J=7.6 Hz, 3H, CH,CHj;),
1.26 (dtd, J=12.8/2.4/1.5Hz, 1H, 5-Hgy), 1.76 (dq,
J=13.7/7.6 Hz, 1H, CH,CH;), 1.81 (qd, J=12.2/
52 Hz, 1H, 5-H,), 1.82 (dq, J=13.7/7.6 Hz, 1H,
CH,CH3), 3.17 (dd, J=12.8/3.4 Hz, 1H, CH;,N;3), 3.35
(dd, J=12.8/7.3 Hz, 1H, CH,N3), 3.81 (ddd, J=12.5/
11.3/2.4 Hz, 1H, 6-H,,), 3.93 (ddd, J = 11.3/5.2/1.5 Hz,
1H, 6-H.y), 3.95 (dddd, J=12.2/7.3/3.4/2.4 Hz, 1H,
4-H,,), 7.29-7.36 (m, 1H, arom. H in p-position),
7.40-7.43 (m, 4H, arom. H in o- and m-position). IR
(film): ¥ [em '] = 2971, 2931, 2875 (m, vcr), 2099 (s, vn)-

6.26. (—)-(25,45)-4-(Azidomethyl)-2-ethyl-2-phenyl-1,3-
dioxane ((25,45)-15b)

As described for the racemate (£)-15b, (S)-azidobuta-
netriol (S)-14 (65.6 mg, 0.50 mmol) was reacted with
propiophenone dimethyl acetal (b, 0.27 g, 1.5 mmol)
to Zyield (25,45)-15b. Colorless oil, yield 40.3 mg (33%).
0] 35 —106.3 (¢ 0.73, CH,Cl,).

6.27. (+)-(2R 4R)-4-(Azidomethyl)-2-ethyl-2-phenyl-1,3-
dioxane ((2R,4R)-15b)

As described for the racemate (£)-15b, (R)-azidobuta-
netriol (R)-14 (65.6 mg, 0.50 mmol) was reacted with
propiophenone dimethyl acetal (Sb, 90.1 mg, 0.5 mmol)
to yield (2R,4R)-15b. Colorless oil, yield 41.3 mg
(33%). [z +98.5 (c 0.74, CH,CL,).

6.28. (—)-(45)-4-(Azidomethyl)-2,2-diphenyl-1,3-dioxane
((4S)-15¢)

As described for the racemates (+)-10b/11b, the (S)-
configured  4-azidobutanediol  (S)-14  (43.3 mg,
0.33 mmol) was heated to reflux with benzophenone
dimethyl acetal (5¢, 75.3mg, 0.33 mmol) in THF
(5 mL) for 7h. Purification by fc (3 cm, petroleum
ether/ethyl acetate = 19:1, fractions 10 mL, R;=0.15)
afforded a colorless solid, mp 101 °C, yield 64.8 mg
(67%). [d)5y —71.3 (¢ 0.95, CH,Cl,). MS (EI): mlz
(%) =295 (M, 13), 239 (M—CH,Nj3, 50), 218 (M— Ph,
100). '"H NMR (CDCls): § [ppm] = 1.38 (dtd, J = 12.8/
2.4/1.8 Hz, 1H, 5-Hy), 1.94 (dtd, J=12.8/11.6/5.8 Hz,
1H, 5-H,y), 3.21 (dd, J=12.8/3.4 Hz, 1H, CH,Ny),
3.50 (dd, J=12.8/7.6 Hz, 1H, CH,Nj3), 4.06 (td,
J=11.6/2.4 Hz, 1H, 6-H,y), 4.12 (ddd, J=11.6/5.8/
1.8 Hz, 1H, 6-H¢,), 4.18 (dddd, J = 11.6/7.6/3.4/2.4 Hz,
1H, 4-H,,), 7.16-7.32 (m, 4H, arom. H in m-position),
7.38-7.44 (m, 2H, arom. H in p-position), 7.53-7.59
(m, 4H, arom. H in o-position). IR (film): ¥ [em '] =
2967 (m, v_cp, ), 2879 (m, v_cuo), 2095 (s, vn,), 1102
(S’ Vco), 749> 7_04 (Sa Varyl)‘

6.29. (+)-(4R)-4-(Azidomethyl)-2,2-diphenyl-1,3-dioxane
((4R)-15c¢)

As described for the racemates (+)-10b/11b, the (R)-con-
figured 4-azidobutanediol (R)-14 (323 mg, 0.25 mmol)
was heated to reflux with benzophenone dimethyl acetal
(5¢, 57 mg, 0.50 mmol) in THF (5 mL) for 7 h. Colorless
solid, mp 100 °C, yield 52.2 mg (71%). [o]%, +68.1 (¢
0.72, CH,Cl,).
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6.30. rac-cis-1-(2-Phenyl-1,3-dioxan-4-yl)methanamine
((¥)-16a)

As described for the racemic amine (£)-12b, the racemic
azide (+)-15a (46.0 mg, 0.21 mmol) was hydrogenated in
THF (5nL) for 2 h to yield (£)-16a. Colorless oil, yield
37.7 mg (93%). MS (CI): m/z (%) = 194 (MH*, 91). 'H
NMR (CDCl3): 6 [ppm]=1.44 (br s, 2H, NH,), 1.48
(dtd, J=13.1/24/1.5Hz, 1H, 5-H), 1.85 (dtd,
J=13.1/11.6/5.2 Hz, 1H, 5-H,), 2.81 (dd, J=13.3/
4.3 Hz, 1H, CH,NH,), 2.88 (dd, J=13.3/7.0 Hz, 1H,
CH,;NH;), 3.85 (dddd, J=11.3/7.0/4.3/2.4 Hz, 1H, 4-
H,,), 3.97 (ddd, J=12.2/11.3/2.4 Hz, 1H, 6-H,,), 4.29
(ddd, J=11.3/52/1.5Hz, 1H, 6-H.y), 5.53 (s, 1H, 2-
H,y), 7.30-7.40 (m, 3H, arom. H in m- and p-position),
7.48-7.52 (m, 2H, arom. H in o-position). IR (film):
v [em~'1=3373 (m, van), 2922, 2857 (m, ven), 1593
(m, dng). HR-MS: Calcd 193.1103. Found: 193.1102.

6.31. rac-cis-1-(2-Ethyl-2-phenyl-1,3-dioxan-4-yl)meth-
anamine ((%)-16b)

As described for the racemic amine (£)-12b, the racemic
azide ()-15b (32.2 mg, 0.13 mmol) was hydrogenated to
yield racemic (Z)-16b. Colorless oil, yield 26.9 mg (94%).
MS (CI): m/z (%) = 222 (MH, 57). '"H NMR (CDCls): 6
[ppm] = 0.82 (t, J=7.5Hz, 3H, CH,CH;), 1.24 (dtd,
J=12.8/2.7/1.5 Hz, 1H, 5-Hq), 1.43 (br s, 2H, NH,),
1.74 (tdd, J=12.8/11.6/5.5Hz, 1H, 5-H,y), 1.76 (q,
J=7.5Hz, 2H, CH,CH3), 2.74 (dd, J=13.1/4.1 Hz,
1H, CH,;NH,), 2.80 (dd, J = 13.1/6.7 Hz, 1H, CH,NH;),
3.70 (dddd, J=11.6/6.7/4.1/2.7 Hz, 1H, 4-H,,), 3.79
(ddd, J=12.5/11.3/2.7Hz, 1H, 6-H.), 3.90 (ddd,
J=11.3/5.5/1.5 Hz, 1H, 6-H¢q), 7.27-7.32 (m, 1H, arom.
H in p-position), 7.38-7.40 (m, 4H, arom. H in o0- and m-
position). IR (film): ¥ [cm™']=3378 (m, vnp), 2938,
2873 (s, vcu). HR-MS: Caled 221.1416. Found:
221.1416.

6.32. (—)-1-[(25,4S5)-2-Ethyl-2-phenyl-1,3-dioxan-4-
yllmethanamine ((2.5,4.5)-16b)

As described for the racemic amine (£)-12b, the azide
(25,45)-15b (24.7 mg, 0.10 mmol) was hydrogenated to
yield (25,4S5)-16b. Colorless oil, yield 20.8 mg (94%).
[2)289 —20.9 (¢ 0.90, CH,Cl,).

6.33. (+)-1-[(2R ,4R)-2-Ethyl-2-phenyl-1,3-dioxan-4-
yllmethanamine ((2R,4R)-16b)

As described for the racemic amine (£)-12b, the azide
(2R,4R)-15b (24.7 mg, 0.10 mmol) was hydrogenated
to yield (2R,4R)-16b. Colorless oil, yield 21.0 mg
(95%). [0]35 +19.0 (c 0.88, CH,CL).

6.34. (—)-(45)-1-(2,2-Diphenyl-1,3-dioxan-4-yl)methan-
amine ((45)-16¢)

As described for the racemic amine (£)-12b, the azide
(4S)-15¢ (29.5mg, 0.10 mmol) was hydrogenated to
yield (4S)-16¢c. Colorless oil, yield 25.7 mg (96%). ]2,
—7.12 (¢ 1.11, CH,Cl,).

6.35. (+)-(4R)-1-(2,2-Diphenyl-1,3-dioxan-4-yl)methan-
amine ((4R)-16¢)

As described for the racemic amine (£)-12b, the azide
(4R)-15¢ (29.5mg, 0.10 mmol) was hydrogenated to
yield (4R)-16¢c. Colorless oil, yield 28.0 mg (100%).
[0]28 +6.88 (¢ 0.89, CH,Cl,).

6.36. rac-cis-|(2-Phenyl-1,3-dioxan-4-yl)methyl]tosylate
((¥)-17a)

A cold solution of p-toluenesulfonyl chloride (1.907 g,
10.0 mmol) in CH,Cl, (10 mL) was added to a cold solu-
tion of (+)-8a!>'© (0.971 g, 5 mmol) and NEt; (0.84 mL,
6 mmol) in CH,Cl, (20 mL), and the mixture was stirred
for 48 h at 4 °C. The solvent was evaporated in vacuo
and the residue was purified by fc (6 cm, petroleum
ether/ethyl acetate = 7:3, fractions 35 mL, Ry=0.30).
Colorless solid, mp 69-74 °C, yield 1.608 g (92%). MS
(ED): miz (%) = 348 (M, 51), 163 (M—CH,OTos, 35). 'H
NMR (CDCls): 6 [ppm] = 1.55 (dtd, J = 13.4/2.4/1.2 Hz,
1H, 5-H.y), 1.81 (dddd, J=13.4/12.2/11.0/5.2 Hz, 1H,
5-H,y), 2.42 (s, 3H, PhCH;), 3.94 (ddd, J=12.2/11.6/
2.7 Hz, 1H, 6-H,,), 4.10 (dd, J = 10.1/6.4 Hz, 1H, CH,O-
Tos), 4.12 (m, 1H, 4-H,,), 4.14 (dd, J = 10.1/4.0 Hz, 1H,
CH,OTos), 4.28 (ddd, J=11.6/5.2/1.2 Hz, 1H, 6-H,),
5.46 (s, 1H, 2-H,,), 7.28 (d, J = 8.5 Hz, 2H, arom. H-3,
H-5ppcm3), 7.32-7.36 (m, 3H, arom. H in m- and p-posi-
tion), 7.37-7.42 (m, 2H, arom. H in o-position), 7.79 (d,
J=8.5Hz, 2H, arom. H-2, H-6puchs). IR (KBr): v
[em™']=2962 (m, v_cp, ), 2861 (m, v_cpo).

6.37. (+)-(25,45)/(2R,4S)-2-(2-tert-Butyl-1,3-dioxolan-4-
yl)ethan-1-o0l ((45)-19) and (+)-(2S,4.5)-(2-tert-Butyl-1,3-
dioxan-4-yl)methanol ((25,45)-20)

A solution of p-toluenesulfonic acid monohydrate
(0.10 mol/L, 5.0 mL in THF) was added to a solution
of pivalaldehyde (18, 1.72 g, 20 mmol) and (S)-butane-
1,2,4-triol ((S)-6, 1.06 g, 10 mmol) in THF (45mL)
and the mixture was heated to reflux for 4 h. After the
addition of NaHCO;, the mixture was concentrated in
vacuo. The residue was suspended in ethyl acetate
(40 mL), filtered, and the filtrate was washed with a sat-
urated solution of NaHCO; (20 mL), dried (MgSQO,),
and concentrated in vacuo. The residue ((4S)-19/
(2S5,45)-20 = 63:37) was purified by fc (8 cm, petroleum
ether/ethyl acetate = 7:3, fractions 20 mL).

(2S,4S)-20§ (R;=0.29): Colorless oil, yield 0.535g
(31%). [#)5 +8.61 (¢ 1.05, CH,CL).

(4S?—19 (Ry=0.20): Colorless oil, yield 0.784 g (45%).
[oc]ﬁ@ +3.42 (¢ 1.00, CH,Cly). (25,45)-19/(2R4S)-
19 = 20:80.

6.38. (—)-(2R,4R)I(2S,4R)-2-(2-tert-Butyl-1,3-dioxolan-
4-yl)ethan-1-ol ((4R)-19) and (—)-(4R)-(2-tert-Butyl-1,3-
dioxan-4-yl)methanol ((2R,4R)-20)

The preparation of (4R)-19 and (2R,4R)-20 was per-
formed as described above for the enantiomers using
(R)-butane-1,2,4-triol ((R)-6, 1.06 g, 10.0 mmol).
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(2R4R)-20 (Ry=0.29): Colorless oil, yield 0.486¢g
(28%). [0]%55 —7.80 (¢ 0.80, CH,CL,).

(4R3) -19 (Ry=0.20): Colorless oil, yield 0.808 g (46%).
[oc 9 —2.71 (¢ 1.04, CH,CL). (2R,4R)-19/(2S5.4R)-
19 = 22:78.

6.39. (—)-[(25,45)/(2R,4S)-2-(2-tert-Butyl-1,3-dioxolan-
4-yl)ethyl]tosylate ((45)-21)

A cold solution of p-toluenesulfonyl chloride (2.48 g,
13 mmol) in CH,Cl, (50 mL) was added to a cold solu-
tion of (45)-19 (1.13 g, 6.5 mmol, (2S5,45)-19/(2R,4S)-
19 =20:80) and NEt; (1.1 mL, 7.8 mmol) in CH,Cl,
(20 mL), and the mixture was stirred for 48 h at 4 °C.
The solvent was evaporated in vacuo and the residue
was purified by fc (8 cm, petroleum ether/ethyl ace-
tate = 7:3, fractions 35 mL, Ry = 0.30). Colorless solid,
mp 69— 74 °C, yleld 1.9 g (89%). (25,4S5)-21/(2R,4S)-
21 = 20:80. [« }589 —18.2 (¢ 1.12, CH,Cl,).

6.40. (+)-[(2R,4R)I(2S,4R)-2-(2-tert-Butyl-1,3-dioxolan-
4-yl)ethyl]tosylate ((4R)-21)

As described for (45)-21, the dioxolane (4R)-19 (0.66 g,
3.8 mmol, (2R,4R)-19/(25,4R)-19 = 22:78) was reacted
with p-toluenesulfonyl chloride (1.45 g, 7.6 mmol) and
triethylamine (0.64 mL, 4.6 mmol) in CH,Cl, (40 mL)
to give the tosylate (4R)-21. Colorless solid, mp 70—
74°C, yield 091g (73%). [(2R4R)-21/(2S,4R)-
21 =19:81. [o]Zy, +13.2 (¢ 1.00, CH,Cl,).

6.41. (—)-(25,45)/(2R,45)-4-(2-Azidoethyl)-2-tert-butyl-
1,3-dioxolane ((4.5)-22)

As described for the racemic azide (*)-15a, the enantio-
merically pure tosylate (45)-21 (1.64g, 5.0 mmol,
(25,45)-21/(2R,45)-21 = 20:80) was reacted with NaN;
(3.25 g, 50 mmol) in DMF (50 mL) to yield (45)-22 after
work-up. Colorless oil, yield 0.88 g (88%). (2S5,45)-22/

(2R.48)-22 = 20:80. []22, —20.4 (¢ 0.71, CH,CL,).

6.42. (+)-(2R,4R)I(2S,4R)-4-(2-Azidoethyl)-2-tert-butyl-
1,3-dioxolane ((4R)-22)

As described for the racemic azide (£)-15a, the enantio-
merically pure tosylate (4R)-21 (0.755g, 2.3 mmol,
(2R,4R)-21/(2S,4R)-21 = 19:81) was reacted with NaNj3
(1.495 g, 23 mmol) in DMF (35mL) to yield (4R)-22
after work-up. Colorless oil, yield 0.35g (77%).
(2R4R)-22/(2S,4R)-22 = 21:79. o], +17.1 (c 0.75,
CH,Cl,).

6.43. (+)-[(2S5,4S5)-(2-tert-Butyl-1,3-dioxan-4-yl)meth-
yl]tosylate ((25,45)-23)

As described for (4S5-21, the dioxane (25,45)-20 (0.70 g,
4.0 mmol) was reacted with p-toluenesulfonyl chloride
(1.53g, 8.0mmol) and triethylamine (0.67 mL,
4.8 mmol) in CH,Cl, (40mL) to give the tosylate
(25,4S)- 23 Colorless solid, mp 62-64 °C, yield 0.794 g
(61%). [a ]589 +0.58 (¢ 1.04, CH,Cl,).

6.44. (-)-[(2R,4R)-(2-tert-Butyl-1,3-dioxan-4-yl)methyl]-
tosylate ((2R,4R)-23)

As described for (45)-21, the dioxane (2R,4R)-20
(0.44 g, 2.3 mmol) was reacted with p-toluenesulfonyl
chloride (0.88 g, 4.6 mmol) and triethylamine (0.39 mL,
2.8 mmol) in CH,Cl, (30 mL) to give the tosylate
(2R,4R)- 23 Colorless solid, mp 62-64 °C, yield 0.592 g
(78%) [o ]589 —0.48 (¢ 1.04, CH,Cl,).

6.45. (—)-[(25,45)-4-(Azidomethyl)-2-tert-butyl-1,3-
dioxane ((25,45)-24)

As described for the racemic azide (£)-15a, the enantio-
merically pure tosylate (25,45)-23 (0.624 g, 1.9 mmol)
was reacted with NaNj3 (1.235g, 19 mmol) in DMF
(30 mL) to yield (2S5,4S)- 24 after work-up. Colorless
oil, yield 0.276 g (73%). [« ]589 —25.5 (¢ 0.53, CH,Cl,).

6.46. (+)-[(2R,4R)-4-(Azidomethyl)-2-tert-butyl-1,3-diox-
ane ((2R,4R)-24)]

As described for the racemic azide (£)-15a, the enantio-
merically pure tosylate (2R,4R)-23 (0.460 g, 1.4 mmol)
was reacted with NaNj3 (0.910 g, 14 mmol) in DMF
(25mL) to yield (2R,4R)- 24 after work-up. Colorless
oil, yield 0.186 g (67%). [« ]589 +23.5 (¢ 0.52, CH,Cl,).

7. Receptor binding studies
7.1. General

Homogenizer: Potter®S (B Braun Biotech International).
Ultraturrax: Euroturrax® T20 (Ika Labortechnik). Cen-
trifuge: High-speed cooling centrifuge model J2-HS
(Beckman). Filter: Whatman glass fiber filters GF/B
and GF/C, presoaked in 1% (NMDA assay) or 0.5%
(o, assay) polyethylenimine (in water) for 2 h at 4 °C
before use. Filtration was performed with a Brandel
24-well cell harvester. Scintillation cocktail: Rotiscint
Eco Plus (Roth). Liquid scintillation analyzer: TriCarb
2100 TR (Canberra Packard), counting efficiency 65%.
All experiments were carried out in triplicate. 1Csg-val-
ues were determined in competition experiments with
at least six concentrations of test compounds and were
calculated with the program GraphPad Prism® 3.0
(GraphPad Software) by non-linear regression analysis.
K;-values were calculated according to Cheng and Prus-
off >* The Kj-values are given as mean value = SEM
from three independent experiments.

7.2. Investigation of the affinity to the phencyclidine
binding site of the NMDA receptor'?

[’H]-(+)-MK-801 binding to pig brain cortex membrane
preparations was performed according to standard radi-
oligand binding assays, which were slightly modified as
described below.

7.3. Preparation of the tissue

Fresh pig brain cortex was homogenized with a potter
(500 rpm, 10 up-and-down strokes) in 10 volumes of
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cold 0.32 M sucrose. The suspension was centrifuged at
1000g for 10 min at 4 °C. The supernatant was separated
and centrifuged at 10,000g for 20 min at 4 °C. The pellet
was resuspended in buffer (5mM Tris-acetate with
1 mM EDTA, pH 7.5) with an Ultraturrax (8000 rpm)
and centrifuged at 20,000g (20 min, 4 °C). This proce-
dure was repeated twice. The final pellet was resuspend-
ed in buffer, the protein concentration was determined
according to the method of Bradford?> using bovine ser-
um albumin as standard, and subsequently the prepara-
tion was frozen (—83 °C) in 5 mL portions of about
1 mg protein/mL.

7.4. Performance of the assay

The test was performed with the radioligand [*HJ-(+)-
MK-801 (832.5 GBg/mmol; NEN™ Life Science Prod-
ucts). The thawed membrane preparation (about 100 pg
of the protein) was incubated with various concentra-
tions of test compounds, 2 nM [*H]-(+)-MK-801, and
buffer (5 mM Tris—acetate, ] mM EDTA, pH 7.5) in a
total volume of 500 pL for 90 min at 25 °C. The incu-
bation was terminated by rapid filtration through pres-
oaked Whatman GF/C filters using a cell harvester.
After washing four times with 2mL of cold buffer,
3mL of scintillation cocktail was added to the filters.
After at least 8 h, bound radioactivity trapped on the
filters was counted in a liquid scintillation analyzer.
Non-specific binding was determined with 10 uM (+)-
MK-801.

7.5. Investigation of the ¢, receptor affinity*?

[*H]-(+)-Pentazocine binding to guinea pig brain mem-
brane preparations was performed according to stan-
dard radioligand binding assays, which were slightly
modified as described below.

7.6. Membrane preparation

Thawed guinea pig brains (Dunkin Hartley, Harlan-
Sera-Lab) were homogenized with an ultraturrax
(8000 rpm) in 10 volumes of cold 0.32 M sucrose. The
homogenate was centrifuged at 1000g for 10 min at
4 °C. The supernatant was separated and centrifuged
at 22,000g for 20 min at 4 °C. The pellet was resuspend-
ed in 10 volumes of buffer (50 mM Tris—HCI, pH 7.4)
with an ultraturrax (8000 rpm), incubated for 30 min
at 25°C, and centrifuged at 22,000g (20 min, 4 °C).
The pellet was resuspended in buffer, the protein concen-
tration was determined according to the method of
Bradford?® using bovine serum albumin as standard,
and subsequently the preparation was frozen (—83 °C)
in 5 mL portions of about 2 mg protein/mL.

7.7. Performance of the o, assay

The test was performed with the radioligand [ring-
1,3-*H]-(+)-pentazocine (1036 GBg/mmol; NEN™ Life
Science Products). The thawed membrane preparation
(about 150 pg of the protein) was incubated with vari-
ous concentrations of test compounds, 3 nM [PH]-(+)-
pentazocine and buffer (50 mM Tris—-HCI, pH 7.4), in

a total volume of 500 pL for 150 min at 37 °C. The
incubation was terminated by rapid filtration through
presoaked Whatman GF/B filters using a cell harvester.
After washing four times with 2 mL of cold buffer,
3 mL of scintillation cocktail was added to the filters.
After at least 8 h, bound radioactivity trapped on the
filters was counted in a liquid scintillation analyzer.
Non-specific binding was determined with 10 uM
haloperidol.
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Abstract—A new type of ketolides, bearing an N-aryl-alkyl acetamide moiety at the C-9 iminoether and a cyclic carbonate at the
C-11,12 position was prepared and the antibacterial activities of the compounds were evaluated. Some of the derivatives showed
potent antibacterial activity against both Haemophilus influenzae and Streptococcus pneumoniae, which are clinically important
respiratory tract pathogens. Among the derivatives prepared, compound 5s with a quinolin-4-yl moiety was found to have potent
and well-balanced activity against S. pneumoniae and H. influenzae including erythromycin-resistant strains.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The macrolide antibiotic erythromycin A (EM) has been
widely used for the treatment of gram-positive bacterial
infections. However due to its acid instability and low bio-
availability, new semi-synthetic analogues of EM have
been pursued. Clarithromycin (CAM)! is one of the
semi-synthetic analogues of EM, which has good acid sta-
bility in the stomach and bioavailability. Azithromycin
(AZM)? is another analogue that has an improved T1/2
and enhanced activity against gram-negative pathogens.
Though these compounds have improved properties, they
are still inactive against erythromycin-resistant strains,
which have increased significantly in recent years.?

Recently, 3-keto derivatives of EM, called ketolides,*
have been developed (Fig. 1). They are active against
erythromycin-resistant strains, while maintaining their
activity against erythromycin-susceptible ones. RU-
004° (Hoechst-Marion Roussel) is a pioneer compound,
which was evaluated clinically, and Telithromycin®
(Aventis Pharma) is the first ketolide, which was
launched on the market in 2001 in the EU.

Keywords: Ketolide; N-aryl-alkyl acetamide; 9-Iminoether; Erythro-

mycin resistant; Macrolide; C-11,12 carbonate.
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Both them are 3-keto derivatives of CAM with an aryl-
alkyl moiety at the C-11,12 cyclic carbamate group.
Another derivative of ketolides, ABT-7737 (cethromy-
cin, Abbott Laboratories), has an aryl-alkyl moiety at
its C-6 position.

Though all the above three C-9 keto compounds are
effective for erythromycin-resistant strains and have po-
tent activity against H. influenzae and S. pneumoniae,
no ketolide derivatives exhibiting potent activity have
thus far been reported with an aryl-alkyl moiety at the
C-9 position.® The location of the aryl group on the
ketolide skeleton is considered to be a very important
factor for the activity against such pathogens.

In this paper, we describe the synthesis and the struc-
ture—activity relationships of ketolides with an aryl-alkyl
moiety on the C-9 iminoether group and a cyclic carbon-
ate at the C-11,12 position.

2. Synthesis

9-Iminoether derivatives were prepared using allyl ether
1° as a starting material. Since compounds with a C-
11,12 carbonate showed potent antibacterial activities
in the series of C-9 oxime derivatives,” we prepared 9-
iminoether derivatives with a C-11,12 carbonate moiety.
We used carboxylic acid 3, readily accessible from 1 by
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Figure 1. Structure of macrolide antibiotics.

carbonate formation, followed by oxidation of allyl
ether, as a key intermediate for the introduction of a
variety of substituents at the C-9 iminoether by amide
linkage. Amidation of 3 with various primary amines
using oxalyl chloride and a catalytic amount of dimeth-
ylformamide gave 4, which was subjected to deprotec-
tion and subsequent N-methylation (20% Pd(OH),/H,,
HCHO aq), afforded amide derivatives 5, as shown in
Scheme 1. We prepared the derivatives 5a—5f with vari-
ous lengths of methylene linker (Table 1) and 5g—5s with
a variety of aryl groups (Tables 3 and 4).

Cbz-NMe

ECbz-ofj\
S O a

u,

:Chz-
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ABT-773

Another amide derivative having an N-methyl carbamoyl
derivative 8 was prepared, as shown in Scheme 2.
Amide 6 prepared from 3 and N-methylpropargylamine
coupled with iodobenzene (Sonogashira coupling) gave
7, which was subjected to deprotection, and subsequent
N-methylation afforded N-methyl carbamoyl derivative
8. Derivatives other than amides were prepared, as
shown in Schemes 3 and 4. Compound 11 with a meth-
ylene spacers instead of amide 5d, was prepared by cou-
pling 1 with triflate 9 (Suzuki coupling) to give 10 (a
mixture of E/Z isomers), which was converted to 11 by

Cbz-NMe

SN

Scheme 1. Reagents and conditions: (a) (CCl;0),CO, pyridine, THF; (b) (1) O3, SMe,, (2) NaClO,, NaH,PO,2H,0, Me2C=CHMe; (c) (CICO),,
cat. DMF, RNH,; (d) (1) H,, 20% Pd(OH),/C, (2) H,, 20% Pd(OH),/C, HCHO aq acetate buffer (pH 4.4).

Table 1. In vitro antibacterial activities of compounds 5a—5f

Strain MIC (pg/mL)

5a (n=0) 5b (n=1) 5¢ (n=2) 5d (n=13) S5e (n=4) 5f(n=175) CAM
S.aureus Smith 0.2 0.2 0.39 0.2 0.39 0.78 0.2
S. aureus SR17347(EM-R) 0.78 0.39 0.78 0.2 0.39 0.78 >100
S. pneumoniae Type 1 0.025 0.025 0.05 0.025 0.025 0.1 0.025
S. pneumoniae SR16651(EM-R) >100 >100 100 0.78 25 6.25 >100
H. influenzae SR88562 50 25 50 6.25 50 25 3.13
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Scheme 2. Reagents and conditions: (a) (CICO),, cat. DMF, N-methylpropargylamine; (b) Phl, NEt3, Cul, cat. Cl,Pd(PPh;),, CH3CN; (c) (1) H,,
20% Pd(OH),/C, (2) H,, 20% Pd(OH),/C, HCHO aq acetate buffer (pH 4.4).

Chz-NMe

"0 . Chbz-NMe
% N :Chz-O,

N. :Chz-O,

A 5
’ {Ph\/\bow
O 9 e}
1 10

Scheme 3. Reagents and conditions: (a) 9-BBN, THF; (b) cat. Cl,Pd(PPhs),, 1 N NaOH, 9; (c) (CCl;0),CO, pyridine, THF; (d) H,, 20% Pd(OH),/C;
(e) Hy, 20% Pd(OH),/C, HCHO aq acetate buffer (pH 4.4).

Scheme 4. Reagents and conditions: (a) (1) (CICO),, cat. DMF, toluene; (2) 3-phenyl-1-propanol, pyridine, cat. DMAP, toluene; (b) H,, 20%
Pd(OH),/C; (c) Ha, 20% Pd(OH),/C, HCHO aq acetate buffer (pH 4.4).

carbonate formation, and subsequent deprotection and
N-methylation. An ester derivative 13 was prepared
via esterification of 3 with 3-phenyl propanol.

Method A

-Boc
Boc a
Ar-X + ///\H — Ar/u
14
b Ar/\/\HBoc . AF"NH,
15 16
Method B

ArRX 4 So~pBoc 9 A yBoe
N H
15

¢ Ar™"NH,

16a, 3-0-Tolyl-propylamine 16
16b, 3-mTolyl-propylamine
16c, 3-p-Tolyl-propylamine
16d, 3-(4-Fluoro-phenyl)-propylamine
16e, 3-(4-Nitro-phenyl)-propylamine
16f, 3-Biphenyl-4-yl-propylamine

169, 3-Naphthalen-2-yl-propylamine
16h, 3-Naphthalen-1-yl-propylamine
16i, 3-Quinolin-3-yl-propylamine

16, 3-Quinolin-4-yl-propylamine

Scheme 5. Reagents and conditions: (a) NEt;, Cul, cat. Cl,Pd(PPhs),;
(b) H,, 20% Pd(OH),/C; (c) CF3CO,H; (d) 9-BBN, cat. Cl,Pd(PPhs),,
1 N NaOH.

3-Arylpropylamines used for the synthesis of 5 were pre-
pared, as shown in Scheme 5. Other amines, not listed in
Scheme 5, were commercially available or prepared
from the corresponding 3-arylpropanols.

3. Results and discussion

All the ketolides prepared were evaluated in vitro by
the standard agar dilution method with various strains.
Their antibacterial activities against erythromycin-sus-
ceptible and -resistant S. aureus and S. pneumoniae,
including one strain of H. influenzae, are shown in
Table 1. All ketolides showed potent antibacterial
activities against both erythromycin-susceptible and
-resistant S. aureus and erythromycin-susceptible S.
pneumoniae. Their activities against erythromycin-sus-
ceptible strains were almost comparable to CAM.
Although all ketolides shown in Table 1 displayed po-
tent activities against erythromycin-resistant S. aureus,
they showed weak activities against erythromycin-resis-
tant S. pneumoniae and H. influenzae, except for com-
pound 5d. As for the activity of H. influenzae, 5d
showed superior activity to other ketolides, but its
activity was slightly inferior to that of CAM. It was
considered that the spacer length between the amide
and the phenyl ring was an important factor in the
activity against erythromycin-resistant S. pneumoniae
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Table 2. In vitro antibacterial activities of 5d and its analogues 8, 11, and 13
R

Ph Me
“(CHY3 \fo(\_r"\ 8

Ph
YCHYy ™"y 11

Ph
\(CHz)a'OTO(\r“ 13

Strain MIC (pg/mL)

5d 8 11 13 CAM
S. aureus Smith 0.2 0.39 3.13 0.78 0.2
S. aureus SR17347(EM-R) 0.2 0.39 3.13 0.78 >100
S. pneumoniae Type 1 0.025 0.05 0.78 0.2 0.025
S. pneumoniae SR16651(EM-R) 0.78 6.25 6.25 6.25 >100
H. influenzae SR88562 6.25 12.5 >100 25 3.13

and H. influenzae, and the spacer of three methylenes
was found to be the most favorable.

We next examined the effect of the amide group and its N—
H bond. Table 2 presents the antibacterial activity of 5d
and its analogues 8, 11, and 13 with the same spacer length
as 5d. Clearly, the analogues 8, 11, and 13 are less active
than 5d against the strains tested, especially against eryth-
romycin-resistant strains. Compound 13 bearing an ester
group showed a much lower antibacterial activity and
compound 11 almost lost its activity. N-Methylcarba-
moyl analogue 8 was less active than 5d against erythro-
mycin-resistant S. pneumoniae, while retaining an
almost comparable activity to 5d against other strains.
These results strongly suggest that amide is the best link-
age for the C-9 iminoether moiety and the NH group of
the amide also plays an important role in the activity
against erythromycin-resistant S. preumoniae.

Next, the effects of the substituent on the phenyl ring
were examined. Table 3 presents the activities of 5d
derivatives with a substituent on the phenyl ring. The
introduction of a methyl substituent (5g-5i) resulted in
a remarkable decrease of their activity against erythro-
mycin-resistant S. pneumoniae. Among them, 5i with a
para-substituent showed a rather strong activity, but
the activity against erythromycin-resistant S. pneumo-

niae was much lower than that of Sd. Other analogues
with a para-substituted phenyl group (5j-51) also
showed weak activity. The results given in Table 3 clear-
ly showed that substituents on a phenyl ring were not
effective for antibacterial activities, and we next focused
our investigation on aryl rings other than phenyl. There-
fore, derivatives Sm—5s bearing various aryl ring groups
were prepared and the antibacterial activities of the rep-
resentative compounds are given in Table 4. Com-
pounds Sm, 5n, and 5o bearing a pyridine ring showed
increased activity against H. influenzae compared to
5d, but their activity against erythromycin-resistant S.
pneumoniae was much more inferior to that of 5d,
though it maintained the activity against other strains.
Compounds 5p and 5q bearing a naphthalene ring
exhibited interesting activities against erythromycin-re-
sistant S. pneumoniae and H. influenzae, respectively.
As for the activity against erythromycin-resistant S.
pneumoniae, compound Sp with a B-naphthyl substituent
showed activity twice as potent as 5d, whereas 5q with
an o-naphthyl one showed a much lower activity. On
the other hand, against H. influenzae, compound 5q
was twice as active as 5d, while 5p showed activity com-
parable to that of Sd. These findings that the f-naphthyl
moiety contributes to the activity against erythromycin-
resistant S. pneumoniae and the o-naphthyl one to the
activity against H. influenzae led us to the design of com-

Table 3. In vitro antibacterial activities of compound 5d and its analogues 5g-51

Ar “
(CHY3 " YO :
O N A

A

r
Me
Ho,fNjM\e2 %\F Me/©\s \©\Iﬁ
59 i

5h 5i

0L,
5i 5k 51

O

5
Strain MIC (pg/mL)

5d 5g 5h 5i 5§ 5k 51 CAM

S. aureus Smith 0.2 0.2 0.39 0.39 0.2 0.39 1.56 0.2
S. aureus SR17347(EM-R) 0.2 0.2 0.39 0.39 0.39 0.39 1.56 >100
S. pneumoniae Type 1 0.025 0.025 0.025 0.025 0.025 0.05 0.2 0.025
S. pneumoniae SR16651(EM-R) 0.78 25 12.5 6.25 6.25 50 6.25 >100

H. influenzae SR88562 6.25 6.25 6.25 6.25 6.25 12.5 >100 3.13
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Table 4. In vitro antibacterial activities of compound 5d and its analogues 5m-5s

H
r
NcHs Ny o
O N A

o @u@

O=<8" MeO ~07"°0
t @ @j“ .

(6]

5
Strain MIC (ug/mL)

5d Sm 5n 50 5p 5q S5r 5s CAM

S. aureus Smith 0.2 0.2 0.2 0.2 0.39 0.39 0.2 0.2 0.2
S. aureus SR17347(EM-R) 0.2 0.2 0.2 0.39 0.39 0.39 0.2 0.2 >100
S. pneumoniae Type 1 0.025 0.025 0.025 0.025 0.05 0.025 0.0125 0.0125 0.025
S. pneumoniae SR16651(EM-R) 0.78 100 50 100 0.39 12.5 0.1 0.78 >100
H. influenzae SR88562 6.25 3.13 1.56 3.13 6.25 3.13 3.13 0.78 3.13

Table 5. In vivo efficacy in the mouse lung infection models

Compound S. pneumoniae Rat
MIC (pg/mL) EDs, (mg/kg) Mouse serum free (%) Lung AUC (0-6 h) (ug h/g)*
5d 0.025 21.8 2.9 26
5s 0.0125 35.9 5.9 19
CAM 0.025 11.6 52.8 221

#Dose 20 mg/kg (PO).

pounds 5r and 5s with a quinolynyl moiety. As shown in
Table 4, as expected, both compounds had potent activ-
ities including erythromycin-resistant S. pneumoniae and
H. influenzae. Between the two, compound 5s with a
quinolin-4-yl moiety was considered to be the better
one in terms of its balanced activity against erythromy-
cin-resistant S. pneumoniae and H. influenzae, while Sr
with the quinolin-3-yl moiety showed remarkable activ-
ity against erythromycin-resistant S. pneumoniae.

The in vivo efficacy (EDsg) of 5s and 5d, as well as that
of CAM, in the mouse lung infection model was evalu-
ated, as presented in Table 5. It was disappointing to
find that these ketolides bearing an N-aryl-propyl actet-
amide group were less efficacious in vivo than CAM in
the lung infection model although they had in vitro
activity as potent as CAM. The weak in vivo efficacy
was presumably attributed to their low free fraction in
mouse serum and their poor pharmacokinetic proper-
ties. The lung AUCs of 5d and 5s in mice would be much
lower than that of CAM as in the case with the AUC in
rats shown in Table 5.

4. Molecular modeling

We conducted an extensive study on ketolides bearing
an N-aryl-alkyl acetamide group at the C-9 iminoether,
and found the analogue Ss to be a ketolide with potent
and balanced antibacterial activities. A macrolide has
two faces on its molecular surface, a hydrophobic face
and a hydrophilic one, which can be easily differentiated
on its molecular model. The hydrophilic face has most
of the oxygen-containing groups. Conformational anal-

ysis of RU-004!° and ABT-7737 indicated that their aryl
groups were located on their hydrophilic face with al-
most the same spatial positioning. We conducted the
conformational analysis of 5s with RU-004 and ABT-
773 by locating the aryl groups in a similar spatial area
with the computer software MOE.!! Although many
conformations arose from superposing compound 5s
on the other, we finally obtained a conformation of
the three compounds with their aryl groups located in
almost the same spatial area. As shown in Figure 2, all
aryl groups of 5s (green), RU-004 (red), and ABT-773
(blue) can occupy almost the same spatial area on the
hydrophilic face. The conformation depicted in this

Figure 2. Conformation model of 5s (green), RU-004 (red), and
ABT-773 (blue).
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model'? is similar to that of ABT-773 in a complex with
ribosome,!3 leading to the suggestion that this type of
ketolide bearing an N-aryl-propyl acetamide group at
the C-9 iminoether could be promising as a compound
against pathogens resistant to erythromycin.

5. Conclusion

A series of ketolides bearing an N-aryl-propyl acetamide
group at the C-9 iminoether was found to have potent
activities against key respiratory pathogens, including
erythromycin-resistant ones. Extensive study on the
modification of the C-9 iminoether moiety revealed that
the amide and its NH group were essential for potent
activity, and led to the discovery of novel compounds,
such as, 5s, with potent activity against the key respira-
tory pathogens. Although this type of ketolides showed
excellent activities in vitro, they exhibited poor in vivo
efficacy in experimental animal infection models, pre-
sumably due to their poor pharmacokinetic profiles.
These results directed us to the pursuit of other deriva-
tives with an improved pharmacokinetic profile along
with potent activities, which will be reported elsewhere
in the future.

6. Experimental

Infrared (IR) spectra were taken on a JASCO FT/IR-
700 spectrometer. 'H NMR (300 MHz) and '*C NMR
(75 MHz) spectra were recorded on a Varian Gemini-
300. Chemical shifts are reported in ppm using tetra-
methylsilane (TMS) as an internal standard. HR-MS
(FAB)/MS (FAB) were recorded on a JEOL LMS-SX/
SX 102A and HR-MS (SI)/MS (SI) were recorded on
a Hitachi M-90. Analytical thin layer chromatography
(TLC) was carried out on Merck precoated TLC plates
silica gel 60 F»s4 and visualized with UV light or 10%
H,SO, containing 5% ammonium molybdate and
0.2% ceric sulfate. Flash chromatography was per-
formed with Merck silica gel 60 (230-400 mesh).

6.1. Measurement of in vitro antibacterial activity

MICs were determined by a serial twofold dilution
method in Sensivity Disk Agar-N (Nissui Pharmaceuti-
cal, Tokyo, Japan). The overnight cultures of antibacte-
rial strains in Mueller—Hinton broth (Becton Dickinson)
were diluted to about 10° CFU/ml. Bacterial suspen-
sions of 1 pL were spotted onto agar plates containing
various concentrations of an antibiotic and incubated
for 20 h at 37 °C before the MICs were scored.

6.2. Preparation of compound 3

A solution of compound 2° (5.0g, 5.42mmol) in
CH,Cl, (50 mL)-MeOH (10mL) was cooled to
—78 °C, and O; gas was bubbled through the solution
with stirring until the solution turned blue. Next, N,
gas was bubbled through the solution with stirring until
the blue color discharged. After that, Me,S (2 mL,
27.2 mmol) was added to the reaction mixture at

—178 °C with stirring for 30 min at —78 °C. The reaction
mixture was poured into H,O and extracted with CHCl;
(50 mL). The aqueous layer was extracted with CHCI,
(50 mL) and the combined organic layer was washed
with brine, dried over MgSQOy, filtered, and concentrated
in vacuo. The residue was diluted with tert-BuOH
(30 mL) and H,O (10 mL), and to this solution were
added 2-methy-2-butene (2.7 mL, 25.4 mmol), NaH,.
PO42H,O (850 mg, 5.45 mmol), and 80% NaClO,
(2.2 g, 11.2 mmol) at room temperature. After stirring
for 3.5 h at room temperature, to the reaction mixture
was added 1 N HCI (50 mL) under cooling with an
ice-water bath. The mixture was poured into H,O and
extracted with CHCl; (50 mL). The aqueous layer was
extracted with CHCI; (50 mL) and the combined organ-
ic layer was washed with brine, dried over MgSQ,,
filtered, and concentrated in vacuo. The residue was
purified by column chromatography on silicagel (n-hex-
ane/AcOEt = 1/1-1/4 and CHCIl3/MeOH = 4/1) to give
4.95 g of compound 3 as a colorless foam (two conform-
ers 97%).

MS (FAB) 963" (M+Na"); HRMS (FAB) calcd for
CasHesN>O1;Na (M+Na™) 963.4103, found 963.4106;
Anal. calcd for C43HgsN-O17(H,0),: C, 59.01; H, 7.01;
N, 2.87, found: C, 58.95; H, 6.76; N, 2.93; IR (KBr)
3430, 3065, 3032, 2975, 2938, 2881, 1809, 1752, 1703,
1618, 1497, 1455, 1406, 1382, 1329, 1290, 1253, 1167,
1113, 1082, 1067 (cm™'); '"H NMR (CDCls) & 2.66
(3H, s), 2.80, 2.84 (3H, two s); '*C NMR (CDCl;) ¢
10.3, 13.0, 13.8, 13.9, 14.1, 15.3, 15.5, 18.5, 19.7, 20.6,
21.0, 22.3, 26.5, 28.9, 29.6, 33.0, 35.7, 36.2, 37.8, 46.9,
47.0, 49.5, 50.9, 54.8, 60.4, 67.2, 67.3, 68.7, 69.4, 69.6,
70.9, 74.6, 76.2, 76.4, 78.1, 82.7, 84.8, 100.6, 125.2,
127.5, 127.7, 127.8, 127.9, 128.0, 128.1, 128.2, 128.4,
129.0, 135.4, 135.5, 136.6, 154.3, 154.4, 156.1, 156.5,
167.1, 167.2, 169.0, 203.8, 204.1 (two rotational isomers
were observed by "H NMR and '*C NMR spectra).

6.3. Preparation of compound 5d

6.3.1. Amidation. To a solution of 3 (300 mg,
0.318 mmol) in toluene (6 mL) were added DMF
(2 pL, 0.03 mmol) and oxalyl chloride (59 pL, 0.636
mmol) at room temperature, and the reaction mixture
was stirred for 90 min at room temperature. To this
solution, phenylpropylamine (181 pL, 1.27 mmol) was
added, and the reaction mixture was stirred for another
15 min. The reaction mixture was quenched with satu-
rated aqueous NH4Cl and extracted with AcOEt
(20 mL). The aqueous layer was extracted with AcOEt
(20 mL) and combined organic layer was washed with
brine, dried over MgSQy, filtered, and concentrated in
vacuo. The residue was purified by column chromatog-
raphy on silicagel (n-hexane/AcOEt =4/1-1/1) to give
298 mg of compound 4 bearing N-phenypropylaceta-
mide group as a colorless foam (89%).

MS (FAB) 1080*(M+Na"); HRMS (FAB) calcd for
C57H75N3016Na (M+Na+) 10805045, found
1080.5056; IR (KBr) 3434, 33371, 3063, 3029, 2974,
2938, 2879, 1811, 1752, 1702, 1604, 1586, 1532, 1497,
1455, 1381, 1330, 1289, 1253, 1167, 1113, 1067, 1003
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(cm™'); "H NMR (CDCls) 6 2.65 (3H, s), 2.80, 2.84 (3H,
two s); *C NMR (CDCly) 6 10.2, 12.9, 13.8, 15.3, 15.5,
18.8, 19.8, 20.5, 22.3, 26.2, 29.0, 30.8, 33.1, 35.7, 36.1,
37.6, 38.7, 46.9, 47.0, 49.6, 50.9, 54.8, 67.1, 67.2, 68.7,
69.3, 69.5, 72.9, 74.6, 76.1, 78.2, 82.2, 84.4, 100.6,
125.7, 127.5, 127.6, 127.8, 127.9, 128.2, 128.3, 128.4,
135.4, 135.5, 136.6, 141.4, 153.7, 154.3, 154.4, 156.0,
156.4, 167.2, 169.0, 170.1, 203.6, 203.8 (two rotational
isomers were observed by 'H NMR and '’C NMR
spectra).

6.3.2. Deprotection and N-methylation. This colorless
foam 4 (298 mg) with N-phenypropylacetamide was
diluted with EtOH (24 mL) and 0.2 M acetate buffer
(6 mL, pH 4.4). To this solution was added 20%
Pd(OH),/C (89 mg, 0.168 mmol) with stirring at room
temperature under a H, atmosphere for 1 h. After con-
firming the disappearance of 4 by TLC, 37% aqueous
HCHO (2.1 mL) was added to the reaction mixture
and stirred at room temperature under H, atmosphere
for an additional 2 h. The mixture was filtered and con-
centrated. After being diluted with water, the mixture
was Dbasified with 5% aqueous NaHCO; and then
extracted with AcOEt. The resultant residue was puri-
fied by column chromatography on silicagel (CHCI5/
MeOH = 80/1-40/1) to give 182 mg of compound 5d as
a colorless foam (87%).

MS (FAB) 804" (M+H"); HRMS (FAB) caled for
CypHeN;O, (M+H™) 804.4647, found 804.4650; IR
(KBr) 3433, 3061, 2973, 2936, 2878, 2785, 1809, 1751,
1716, 1671, 1536, 1495, 1455, 1380, 1321, 1284, 1259,
1232, 1166, 1110, 1078, 1048 (cm™'); '"H NMR (CDCls)
6 0.89 (3H, t, J=7.2 Hz), 1.01 (3H, d, J = 6.9 Hz), 1.24
(3H, d, J = 6.3 Hz), 1.26 (3H, d, J = 6.9 Hz), 1.27 (3H,
d, J=7.5Hz), 1.37 (3H, d, J=6.9 Hz), 1.38 (3H, s),
1.56 (3H, s), 1.20-1.94 (8H, m), 2.31 (6H, s), 2.55 (2H,
m), 2.66 (2H, t, J = 8.1 Hz), 2.69 (3H, s), 3.02 (1H, quin-
tet, J = 7.5 Hz), 3.16-3.28 (2H, m), 3.32-3.46 (1H, m),
3.48-3.74 (2H, m), 3.83 (1H, q, J = 6.9 Hz), 4.22 (1H,
d, J=7.5Hz), 431 (1H, d, J=7.2Hz), 445 (2H, s),
4.82 (1H, s), 5.00 (1H, dd, J=2.4 and 9.9 Hz), 6.90
(1H, brt, J=5.4Hz), 7.12-7.30 (5H, m); *C NMR
(CDCl5) 6 10.3, 12.9, 14.3, 15.4, 15.6, 18.8, 19.9, 21.1,
22.3, 26.3, 28.5, 30.9, 33.1, 38.0, 38.8, 40.1, 47.6, 49.8,
51.0, 65.9, 69.3, 70.2, 73.0, 76.1, 78.4, 78.6, 82.3, 84.5,
103.6, 125.7, 128.3, 128.4, 141.5, 153.8, 167.5, 169.2,
170.3, 203.9.

6.4. Preparation of compounds 5a, Sb, 5c, Se, and 5f

Compounds 5a, 5b, 5¢c, Se, and 5f were prepared in
the same procedure as that described for the synthesis
of 5d with aniline, benzylamine, phenethylamine,
4-phenyl-butylamine, and  5-phenyl-pentylamine,'’
respectively.

6.4.1. Compound 5a. MS (FAB) 762" (M+H"); HRMS
(FAB) calcd for C30HgoN;0;, (M+H™) 762.4177, found
762.4174; IR (KBr) 3413, 3361, 2972, 2936, 2879, 2786,
1810, 1751, 1714, 1685, 1636, 1600, 1536, 1499, 1456,
1444, 1379, 1361, 1320, 1284, 1256, 1235, 1167, 1141,
1109, 1078, 1047, 1006 (cm™'); '"H NMR (CDCl;) 6

091 (3H, t, J=7.5Hz), 1.06 (3H, d, J = 6.6 Hz), 1.25
(3H, d, J=7.2 Hz), 1.27 (3H, d, J = 8.4 Hz), 1.31 (3H,
d, J=6.6Hz), 1.36 3H, d, J=6.6 Hz), 1.41 (3H, s),
1.58 (3H, s), 1.54-1.94 (SH, m), 2.29 (6H, s), 2.40-2.65
(3H, m), 2.63 (3H, s), 3.02 (IH, quintet, J = 7.8 Hz),
3.20 (1H, dd, J=7.5 and 9.9 Hz), 3.40-3.80 (3H, m),
3.84 (1H, q, J = 6.9 Hz), 4.21 (1H, d, J = 8.1 Hz), 4.30
(1H, d, J=7.2Hz), 459 (2H, s), 4.87 (I1H, s), 5.03
(1H, dd, J=2.1 and 10.2 Hz), 7.06-7.59 (5H, m), 8.53
(1H, br s); *C NMR (CDCl3) § 10.3, 13.0, 14.3, 15.5,
15.6, 18.8, 19.9, 21.1, 22.3, 26.5, 28.3, 33.2, 38.1, 40.1,
47.6, 49.7, 51.0, 65.8, 69.4, 70.2, 73.5, 76.1, 78.4, 78.6,
82.3, 84.6, 103.7, 120.1, 124.3, 128.9, 137.3, 153.9,
168.4, 168.6, 169.1, 203.8.

6.4.2. Compound 5b. MS (FAB) 776" (M+H"); HRMS
(FAB) caled for C40Hg N3O, (M+H™) 776.4333, found
776.4338; IR (KBr) 3435, 2974, 2938, 2879, 1810, 1751,
1715, 1675, 1530, 1455, 1379, 1323, 1283, 1258, 1231,
1166, 1110, 1078, 1048 (cm™'); '"H NMR (CDCls) &
0.92 (3H, t, J=8.4 Hz), 0.93 3H, d, J=7.2 Hz), 1.16
(3H, d, J=6.9 Hz), 1.25 (3H, d, J= 6.3 Hz), 1.26 (3H,
d, J=7.5Hz), 1.33 (3H, s), 1.36 (3H, d, J= 6.6 Hz),
1.53 (3H, s), 1.40-1.98 (6H, m), 2.27 (6H, s), 2.40-2.53
(2H, m), 2.52 (3H, s), 2.91 (1H, br s), 2.99 (1H, quintet,
J=17.8Hz),3.17 (1H, dd, J = 7.2 and 9.9 Hz), 3.49-3.70
(2H, m), 3.81 (1H, q, J=6.6Hz), 4.18 (IH, d,
J=7.8Hz), 429 (1H, d, J=7.5Hz), 442 (1H, dd,
J=5.1 and 14.7Hz), 453 (1H, dd, J=51 and
14.7 Hz), 4.52 (2H, s), 472 (1H, s), 4.93 (1H, dd,
J=2.7 and 9.9 Hz), 7.04 (1H, t, J = 5.1 Hz), 7.20-7.38
(5H, m); '*C NMR (CDCly) é 10.4, 13.0, 14.2, 15.3,
15.5, 18.7, 19.8, 21.1, 22.4, 26.3, 28.2, 33.1, 38.0, 40.1,
43.2, 47.5, 49.6, 51.0, 65.8, 69.4, 70.2, 72.9, 76.3, 78.2,
78.5, 82.4, 84.4, 103.6, 127.4, 128.1, 128.6, 137.9,
153.8, 167.7, 168.9, 170.1, 204.0.

6.4.3. Compound 5¢. MS (FAB) 790" (M+H"); HRMS
(FAB) calcd for C4;HeuN;0;, (M+H™) 790.4490, found
790.4492; IR (KBr) 3432, 3062, 2973, 2937, 2879, 2784,
1810, 1751, 1716, 1675, 1604, 1531, 1496, 1455, 1380,
1363, 1322, 1305, 1284, 1257, 1234, 1166, 1141, 1110,
1078, 1047, 1004 (cm™'); "H NMR (CDCl3) 6 0.90
(3H, t, J=6.9 Hz), 0.95 (3H, d, J=7.2 Hz), 1.21 (3H,
d, J=69Hz), 1.26 (3H, d, J=6.0Hz), 1.28 (3H, d,
J=7.5Hz), 1.35 3H, s), 1.37 (3H, d, J = 7.2 Hz), 1.56
(3H, s), 1.44-1.99 (5H, m), 2.29 (6H, s), 2.40-2.60
(2H, m), 2.65 (3H, s), 2.87 (2H, m), 3.02 (1H, quintet,
J=17.2 Hz), 3.20 (1H, t, J=8.1 Hz), 3.32 (1H, br s),
3.40-3.70 (5H, m), 3.83 (1H, q, J = 6.9 Hz), 4.21 (1H,
d, J=8.4Hz), 431 (1H, d, J=6.9 Hz), 446 (2H, s),
4.82 (1H, s), 5.03 (1H, dd, J=2.4 and 10.2 Hz), 6.89
(1H, t, J=54Hz), 7.18-7.36 (5H, m); '*C NMR
(CDCly) 6 10.3, 12.9, 14.2, 15.3, 15.6, 18.8, 19.8, 21.1,
22.3, 26.3, 28.3, 33.1, 35.6, 38.0, 40.1, 40.2, 47.6, 49.6,
51.0, 65.8, 69.4, 70.2, 72.9, 76.1, 78.3, 78.6, 82.3, 84.6,
103.7, 126.2, 128.4, 128.7, 138.9, 153.9, 167.4, 169.2,
170.1, 203.9.

6.4.4. Compound Se. MS (FAB) 818" (M+H"); HRMS
(FAB) calcd for C43H68N3012 (M+H+) 8184803, found
818.4801; IR (KBr) 3435, 2973, 2937, 2879, 2786, 1809,
1752, 1716, 1654, 1456, 1379, 1324, 1283, 1260, 1229,
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1166, 1110, 1079, 1049 (cm™'); '"H NMR (CDCl5) 6 0.90
(3H, t,J=7.8 Hz), 1.01 (3H, d, J = 7.2 Hz), 1.25 (6H, d,
J=57Hz), 128 3H, d, J=7.8Hz), 1.38 (3H, d,
J=6.6Hz), 1.39 (3H, s), 1.56 (3H, s), 1.42-1.96 (8H,
m), 2.27 (6H, s), 2.40-2.60 (2H, m), 2.63 (2H, t,
J=7.8Hz), 2.68 (3H, s), 2.90-3.42 (6H, m), 3.50-3.74
(2H, m), 3.84 (1H, q, J = 6.9 Hz), 422 (I1H, d, J=8.1
Hz), 4.30 (1H, d, J=7.2 Hz), 445 (2H, s), 4.82 (1H,
s), 5.04 (1H, dd, J=2.4 and 10.5 Hz), 6.86 (1H, brt,
J=5.7 Hz), 7.14-7.29 (5H, m); *C NMR (CDCl3) 6
10.1, 12.7, 14.1, 15.1, 15.5, 18.6, 19.7, 21.0, 22.1, 26.1,
28.0, 28.5, 28.9, 32.9, 35.2, 37.8, 38.7, 40.0, 47.4, 49.6,
50.8, 65.6, 69.3, 70.0, 72.7, 75.9, 78.2, 78.5, 82.1, 84.4,
103.5, 125.4, 128.0, 128.2, 142.1, 153.6, 167.3, 169.0,
170.0, 203.7.

6.4.5. Compound 5f. MS (FAB) 832" (M+H"); HRMS
(FAB) calcd for C44H70N;0;, (M+H™) 832.4959, found
832.4968; IR (KBr) 3435, 2972, 2936, 2877, 2857, 2785,
1811, 1751, 1717, 1671, 1534, 1496, 1455, 1380, 1362,
1323, 1304, 1283, 1258, 1234, 1219, 1167, 1142, 1109,
1078, 1048, 1004 (cm™'); 'H NMR (CDCls) 6 0.85
(3H, t, J=7.2 Hz), 1.00 3H, d, J=7.2 Hz), 1.24 (3H,
d, J=6.3Hz), 1.26 (3H, d, J=6.9 Hz), 1.28 (3H, d,
J=7.2Hz), 1.37 (3H, d, J= 7.2 Hz), 1.39 (3H, s), 1.56
(3H, s), 1.22-1.96 (12H, m), 2.26 (6H, s), 2.40-2.65
(5H, m), 2.69 (3H, s), 3.02 (1H, quintet, J=7.8 Hz),
3.10-3.40 (3H, m), 3.48-3.75 (2H, m), 3.84 (1H, q,
J=69Hz), 422 (1H, d, J=8.1 Hz), 430 (IH, d,
J=7.2Hz), 445 (2H, s), 4.82 (1H, s), 5.02 (1H, dd,
J=2.7 and 10.2 Hz), 6.87 (1H, brt, J = 5.7 Hz), 7.12—
7.28 (5H, m); >*C NMR (CDCl;) § 10.2, 12.9, 14.3,
15.3, 15.6, 18.9, 19.9, 21.1, 22.3, 26.3, 26.6, 28.1, 29.3,
31.1, 33.1, 35.7, 38.0, 39.1, 40.2, 47.6, 49.8, 51.0, 65.8,
69.5, 70.3, 73.0, 76.1, 78.4, 78.7, 82.3, 84.5, 103.8, 125.5,
128.1, 128.4, 142.6, 153.8, 167.4, 169.2, 170.2, 203.9.

6.5. Preparation of compounds 5g-5I1

Compounds 5g-51 were prepared in the same procedure
as that described for the synthesis of 5d with 3-o-tolyl-
propylamine (16a), 3-m-tolyl-propylamine (16b),
3-p-tolyl-propylamine (16c), 3-(4-fluoro-phenyl)-propyl-
amine (16d), 3-(4-nitro-phenyl)-propylamine (16e), and
3-biphenyl-4-yl-propylamine (16f), respectively.

6.5.1. Compound 5g. MS (FAB) 818"(M+H"); HRMS
(FAB) calcd for C43HegN30;, (M+H™) 818.4803, found
818.4803; IR (CHCly) 3426, 3350, 2970, 2934, 2870,
2830, 2780, 1805, 1751, 1715, 1663, 1536, 1490, 1455,
1381, 1361, 1345, 1322, 1305, 1282, 1256, 1230, 1220,
1165, 1139, 1107, 1074, 1046, 1004 (cm™'); '"H NMR
(CDCly) 6 0.89 (3H, t, J=72Hz), 1.01 (3H, d,
J=6.6Hz), 124 (3H, d, J=54Hz), 1.26 (3H, d,
J=6.0Hz), 128 (3H, d, J=69Hz), 137 (3H, d,
J=6.9Hz), 1.39 (3H, s), 1.56 (3H, s), 1.25-1.94 (8H,
m), 2.28 (6H, s), 2.29 (3H, s), 2.47 (1H, m), 2.56 (1H,
q, J=69Hz), 2.63 (2H, t, J=8.1Hz), 2.69 (3H, s),
3.02 (1H, quintet, J=7.5Hz), 3.19 (1H, dd, J=7.5
and 10.2 Hz), 3.27 (1H, m), 3.41 (IH, m), 3.45-3.75
(2H, m), 3.83 (1H, q, J=6.9Hz), 422 (IH, d,
J=8.1Hz), 430 (1H, d, J = 6.9 Hz), 4.47 (2H, s), 4.82
(1H, s), 5.00 (1H, dd, J=2.4 and 9.9 Hz), 6.92 (I1H,

brt, J = 5.7 Hz), 7.02-7.18 (4H, m); '*C NMR (CDCl;)
0 10.2, 12,9, 142, 15.3, 15.6, 18.8, 19.2, 19.9, 21.1,
22.2, 26.3, 28.1, 29.7, 30.4, 33.1, 38.0, 39.0, 40.2, 47.6,
49.7, 51.0, 65.8, 69.5, 70.2, 73.0, 76.0, 78.3, 78.6, 82.3,
84.5, 103.7, 125.8, 128.6, 130.0, 135.8, 139.6, 153.8,
167.4, 169.1, 170.2, 203.9.

6.5.2. Compound 5h. MS (FAB) 818" (M+H"); HRMS
(FAB) calcd for C43HegN;O;, (M+H™) 818.4803, found
818.4802; IR (CHCI;) 3426, 3350, 2998, 2970, 2934,
2870, 2782, 1805, 1751, 1715, 1663, 1607, 1536, 1454,
1381, 1361, 1345, 1322, 1305, 1282, 1255, 1229, 1219,
1165, 1139, 1107, 1075, 1046, 1004 (cm™'); '"H NMR
(CDCl;) 6 0.89 (3H, t, J=7.2Hz), 1.01 (3H, d,
J=69Hz), 124 (3H, d, J=6.0Hz), 1.26 (3H, d,
J=6.6Hz), 1.28 (3H, d, J=6.9Hz), 1.37 (3H, d,
J=6.9Hz), 1.39 3H, s), 1.56 (3H, s), 1.15-1.93 (8H,
m), 2.28 (6H, s), 2.31 (3H, s), 2.48 (1H, m), 2.56 (1H,
q, J=6.9Hz), 2.62 2H, t, J=7.8 Hz), 2.68 (3H, s),
3.02 (1H, quintet, J=7.8 Hz), 3.19 (1H, dd, J=17.2
and 10.5Hz), 3.22 (1H, m), 3.37 (1H, m), 3.48-3.73
(2H, m), 3.83 (IH, q, J=69Hz), 421 (I1H, d,
J=8.1Hz), 430 (1H, d, J = 7.2 Hz), 4.45 (2H, s), 4.82
(1H, s), 5.00 (1H, dd, J=2.4 and 9.9 Hz), 6.88 (1H,
brt, J=57Hz), 6.95-7.02 (3H, m), 7.15 (I1H, t,
J=7.5Hz); 3C NMR (CDCly) 6 10.2, 12.9, 14.2,
15.3, 15.6, 18.8, 19.9, 21.1, 21.3, 22.3, 26.3, 28.1, 30.9,
33.1, 33.2, 38.0, 38.8, 40.2, 47.6, 49.7, 51.0, 65.8, 69.5,
70.2, 73.0, 76.0, 78.4, 78.7, 82.3, 84.5, 103.7, 125.3,
126.5, 128.1, 129.1, 137.7, 141.4, 153.8, 167.4, 169.1,
170.2, 203.9.

6.5.3. Compound 5i. MS (FAB) 818" (M+H"); HRMS
(FAB) calcd for C43H68N3012 (M+H+) 8184803, found
818.4799; IR (CHCls) 3426, 3354, 2970, 2934, 2870,
2780, 1805, 1751, 1715, 1663, 1537, 1515, 1454, 1380,
1361, 1345, 1323, 1305, 1282, 1256, 1230, 1220, 1165,
1139, 1107, 1075, 1046, 1004 (cm™'); "H NMR (CDCl5)
50.88 (3H, t, J=7.2 Hz), 1.01 (3H, d, J= 6.6 Hz), 1.24
(3H, d, J =54 Hz), 1.26 (3H, d, J = 6.0 Hz), 1.28 (3H,
d, J=69Hz), 1.37 3H, d, J=6.3Hz), 1.38 (3H, s),
1.55 (3H, s), 1.16-2.05 (8H, m), 2.27 (6H, s), 2.29 (3H,
s), 2.46 (1H, m), 2.56 (1H, q, J = 6.9 Hz), 2.61 (2H, t,
J=78Hz), 268 (3H, s), 3.02 (1H, quintet,
J=175Hz), 3.18 (1H, dd, J=7.5 and 9.9 Hz), 3.23
(1H, m), 3.36 (1H, m), 3.45-3.72 (2H, m), 3.83 (1H, q,
J=72Hz), 421 (1H, d, J=7.8Hz), 4.30 (1H, d,
J=172Hz), 445 (2H, s), 4.81 (1H, s), 5.00 (1H, dd,
J=2.7 and 10.2 Hz), 6.86 (1H, brt, J = 6.0 Hz), 7.06—
7.15 (4H, m); *C NMR (CDCl;) 6 10.2, 12.9, 14.2,
15.3, 15.6, 18.8, 19.9, 20.9, 21.1, 22.2, 26.3, 28.1, 30.9,
32.7, 33.1, 38.0, 38.7, 40.2, 47.6, 49.7, 51.0, 65.8, 69.5,
70.2, 72.9, 76.0, 78.4, 78.7, 82.3, 84.5, 103.7, 128.2,
128.9, 135.0, 138.4, 153.8, 167.5, 169.1, 170.2, 203.9.

6.5.4. Compound 5j. MS (FAB) 822" (M+H"); HRMS
(FAB) caled for C42H65F|N30|2 (M+H+) 8224552,
found 822.4551; IR (KBr) 3435, 2973, 2938, 2878,
2785, 1811, 1751, 1717, 1673, 1601, 1533, 1509, 1456,
1380, 1362, 1323, 1304, 1283, 1257, 1220, 1166, 1142,
1109, 1078, 1048, 1004 (cm™!); '"H NMR (CDCl3) 6
0.89 (3H, t, J=7.2Hz), 1.02 (3H, d, J= 6.9 Hz), 1.24
(3H, d, J=5.7Hz), 1.26 (3H, d, J = 6.6 Hz), 1.28 (3H,
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d, J=69Hz), 1.37 (3H, d, J=6.9 Hz), 1.39 (3H, s),
1.56 (3H, s), 1.54-1.93 (8H, m), 2.27 (6H, s), 2.40-2.60
(2H, m), 2.63 (2H, t, J=8.1 Hz), 2.68 (3H, s), 3.02
(1H, quintet, J = 7.5 Hz), 3.16-3.75 (5H, m), 3.84 (1H,
q, J=7.2 Hz), 422 (1H, d, J=8.1 Hz), 4.30 (1H, d,
J=72Hz), 444 (2H, s), 4.82 (1H, s), 498 (1H, dd,
J=2.4 and 9.9 Hz), 6.90-6.98 (2H, m), 6.99 (1H, t,
J=5.1Hz), 7.13-7.19 (2H, m); '*C NMR (CDCl;) ¢
10.2, 12.9, 14.3, 15.3, 15.5, 18.9, 19.9, 21.1, 22.3, 26.3,
28.2, 31.0, 32.4, 33.2, 38.0, 38.7, 40.2, 47.6, 49.8, 51.1,
65.9, 69.6, 70.3, 73.0, 76.1, 78.5, 78.6, 82.3, 84.6, 103.8,
114.7, 115.2, 129.6, 129.8, 137.2, 137.3, 153.7, 158.8,
163.6, 167.6, 169.2, 170.3, 203.8.

6.5.5. Compound 5k. MS (SI) 847" (M+H"); HRMS (SI)
caled for CuH;N,Op, (M+H™) 847.4986, found
846.4993; IR (KBr) 3451, 2974, 2938, 2880, 2786,
1810, 1751, 1689, 1632, 1591, 1457, 1380, 1324, 1284,
1257, 1231, 1166, 1110, 1078, 1048 (cm™'); '"H NMR
(CDCly) & 0.89 (3H, t, J=72Hz), 1.01 (3H, d,
J=69Hz), 124 (3H, d, J=69Hz), 125 (3H,
d, J=63Hz), 1.28 (3H, d, J=6.9 Hz), 1.37 (3H, d,
J=6.9Hz), 1.38 (3H, s), 1.55 (3H, s), 1.54-1.94 (8H,
m), 2.28 (6H, s), 2.30-2.50 (2H, m), 2.56 (2H, m), 2.69
(3H, s), 2.89 (6H, s), 3.02 (1H, quintet, J=7.8 Hz),
3.15-3.74 (5H, m), 3.83 (1H, q, J = 6.9 Hz), 4.21 (IH,
d, J=8.1Hz), 430 (1H, d, J=7.2Hz), 446 (2H, s),
4.82 (1H, s), 5.02 (1H, dd, J=2.4 and 9.9 Hz), 6.60—
6.71 (2H, m), 6.76 (1H, m), 7.03-7.09 (2H, m); "*C
NMR (CDCls) 6 10.2, 12.9, 14.2, 15.3, 15.5, 18.7, 19.7,
21.0, 22.2, 26.2, 28.1, 29.5, 31.0, 31.9, 33.1, 37.9, 38.7,
40.0, 40.8, 47.5, 49.6, 50.9, 65.7, 69.3, 70.1, 72.9, 76.0,
78.3, 78.6, 82.2, 84.4, 103.6, 113.0, 128.8, 129.6, 148.9,
153.7, 167.3, 169.0, 170.0, 203.8.

6.5.6. Compound 51. MS (FAB) 880*(M+H"); HRMS
(FAB) calcd for C48H70N3012 (M+H+) 8804960, found
880.4963; IR (CHCl3) 3436, 3354, 3024, 3006, 2976,
2936, 2874, 1805, 1751, 1715, 1665, 1536, 1485, 1454,
1410, 1381, 1362, 1346, 1319, 1305, 1282, 1256, 1229,
1220, 1166, 1139, 1107, 1078, 1045, 1004 (cm™'); 'H
NMR (CDCly) ¢ 0.86 (3H, t, J=7.5Hz), 1.01 (3H, d,
J=69Hz), 123 (3H, d, J=6.0Hz), 125 (3H,
d, J=6.6Hz), 1.28 (3H, d, J=6.9 Hz), 1.38 (3H, d,
J=172Hz), 1.39 (3H, s), 1.56 (3H, s), 1.54-1.94 (8H,
m), 2.26 (6H, s), 2.26-2.48 (1H, m), 2.56 (1H, q,
J=69 Hz), 2.70 (3H, s), 2.70 (2H, t, J=7.5 Hz), 3.02
(1H, quintet, J=7.5 Hz), 3.14-3.74 (6H, m), 3.84
(1H, q, J=17.2 Hz), 4.22 (1H, d, /= 8.1 Hz), 4.30 (1H,
d, J=7.2Hz), 446 (2H, s), 4.83 (1H, s), 5.00 (1H, dd,
J=24 and 9.9 Hz), 6.96 (1H, t, J = 5.4 Hz), 7.26-7.59
(9H, m); >C NMR (CDCly) § 10.2, 12.9, 14.2, 15.3,
15.6, 18.8, 19.9, 21.1, 22.2, 26.3, 28.1, 30.8, 32.7, 33.1,
38.0, 38.8, 40.2, 47.6, 49.8, 51.0, 65.8, 69.5, 70.2, 73.0,
76.0, 78.4, 78.6, 82.3, 84.5, 103.7, 126.8, 126.9, 127.0,
128.6, 128.7, 138.6, 140.7, 141.1, 153.8, 167.5, 169.2,
170.3, 203.8.

6.6. Preparation of compounds Sm—5s
Compounds 5m-5s were prepared by the same proce-

dure as that described for the synthesis of 5d with 3-pyri-
din-4-yl-propylamine,'®  3-pyridin-3-yl-propylamine, '°

3-pyridin-2-yl-propylamine, '® 3-naphthalen-2-yl-propyl-
amine (16g), 3-naphthalen-1-yl-propylamine (16h),
3-quinolin-3-yl-propylamine (16i), and 3-quinolin-4yl-
propylamine (16j), respectively.

6.6.1. Compound 5m. MS (FAB) 805" (M+H"); HRMS
(FAB) calcd for C4;HesN4O1, (M+H™) 805.4599, found
805.4604; IR (KBr) 3432, 2971, 2934, 2877, 2784, 1809,
1751, 1716, 1674, 1603, 1534, 1456, 1416, 1378, 1322,
1305, 1284, 1259, 1222, 1166, 1110, 1078, 1048 (cm™);
'"H NMR (CDCl;) 6 0.89 (3H, t, J = 6.6 Hz), 1.01 (3H,
d, J=69Hz), 1.25 (3H, d, J=6.6Hz), 1.27 (3H, d,
J=9.0Hz), 128 (3H, d, J=9.3Hz), 1.38 (3H, d,
J=5.4Hz), 1.39 (3H, s), 1.57 (3H, s), 1.54-1.94 (8H,
m), 2.30 (6H, s), 2.44-2.70 (4H, m), 2.69 (3H, s), 2.95-
3.05 (1H, m), 3.14-3.23 (2H, m), 3.40-3.98 (5H, m),
423 (1H, d, J=7.5Hz), 430 (1H, d, J = 7.2 Hz), 4.43
(2H, s), 4.83 (1H, s), 4.98 (1H, brd J=10.8 Hz), 7.18
(3H, br s), 8.48 (2H, br s); *C NMR (CDCl;) 6 10.2,
12.8, 14.3, 15.3, 15.6, 18.8, 19.9, 21.1, 22.2, 26.3, 28.3,
29.6, 32.4, 33.1, 37.9, 38.7, 40.1, 47.6, 49.8, 51.0, 65.8,
69.4, 70.2, 72.9, 759, 78.4, 78.6, 82.3, 84.6, 103.7,
123.9, 149.5, 153.8, 167.6, 169.3, 170.5, 203.8.

6.6.2. Compound 5n. MS (SI) 805" (M+H™); HRMS (SI)
caled for C41H65N4012 (M+H+) 8054595, found
805.4606; IR (KBr) 3433, 2972, 2937, 2878, 2784,
1810, 1751, 1716, 1673, 1575, 1534, 1456, 1423, 1380,
1363, 1322, 1305, 1284, 1258, 1234, 1220, 1167, 1142,
1109, 1079, 1048, 1005 (cm™'); '"H NMR (CDCls) 6
0.89 (3H, t, J=7.2Hz), 1.01 (3H, d, J=6.9 Hz), 1.24
(3H, d, J = 6.3 Hz), 1.26 (3H, d, J = 6.0 Hz), 1.28 (3H,
d, J=6.6Hz), 1.38 (3H, d, J=6.9 Hz), 1.39 (3H, s),
1.56 (3H, s), 1.54-1.94 (8H, m), 2.29 (6H, s), 2.44-2.67
(4H, m), 2.69 (3H, s), 3.01 (1H, quintet, J = 7.5 Hz),
3.15-3.75 (5H, m), 3.85 (1H, q, J = 6.9 Hz), 3.93 (1H,
br s), 422 (IH, d, J=78Hz), 430 (1H, d,
J=7.2Hz), 445 (2H, s), 4.83 (1H, s), 4.99 (1H, dd,
J=2.7 and 10.5Hz), 7.11 (1H, brt, J=5.7 Hz), 7.21
(1H, m), 7.57 (1H, brd, J = 8.1 Hz), 8.44 (2H, m); *C
NMR (CDCls) 6 10.2, 12.9, 14.3, 15.3, 15.6, 18.8, 19.9,
21.1, 22.2, 26.3, 28.3, 30.2, 30.6, 33.1, 37.9, 38.6, 40.1,
47.6, 49.8, 51.0, 65.8, 69.4, 70.2, 72.9, 75.9, 78.4, 78.6,
82.3, 84.6, 103.7, 123.3, 135.9, 136.9, 147.2, 149.7,
153.8, 167.6, 169.3, 170.4, 203.8.

6.6.3. Compound 50. MS (FAB) 805"(M+H"); HRMS
(FAB) calcd for C4;HesN4O1, (M+H™) 805.4599, found
805.4594; IR (KBr) 3434, 2972, 2937, 2878, 2784, 1810,
1751, 1716, 1674, 1591, 1568, 1533, 1456, 1380, 1363,
1322, 1305, 1284, 1257, 1233, 1219, 1167, 1109, 1078,
1048, 1004 (cm™'); '"H NMR (CDCl;) 6 0.89 (3H, t,
J=17.5Hz), 1.03 (3H, d, /=69 Hz), 1.25 (3H, d,
J=69Hz), 127 3H, d, J=72Hz), 127 (3H, d,
J=58Hz), 1.37 3H, d, J= 6.9 Hz), 1.37 (3H, s), 1.56
(3H, s), 1.54-1.96 (6H, m), 1.99 (2H, t, J=7.8 Hz),
2.47 (6H, br s), 2.55 (2H, m), 2.69 (3H, s), 2.84 (2H, t,
J=17.2Hz), 3.03 (1H, quintet, J=7.8 Hz), 3.21-3.74
(5H, m), 3.83 (1H, q, J=69Hz), 421 (IH, d,
J=7.5Hz), 434 (1H, d, J = 7.2 Hz), 446 (2H, s), 4.82
(1H, s), 5.03 (1H, dd, J=2.4 and 9.9 Hz), 6.90 (1H,
m), 7.06-7.11 (1H, m), 7.19 (1H, d, J=7.8 Hz), 7.58
(1H, dt, J=2.1 and 7.8 Hz), 8.49 (1H, m); '>*C NMR
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(CDCly) 6 10.3, 13.0, 14.3, 15.3, 15.6, 18.9, 19.9, 21.1,
22.3, 26.4, 28.3, 29.2, 33.2, 35.3, 38.1, 38.5, 40.2, 47.6,
49.8, 51.1, 65.9, 69.5, 70.3, 73.0, 76.1, 78.4, 78.7, 82.4,
84.6, 103.7, 121.0, 122.8, 136.3, 149.1, 153.8, 161.2,
167.4, 169.2, 170.2, 203.9.

6.6.4. Compound 5p. MS (FAB) 854" (M+H"); HRMS
(FAB) caled for C4sHegN3O, (M+H™) 854.4803, found
854.4810; IR (CHCls) 3428, 3350, 2970, 2934, 2870,
2780, 1805, 1751, 1714, 1661, 1537, 1507, 1454, 1381,
1361, 1345, 1322, 1304, 1282, 1256, 1232, 1222, 1165,
1138, 1107, 1078, 1047, 1004 (cm™'); "H NMR (CDCl5)
00.81 (3H,t, J=7.5Hz), 1.01 (3H, d, J=6.9 Hz), 1.22
(3H, d, J=6.0 Hz), 1.26 (3H, d, /= 6.9 Hz), 1.27 (3H,
d, J=7.5Hz), 1.37 (3H, d, J=7.2 Hz), 1.38 (3H, s),
1.55 (3H, s), 1.16-1.92 (6H, m), 1.99 (2H, quintet,
J=17.8Hz), 2.27 (6H, s), 2.29 (3H, s), 2.46 (1H, m),
2.56 (1H, q, J=6.9Hz), 2.70 (3H, s), 2.83 (2H, t,
J=17.8Hz), 3.01 (1H, quintet, J=7.8 Hz), 3.18 (1H,
dd, J=7.8 and 9.9 Hz), 3.28 (1H, m), 3.43 (1H, m),
3.45-3.74 (2H, m), 3.83 (1H, q, J = 6.9 Hz), 4.22 (1H,
d, J=7.5Hz), 429 (1H, d, J=7.8 Hz), 4.46 (2H, s),
4.82 (1H, s), 498 (1H, dd, J=2.4 and 9.9 Hz), 6.95
(1H, brt, J=5.7 Hz), 7.31-7.45 (3H, m), 7.65 (1H, br
s), 7.73-7.79 (3H, m); °C NMR (CDCl;) é 10.1, 12.9,
14.2, 15.3, 15.6, 18.8, 19.9, 21.1, 22.2, 26.3, 28.1, 30.7,
33.1, 33.3, 38.0, 38.9, 40.2, 47.6, 49.8, 51.0, 65.8, 69.5,
70.2, 73.0, 76.0, 78.4, 78.7, 82.3, 84.5, 103.7, 124.9,
125.7, 126.3, 127.2, 127.4, 127.8, 131.9, 133.6, 139.0,
153.8, 162.8, 167.5, 169.2, 170.2, 203.8.

6.6.5. Compound 5q. MS (FAB) 854" (M+H"); HRMS
(FAB) calcd for C4sHegN;O1, (M+H™) 854.4803, found
854.4799; IR (KBr) 3435, 2972, 2937, 2877, 1811, 1751,
1716, 1675, 1532, 1456, 1380, 1362, 1323, 1304, 1283,
1258, 1233, 1219, 1167, 1142, 1109, 1078, 1048, 1004
(cm™"):; "H NMR (CDCl;) ¢ 0.88 (3H, t, J=7.2 Hz),
1.00 (3H, d, J=7.2 Hz), 1.22 (3H, d, J = 6.0 Hz), 1.25
(3H, d, J=7.5Hz), 1.27 (3H, d, J = 7.8 Hz), 1.37 (3H,
d, J=72Hz), 1.38 (3H, s), 1.55 (3H, s), 1.24-2.08
(8H, m), 2.27 (6H, s), 2.46 (1H, m), 2.56 (1H, q,
J=6.6Hz), 2.69 (3H, s), 2.68-2.86 (1H, br s), 3.01
(1H, quintet, J = 8.1 Hz), 3.12 (2H, t, J= 7.5 Hz), 3.19
(1H, m), 3.28-3.73 (4H, m), 3.83 (1H, q, J = 6.9 Hz),
421 (1H, d, J=8.4 Hz), 429 (1H, d, J= 7.5 Hz), 4.47
(2H, s), 4.83 (1H, s), 5.01 (1H, dd, J=2.7 and 9.9 Hz),
6.93 (1H, brt, J=5.4Hz), 7.33-7.54 (4H, m), 7.69
(IH, dd, J = 0.6 and 7.8 Hz), 7.83 (IH, dd, /= 1.5 and
8.1 Hz), 8.03 (1H, d, J = 8.4 Hz); '*C NMR (CDCl5) ¢
10.3, 12.9, 14.3, 15.4, 15.6, 18.9, 19.9, 21.1, 22.3, 26.4,
28.2, 30.2, 33.2, 38.0, 39.1, 40.2, 47.6, 49.8, 51.1, 65.9,
69.5, 70.3, 73.0, 76.1, 78.4, 78.7, 82.3, 84.6, 103.7,
123.7, 125.4, 125.5, 125.8, 125.9, 126.6, 128.7, 131.8,
133.8, 137.5, 153.8, 167.5, 169.2, 170.3, 203.9.

6.6.6. Compound 5r. MS (FAB) 855"(M+H"); HRMS
(FAB) calcd for C4sHg7N4O, (M+H™) 855.4755, found
855.4747; IR (KBr) 3433, 2972, 2937, 2878, 2784, 1810,
1751, 1717, 1673, 1637, 1569, 1534, 1496, 1456, 1380,
1363, 1323, 1305, 1283, 1258, 1234, 1219, 1167, 1141,
1109, 1079, 1048, 1004 (cm'); '"H NMR (CDCl3) 6
0.81 (3H, t, J=7.2Hz), 1.01 3H, d, J=6.9 Hz), 1.23
(3H, d, J= 6.0 Hz), 1.27 (3H, d, J = 6.6 Hz), 1.28 (3H,

d, J=7.2Hz), 1.36 (3H, d, J=6.6 Hz), 1.39 (3H, s),
1.55 (3H, s), 1.24-2.06 (8H, m), 2.27 (6H, s), 2.58 (1H,
m), 2.56 (1H, q, J = 6.6 Hz), 2.70 (3H, s), 2.86 (2H, t,
J=28.1Hz), 3.01 (1H, quintet, J=7.8 Hz), 3.18 (1H,
dd, J=7.2 and 10.2 Hz), 3.22-3.74 (4H, m), 3.83 (1H,
q, J=7.2Hz), 422 (1H, d, J=8.1 Hz), 4.29 (IH, d,
J=17.5Hz), 446 (2H, s), 4.83 (1H, s), 4.98 (1H, dd,
J=24 and 7.8 Hz), 7.16 (1H, br s,), 7.50 (1H, m),
7.64 (1H, m), 7.80 (1H, dd, J=0.9 and 8.1 Hz), 8.02
(1H, d, J = 1.2 Hz), 8.05 (1H, d, J = 8.4 Hz), 8.79 (1H,
d, J=2.1 Hz); >*C NMR (CDCl;) 6 10.1, 12.9, 14.3,
15.3, 15.6, 18.8, 19.9, 21.1, 22.2, 26.3, 28.2, 30.4, 30.5,
33.1, 38.0, 38.8, 40.2, 47.6, 49.8, 51.0, 65.9, 69.5, 70.2,
73.0, 75.9, 78.4, 78.6, 82.3, 84.6, 103.7, 125.2, 126.4,
127.5, 128.2, 128.4, 129.0, 134.2, 146.8, 152.0, 153.8,
167.6, 169.3, 170.5, 203.8.

6.6.7. Compound 5s. MS (SI) 855" (M+H™"); HRMS (SI)
caled for C4sHgN4,Op, (M+H') 8554751, found
855.4749; IR (KBr) 3434, 2971, 2935, 2877, 2854,
2784, 1811, 1751, 1717, 1673, 1591, 1533, 1509, 1456,
1380, 1362, 1322, 1305, 1284, 1257, 1234, 1219, 1167,
1141, 1109, 1078, 1048, 1004 (cm™'); "TH NMR (CDCl5)
60.87 (3H, t, J = 7.2 Hz), 1.00 3H, d, J = 6.9 Hz), 1.23
(3H, d, J = 6.0 Hz), 1.24 (3H, d, J = 7.5 Hz), 1.28 (3H,
d, J=7.2Hz), 1.37 (3H, d, J=7.2Hz), 1.39 (3H, s),
1.56 (3H, s), 1.54-2.12 (8H, m), 2.27 (6H, s), 2.46 (1H,
m), 2.56 (1H, q, J=7.2Hz), 2.69 (3H, s), 3.01 (1H,
quintet, J = 7.5 Hz), 3.13 (2H, dd, J=4.2 and 8.4 Hz),
3.18 (1H, dd, J=7.5 and 9.9 Hz), 3.33 (IH, m), 3.54
(3H, m), 3.68 (1H, m), 3.83 (I1H, q, J=6.9 Hz), 4.22
(1H, d, J=8.1 Hz), 429 (1H, d, J=7.5Hz), 4.44 and
449 (2H, Abq, J=14.1 Hz), 4.85 (1H, s), 4.99 (IH,
dd, J=2.7 and 10.5Hz), 7.23 (1H, brt, J=6.3 Hz),
7.31 (1H, d, J=4.5Hz), 7.57 (1H, m), 7.69 (1H, m),
8.05 (IH, dd, J=0.9 and 8.4Hz), 8.09 (IH, d,
J=8.1Hz), 8.81 (1H, d, J = 4.5 Hz); *C NMR (CDCl;)
610.2,12.9, 14.3, 15.3, 15.6, 18.8, 19.9, 21.1, 22.2, 26.3,
28.2, 29.3, 29.7, 33.1, 38.0, 39.0, 40.2, 47.6, 49.8, 51.0,
65.8, 69.5, 70.3, 73.0, 75.9, 78.4, 78.6, 82.3, 84.6, 103.7,
120.6, 123.5, 126.3, 127.5, 128.9, 130.0, 147.5, 148.2,
150.2, 153.8, 167.6, 169.3, 170.5, 203.8.

6.7. Preparation of compound 8

6.7.1. Amidation. Compound 6 was prepared from 3
with N-methylpropargylamine in 82% yield as a color-
less foam by the same procedure as that described for
the synthesis of 5d.

MS (FAB) 992°(M+H"); HRMS (FAB) calcd for
C52H70N3016 (M+H+), 992.4756 found 9924747, IR
(KBr) 3428, 3290, 3064, 3032, 2975, 2938, 2880, 1809,
1752, 1702, 1587, 1496, 1455, 1405, 1382, 1350, 1330,
1289, 1255, 1167, 1114, 1068 (cm™'); 'TH NMR (CDCl5)
82.66 (3H, s), 2.81, 2.85 (3H, two s), 3.00, 3.12 (3H, two
s): *C NMR (CDCl5) 6 10.3, 13.0, 13.8, 15.4, 15.5, 15.6,
15.7, 18.7, 19.7, 20.6, 22.4, 26.2, 26.3, 28.8, 28.9, 33.1,
33.4, 33.7, 35.7, 36.2, 37.8, 39.2, 47.0, 47.1, 49.5, 49.6,
51.0, 54.7, 54.8, 67.1, 67.2, 68.7, 69.3, 69.5, 71.1, 72.0,
72.8, 74.7, 76.3, 78.2, 78.3, 78.4, 82.6, 84.6, 100.7,
127.5, 127.7, 127.8, 127.9, 128.2, 128.3, 128.4, 135.5,
135.6, 136.7, 154.3, 154.4, 154.5, 156.1, 156.5, 158.8,
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165.8, 165.9, 168.6, 168.8, 169.0, 203.7, 203.9 (two rota-
tional isomers were observed by 'H NMR and '*C
NMR spectra).

6.7.2. Coupling reaction. To a solution of 6 (256 mg,
0.262 mmol) in CH5CN (5 mL) were successively added
NEt; (36 uL, 0.26 mmol), Cul (5mg, 0.026 mmol),
p-iodobenzene (59 pl, 0.524 mmol), and Cl,Pd(PPhs),
(9.2 mg, 0.01 mmol). The reaction mixture was stirred
at room temperature for 1 h. The mixture was filtered
and diluted with water, and then the mixture was
extracted with AcOEt. The resultant residue was puri-
fied by column chromatography on silicagel (n-hexane/
AcOEt = 8/1-1/1) to give 192 mg of compound 7 as a
colorless foam (87%).

MS (FAB) 1068"(M+H"); HRMS (FAB) calcd for
CssH74N30,6 (M+H™), 1068.5069, found 1068.5073;
IR (KBr) 3429, 3064, 3032, 2974, 2938, 2880, 1810,
1752, 1702, 1658, 1489, 1455, 1404, 1382, 1350, 1330,
1288, 1254, 1167, 1114, 1068 (cm™"); '"H NMR (CDCls)
02.67 (3H, s), 2.81, 2.85 (3H, two s), 3.07, 3.17 (3H, two
s); ?*C NMR (CDCls) 6 10.3, 13.0, 13.8, 15.4, 15.5, 15.6,
18.8, 19.7, 20.6, 22.4, 26.3, 26.4, 28.8, 28.9, 33.0, 33.1,
33.5, 33.7, 35.7, 36.2, 37.8, 39.9, 47.1, 47.2, 49.5, 49.6,
51.0, 54.8, 67.1, 67.2, 68.7, 69.3, 69.5, 71.2, 74.8, 76.3,
76.4, 78.3, 78.4, 82.6, 83.7, 83.9, 84.4, 84.6, 100.7,
122.4, 122.7, 127.6, 127.7, 127.9, 128.2, 128.3, 128.4,
131.7, 131.8, 135.5, 135.6, 136.7, 154.3, 154.4, 154.5,
156.1, 158.8, 165.7, 165.9, 168.5, 168.8, 169.0, 203.7,
203.9 (two rotational isomers were observed by 'H
NMR and "*C NMR spectra).

6.7.3. Hydrogenation, deprotection, and N-methylation.
Subsequently, 7 (192 mg, 0.182 mmol) was diluted with
EtOH (16 mL) and 0.2 M acetate buffer (4 mL, pH
4.4). To this solution was added 20% Pd(OH),/C
(58 mg, 0.109 mmol) and stirred at room temperature
under H, atmosphere for 2 h. After confirming the dis-
appearance of 7 by TLC, 37% aqueous HCHO (2
mL) was added to the reaction mixture and stirred at
room temperature under H, atmosphere for an addi-
tional 1 h. The mixture was filtered and concentrated.
After being diluted with water, the mixture was basified
with 5% aqueous NaHCO; and then extracted with
AcOEt. The resultant residue was purified by column
chromatography on silicagel (CHCI;/MeOH = 80/1-40/
1) to give 118 mg of compound 8 as a colorless foam
(79%).

MS (FAB) 818" (M+H"); HRMS (FAB) calcd for
C43HesN;Op, (M+H™) 818.4803, found 818.4805; IR
(KBr) 3447, 3060, 2972, 2937, 2878, 2785, 1809, 1752,
1717, 1653, 1560, 1541, 1495, 1455, 1380, 1361, 1323,
1304, 1283, 1258, 1233, 1219, 1167, 1142, 1109, 1079,
1048, 1005 (cm™'); 'TH NMR (CDCl3) § 2.27 (6H, s),
2.68, 2.70 (3H, two s), 2.92, 3.00 (3H, two s); *C
NMR (CDCl5) 6 10.3, 13.1, 14.3, 15.4, 15.5, 15.8, 18.8,
18.9, 21.2, 22.4, 26.5, 28.2, 28.6, 29.6, 29.8, 32.7, 33.1,
33.2, 34.6, 38.3, 40.2, 47.5, 47.8, 48.7, 49.7, 51.0, 65.9,
69.5, 70.3, 70.9, 71.4, 76.3, 78.5, 79.4, 82.7, 84.7, 84.8,
103.8, 125.8, 126.1, 128.3, 128.4, 128.5, 140.9, 141.7,
154.4, 165.7, 165.8, 168.7, 168.8, 169.1, 204.0 (two

rotational isomers were observed by 'H NMR and *C
NMR spectra).

6.8. Preparation of compound 11

Compound 1° (2.96 g, 3.3 mmol) was dissolved in THF
(30 mL) under N, atmosphere. To this solution was add-
ed 0.5 M 9-BBN (19.8 mL, THF solution) and stirred at
room temperature for 1h. After cooling the mixture
with an ice-water bath, trifluoro methanesulfonic acid
3-phenyl-propenyl ester 9'* (0.8 g, 3 mmol) in THF
(2mL), Cl,Pd(PPhs), (118 mg, 0.168 mmol), and 1 N
NaOH (9.9 mL) were added to the mixture successively.
After being stirred at room temperature for an addition-
al 1 h, the reaction mixture was poured into saturated
aqueous NH,4Cl and extracted with AcOEt (150 mL).
The aqueous layer was extracted with AcOEt (70 mL)
and the combined organic layer was washed with brine,
dried over MgSQ,, filtered, and concentrated in vacuo.
The residue was purified by column chromatography
on silicagel (n-hexane/AcOEt =4/1-1/1) to give 2.26 g
of compound 10 as a colorless foam (mixture of E/Z
isomers. 77%).

MS (FAB) 1015 (M+H"); HRMS (FAB) calcd for
Cs;H7oN,0,4 (M+H") 1015.5531, found 1015.5547; IR
(KBr) 3507, 3383, 3065, 3031, 3013, 2976, 2938, 2876,
1744, 1695, 1495, 1454, 1407, 1381, 1351, 1333, 1293,
1263, 1223, 1212, 1205, 1168, 1115, 1069 (cm™'); 'H
NMR (CDCls) § 2.70 (3H, s), 2.81, 2.85 (3H, two s).

Compound 10 (880 mg, 0.87 mmol) was dissolved in
THF (13 mL) under N, atmosphere. To this solution
were added pyridine (0.7 mL, 8.65 mmol) and (CCl;30),.
CO (570 mg, 1.92 mmol) with stirring overnight at room
temperature. The reaction mixture was carefully
quenched with saturated aqueous NaHCOj; under cool-
ing with an ice-water bath and stirred for 0.5 h at room
temperature. After separating the organic layer, the
aqueous layer was extracted with AcOEt (30 mL), and
the combined organic layer was washed with saturated
aqueous NH,4CI and brine, dried over MgSQy, filtered,
and concentrated in vacuo. The residue was purified
by column chromatography on silicagel (n-hexane/
AcOEt = 4/1-1/2) to give 680 mg of compound bearing
C-11,12 carbonate group as a colorless foam (89%).
Subsequently, deprotection and N-methylation were
performed by the same procedure as that described for
the synthesis of 5d, and compound 11 (344 mg, colorless
foam) was obtained in 76% yield.

MS (FAB) 789"(M+H"): HRMS (FAB) caled for
C43HeoN,O,; (M+H") 789.4901, found 789.4908; IR
(KBr) 3458, 3061, 2973, 2936, 2876, 2785, 1810, 1751,
1716, 1627, 1603, 1496, 1455, 1381, 1361, 1324, 1305,
1284, 1257, 1219, 1167, 1142, 1110, 1076, 1048, 1005
(cm™"):; "H NMR (CDCl;) ¢ 0.89 (3H, t, J=7.2 Hz),
0.963 (3H, d, J=69Hz), 1.19-1.32 (12H, m), 1.37
(6H, d, J = 6.9 Hz), 140 (3H, s), 1.54 (3H, s), 1.50-1.95
(7H, m), 2.26 (6H, s), 2.38-2.55 (2H, m), 2.60 (2H, t,
J=7.5Hz), 2.68 (3H, s), 3.04 (IH, m), 3.18 (1H,
dd, J=72 and 10.2Hz), 3.42-3.70 (3H, m), 3.82
(1H, q, J=6.6 Hz), 3.93-4.07 (2H, m), 4.18 (1H, d,
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J=8.4Hz), 429 (1H, d, J = 7.5 Hz), 4.77 (1H, s), 5.04
(1H, dd, J = 2.4 and 9.9 Hz), 7.15-7.29 (5H, m).

13C NMR (CDCly) 6 10.4, 13.2, 14.3, 15.5, 15.9, 18.9,
19.7, 21.2, 22.5, 26.0, 26.1, 28.2, 29.1, 31.5, 33.0, 35.9,
38.3, 40.2, 47.9, 49.6, 51.1, 65.9, 69.5, 70.4, 73.6, 76.4,
78.4, 79.5, 83.0, 84.7, 103.9, 125.6, 128.2, 128.4, 142.8,
154.5, 163.5, 169.1, 204.0.

6.9. Preparation of compound 13

To a solution of 3 (100 mg, 0.106 mmol) in toluene
(6 mL) were added DMF (1 pL, 0.01 mmol) and oxalyl
chloride (12 pL, 0.13 mmol) at room temperature, and
the reaction mixture was stirred for 30 min at room
temperature. To this solution, 3-phenyl-1-propanol
(29 uL, 0.21 mmol), pyridine (17 pL, 0.21 mmol), and
N,N-dimethylamino pyridine (1 mg) were added and
the reaction mixture was stirred overnight. The reac-
tion mixture was quenched with saturated aqueous
NH,4CI and extracted with AcOEt (20 mL). The aque-
ous layer was extracted with AcOEt (20 mL) and the
combined organic layer was washed with brine, dried
over MgSQO,, filtered, and concentrated in vacuo. The
residue was purified by column chromatography on
silicagel (n-hexane/AcOEt =4/1-1/1) to give 88 mg of
compound 8 bearing an ester group as a colorless foam
(78%).

MS (FAB) 1059"(M+H"); HRMS (FAB) calcd for
C57H75N2017 (M+H+) 10595066, found 10595050, IR
(KBr) : 3433, 3063, 3029, 2973, 2938, 2879, 1811,
1752, 1703, 1633, 1605, 1497, 1455, 1382, 1351, 1329,
1289, 1254, 1213, 1167, 1112, 1084, 1067, 1047 (cm™");
'"H NMR (CDCl;) 6 2.69 (3H, s), 2.81, 2.85 (3H, two
s): ’C NMR (CDCly) ¢ 10.4, 13.1, 13.8, 15.3, 15.6,
15.7, 18.7, 19.6, 20.6, 22.4, 26.5, 28.8, 30.0, 32.0, 33.1,
35.7, 36.1, 37.8, 47.0, 47.1, 49.5, 50.9, 54.7, 63.8, 67.0,
67.1, 68.6, 69.2, 69.4, 70.3, 74.6, 76.3, 78.1, 78.3, 82.4,
84.4, 100.5, 125.7, 127.3, 127.5, 127.6, 127.7, 128.0,
128.1, 128.2, 135.2, 135.3, 136.4, 140.8, 154.0, 154.1,
154.2, 155.8, 156.2, 165.5, 168.6, 169.7, 203.3, 203.5
(two rotational isomers were observed by 'H NMR
and '*C NMR spectra).

Compound 13 (12 mg) was prepared in 32% yield from
12 (51 mg) as a colorless foam by the same procedure as
that described for the synthesis of 5d.

MS (SI) 805" (M+H'); HRMS (SI) caled for
C42H65N20]3 (M+H+) 8054483, found 8054486, IR
(KBr) 3447, 2924, 2877, 2851, 2785, 1810, 1752, 1653,
1636, 1628, 1604, 1569, 1560, 1542, 1508, 1497, 1456,
1381, 1362, 1323, 1304, 1284, 1258, 1167, 1142, 1108,
1084, 1047, 1004 (cm™'); 'H NMR (CDCl5) § 0.89
(3H, t, J= 7.2 Hz), 1.03 (3H, d, J = 6.9 Hz), 1.23 (3H,
d, J=6.0 Hz), 1.25 3H, d, J=6.9Hz), 1.27 3H, d,
J=7.8Hz), 1.37 (3H, d, J= 6.9 Hz), 1.42 (3H, s), 1.54
(3H, s), 1.54-2.02 (8H, m), 2.27 (6H, s), 2.40-2.60
(3H, m), 2.69 (2H, t, J=7.8 Hz), 2.72 (3H, s), 3.05
(1H, quintet, J=7.8 Hz), 3.19 (1H, dd, J=7.2 and
9.9 Hz), 3.48-3.74 (2H, m), 3.83 (1H, q, J = 6.9 Hz),
4.16 (2H, t, J=6.6 Hz), 4.20 (1H, d, J = 7.5 Hz), 4.30

(1H, d, J=72Hz), 454 and 4.67 (2H, Abq,
J=16.5Hz), 4.77 (1H, s), 5.02 (1H, dd, J=2.7 and
9.6 Hz), 7.12-7.30 (5H, m); '*C NMR (CDCl;) ¢ 10.4,
13.2, 14.3, 15.3, 15.8, 18.8, 19.7, 21.1, 22.5, 26.7, 28.2,
29.7, 30.1, 32.1, 38.3, 40.2, 47.8, 49.7, 51.1, 64.0, 65.9,
69.5, 70.3, 70.5, 76.4, 78.5, 79.5, 82.5, 84.8, 103.8,
126.0, 128.4, 128.5, 141.1, 154.3, 166.0, 169.1, 170.1,
204.1.

6.10. Preparation of compound 16i (Method A)

To a solution of N-Boc-propargylamine (4.66 g,
30 mmol) in CH3CN (50 mL) were successively added
NEt5(6.96 mL, 30 mmol), Cul (76 mg, 0.4 mmol), 3-bro-
mo-quinoline (1.34 mL, 10 mmol), and Cl,Pd(PPhj3),
(140 mg, 0.2 mmol). The reaction mixture was stirred
at room temperature for 1 h and for 5h at 60 °C. The
mixture was cooled to room temperature and filtered,
then diluted with 5% aqueous NaHCO;, and finally
extracted with AcOEt. The resultant residue was puri-
fied by column chromatography on silicagel (rn-hexane/
AcOEt = 4/1-1/1) to give 2.8 g of compound 14i (99%).

'H-NMR (CDCl;) & 149 (9H, s), 423 (2H, d,
J=54Hz), 483 (1H, br s), 7.57 (1H, m), 7.73 (1H,
m), 7.78 (1H, d, J = 8.4 Hz), 8.08 (1H, d, /= 8.7 Hz),
8.21 (1H, d, J = 1.8 Hz), 8.89 (1H, d, J = 1.8 Hz).

Compound 14i (2.8 g, 9.9 mmol) was dissolved in EtOH
(60 mL). To this solution was added 20% Pd(OH),/C
(754 mg, 1.4 mmol) with stirring at room temperature
under H, atmosphere for 2 h. The mixture was filtered

and concentrated, and 2.7 g of compound 15i was ob-
tained (95%).

'H NMR (CDCl3) § 1.45 (9H, s), 1.94 (2H, m), 2.88 (2H,
t, J=7.2 Hz), 3.23 (2H, m), 4.62 (1H, br s), 7.59 (1H,
m), 7.73 (1H, m), 7.82 (1H, d, J = 8.4 Hz), 8.08 (1H,
m), 8.21 (1H, dd, J=12 and 9.6 Hz), 8.81 (1H, d,
J=2.1 Hz).

Compound 15i (2.8 g, 9.4 mmol) was dissolved in
CH,Cl, (30 mL) and stirred on an ice-water bath. To
this solution was added CF;CO,H (6 mL), and the reac-
tion mixture was stirred at room temperature for 1 h
and concentrated in vacuo. The resultant residue was
quenched with diluted aqueous NaOH and extracted
with AcOEt. The aqueous layer was extracted with
AcOEt, and the combined organic layer was dried over
MgSO,, filtered, and concentrated in vacuo. Finally,
2.7 g of compound 16i was obtained (95%).

'H NMR (CDCl;) & 2.02 (2H, m), 2.81 (H, t,
J=10.8 Hz), 2.93 (2H, m), 5.04 (2H, br s), 7.48 (1H,
m), 7.62 (1H, m), 7.69 (1H, d, J = 8.4 Hz), 7.88 (1H,
d, J=24Hz), 8.00 (1H, d, J=8.1 Hz), 8.73 (1H, d,
J=1.5Hz).

6.11. Preparation of compound 16e (Method B)
N-Boc-allylamine (500 mg, 3.2 mmol) was dissolved in

THF (5 mL) under N, atmosphere. To this solution
was added 0.5 M 9-BBN (9.5 mL, THF solution), with
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stirring at room temperature for 2 h. Next, 1-iodo-4-ni-
tro-benzene (633 mg, 2.5 mmol), Cl,Pd(PPh;3), (111 mg,
0.16 mmol), and 1 N NaOH (4.7 mL) were successively
added to the mixture. After stirring at room temperature
for an additional 1.5 h, the reaction mixture was poured
into saturated aqueous NHy4Cl and extracted with
AcOEt (150 mL). The aqueous layer was extracted with
AcOEt (70 mL), and the combined organic layer was
washed with brine, dried over MgSQy, filtered, and con-
centrated in vacuo. The residue was purified on silicagel
column (n-hexane/AcOEt = 10/1-2/1) to give 651 mg of
compound 15e (91%).

'H NMR (CDCl) § 1.45 (9H, s), 1.85 (2H, m), 2.75 (2H,
t,J=8.1 Hz), 3.17 (2H, m), 4.58 (1H, br s), 7.34 (2H, d,
J=8.4Hz), 8.15 (2H, d, J = 8.4 Hz).

Compound 15e (600 mg, 2.1 mmol) was dissolved in
CH,Cl, (6 mL) and stirred on an ice-water bath. To this
solution was added CF;CO,H (6 mL), and the reaction
mixture was stirred at room temperature for 1h and
concentrated in vacuo. The resultant residue was
quenched with diluted aqueous NaOH and extracted
with AcOEt. The aqueous layer was extracted with
AcOEt, and the combined organic layer was dried over
MgSO,, filtered, and concentrated in vacuo. The residue
was purified on silicagel column to give 331 mg of com-
pound 16e (86%).

'H NMR (CDCl;) § 1.83 (2H, m), 2.04 (2H, br s), 2.78
(2H, t, J = 6.3 Hz), 2.78 (2H, t, J = 7.8 Hz), 7.35 (2H, d,
J=8.4Hz), 8.14 (2H, d, J = 8.4 Hz).

6.12. Preparation of compounds 16a—16d, and 16h

Compounds 16a-16d, and 16h were prepared in the
same procedure (Method B) as that described for the
synthesis of 16e with 1-iodo-2-methyl-benzene, 1-iodo-
3-methyl-benzene, 1-iodo-4-methyl-benzene, 1-fluoro-4-
iodo-benzene, and 1-iodo-naphthalene, respectively.

6.12.1. 6a(CF;CO,H salt). '"H NMR (CDCly) 6 1.91
(H, m), 2.24 (3H, s), 2.62 (2H, t, J=7.8 Hz), 2.94
(2H, m), 7.05-7.12 (4H, m), 7.67 (3H, br s).

6.12.2. 16b(CF3CO,H salt). "H NMR (CDCl3) & 1.82
(2H, m), 2.32 (3H, s), 2.62 2H, t, J=7.8 Hz), 2.74
(2H, t, J = 7.2 Hz), 6.98-7.22 (7H, m).

6.12.3. 16¢(CF;CO,H salt). '"H NMR (CDCls) 6 1.94
(2H, m), 2.60 (2H, t, J=7.5Hz), 2.92 (2H, m), 7.01
(2H, d, J=7.8 Hz), 7.08 (2H, d, J=7.8 Hz), 7.52 (3H,
br s).

6.12.4. 16d. "H NMR (CDCly) § 1.87 (2H, m), 2.61 (2H,
t,J=7.8 Hz), 2.84 (2H, t, J = 7.5 Hz), 4.10-4.90 (2H, br
s), 6.92-7.11 (4H, m).

6.12.5. 16h. '"H NMR (CDCls) § 1.94 (2H, m), 2.83 (2H,
t, J=7.2Hz), 3.06 2H, t, J= 7.8 Hz), 3.75 (2H, br s),
7.27 (1H, d, J= 6.9 Hz), 7.35 (1H, t, J = 8.1 Hz), 7.42—
7.51 (2H, m), 7.69 (1H, d, J = 8.1 Hz), 7.81-7.84 (1H,
m), 7.95-7.99 (1H, m).

6.13. Preparation of compounds 16f, 16g, and 16j

Compounds 16f, 16g, and 16j were prepared in the same
procedure (Method A) as that described for the synthe-
sis of 16i with 4-bromo-biphenyl, 2-bromo-naphthalene,
and 4-iodo-quinoline,'” respectively.

6.13.1. 16f. '"H NMR (CDCl3) § 1.71 (2H, br s), 1.82
(2H, m), 2.70 (2H, t, J=7.8 Hz), 2.77 2H, t, J = 6.9
Hz), 7.24-7.60 (9H, m).

6.13.2. 16g. '"H NMR (CDCl;) 5 1.38 (2H, br s), 1.86
(2H, m), 2.77 (2H, t, J=7.2 Hz), 2.82 QH, t, J = 7.5
Hz), 7.34 (1H, dd, J= 1.8 and 8.4 Hz), 7.38-7.48 (2H,
m), 7.62 (1H, d, J = 0.6 Hz), 7.76-7.81 (3H, m).

6.13.3. 16j. '"H NMR (CDCl5) & 1.82 (2H, m), 2.84 (2H,
t, J=72Hz), 3.13 QH, t, J=7.5Hz), 7.24 (1H, d,
J=4.5Hz), 7.55 (1H, m), 7.70 (1H, m), 8.06 (1H, d,
J=72Hz), 8.12 (IH, d, J=7.5Hz), 881 (IH, d,
J =42 Hz).
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Abstract—Previous studies from our laboratory have revealed that esterification/amidation of the carboxylic acid moiety in the non-
steroidal anti-inflammatory drug, indomethacin, generates potent and selective COX-2 inhibitors. In the present study, a series of
reverse ester/amide derivatives were synthesized and evaluated as selective COX-2 inhibitors. Most of the reverse esters/amides dis-
played time-dependent COX-2 inhibition with ICs, values in the low nanomolar range. Replacement of the 4-chlorobenzoyl group
on the indole nitrogen with a 4-bromobenzyl moiety resulted in compounds that retained selective COX-2 inhibitory potency. In
addition to inhibiting COX-2 activity in vitro, the reverse esters/amides also inhibited COX-2 activity in the mouse macrophage-like
cell line, RAW264.7. Overall, this strategy broadens the scope of our previous methodology of neutralizing the carboxylic acid
group in NSAIDs as a means of generating COX-2-selective inhibitors and is potentially applicable to other NSAIDs.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The utility of non-steroidal anti-inflammatory drugs
(NSAIDs) in the treatment of inflammation and pain
is often limited by gastrointestinal liabilities including
ulceration and bleeding. Inhibition of cyclooxygenase
(COX), the enzyme that catalyzes arachidonic acid oxy-
genation, was initially considered to be responsible for
the shared therapeutic benefits and gastrointestinal side
effects of NSAIDs.!> However, the discovery of a sec-
ond COX gene, COX-2, provided important insights
into NSAID side effects that translated into more effec-
tive drugs.>* COX-2 is inducible, short-lived, and the
product of an immediate early gene.® Its expression is
stimulated by a host of growth factors, cytokines, and
mitogens.® Importantly, COX-2 is responsible for pros-
taglandin biosynthesis in inflammatory cells and the
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central nervous system.”"® In contrast, COX-1 is a con-
stitutive enzyme and appears responsible for the
biosynthesis of cytoprotective prostaglandins in the
gastric mucosa and the kidney.'® Classical NSAIDs
inhibit both isoforms non-selectively.!' The differential
tissue distribution of the COX enzymes was the basis
for the development of COX-2-selective inhibitors as
anti-inflammatory and analgesic agents with reduced
ulcerogenic potency.®

The first COX-2 inhibitors developed clinically were
members of the diarylheterocycle class of compounds
(Fig. 1).'? Extensive structure—activity studies exist in
this series.! In contrast, relatively few groups have uti-
lized non-selective NSAIDs as leads in the search for
selective COX-2 inhibitors. The Merck—Frosst group
reported that replacement of the 4-chlorobenzoyl group
in the NSAID, indomethacin, with a 4-bromobenzyl
group generates a selective COX-2 inhibitor
(Fig. 1)."%15 Our laboratory reported that neutralization
of the carboxylic acid moiety in indomethacin to esters
or amides afforded selective COX-2 inhibitors
(Fig. 1).'® More recently, the Novartis group described
conversion of diclofenac into lumiracoxib, which exhib-
its 500-fold selectivity for COX-2 over COX-1 (Fig. 1)."7
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Figure 1. Structures of selective COX-2 inhibitors from the diarylheterocycle series and those derived from the modification of indomethacin and

diclofenac.

Conversion of non-selective NSAIDs to esters and
amides is a facile strategy for generating COX-2 inhibi-
tors from known drugs but it has the limitation that
indomethacin esters and possibly some amides may be
hydrolyzed to indomethacin in vivo.!%!° Therefore, we
investigated the possibility that indolyl esters and
amides with essentially the “reverse” orientation would
selectively inhibit COX-2. Hypothetically, such com-
pounds eliminate or minimize the generation of
indomethacin in vivo. We report herein that indolyl
esters and amides are potent and selective inhibitors of
COX-2 in vitro and in intact macrophages. Further-
more, reversing the orientation of the carboxyl group
expands the universe of COX-2 inhibitors to 4-bromo-
benzyl analogs of indomethacin.

2. Results
2.1. Chemistry

The synthesis of the target reverse ester derivatives was
achieved in four steps starting from commercially avail-

able  5-methoxy-2-methylindole-3-acetic  acid (1)
(Scheme 1). Esterification of 1 in the presence of MeOH
and BOP-CI?° afforded the corresponding methyl ester
3?! that upon reduction with lithium borohydride in
THF-MeOH?? yielded the corresponding alcohol 5.3
Alcohol 5 served as the synthon in the preparation of
all reverse esters. Esterification of appropriate carboxyl-
ic acid derivatives with alcohol 5 employing EDCI as
catalyst resulted in the formation of esters 7-14 in mod-
erate to good yields (60-75%). N-acylation on the indole
nitrogen in esters 7-14 with 4-chlorobenzoyl chloride in
the presence of NaH afforded the final compounds 15—
21 (Table 1). N-alkylation of 11 with 4-bromobenzyl
bromide afforded the N-(4-bromobenzyl)indole deriva-
tive 23. Similar synthetic manipulations on 5-methoxy-
indole-3-acetic acid (2) afforded the corresponding
2-des-methylindolyl alkyl ester 22 (see Scheme 1).

Two approaches were employed for the synthesis of
reverse amides. The first utilized 1 as starting material
and proceeded as outlined in Scheme 2. Reaction of 1
with ammonium chloride®* in the presence of EDCI,
HOBt, and DIPEA afforded primary amide 24 in 64%
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yield. LAH mediated reduction of 24 afforded the pri-
mary amine 25,23 which was characterized as its stable
oxalate salt. EDCI-promoted coupling of 25 with 4-
chlorobenzoic acid, hydrocinnamic acid, or propionic
acid afforded amides 26, 27, and 30, respectively, that
upon N-acylation with 4-chlorobenzoyl chloride or 4-
bromobenzyl bromide furnished target compounds 31—
33, and 37, respectively. N-Acylation/alkylation of
melatonin (28) afforded the N-4-chlorobenzoyl- and
N-4-bromobenzyl des-methylindole analogs 34 and 35,
respectively (see Scheme 2). The synthesis of 36 (see
Scheme 2) was achieved via N-acetylation of 25 with
acetyl chloride in the presence of Et3N resulting in the
formation of the previously described 2-methylmelato-
nin derivative 29.%> N-alkylation on the indole nitrogen
in 29 with 4-bromobenzyl bromide afforded 36.

Alkylation of the acylindolylamines, 26-30, with 4-bro-
mobenzyl bromide proceeded to some extent on the
amide nitrogen as well as the indole nitrogen. Thus, a
second route was developed for reverse amide synthesis
in which the amine of 25 was BOC-protected then selec-
tively alkylated on the indole nitrogen (Scheme 2).
Removal of the protecting group and acylation of the
amine produced reverse amides 41-43.

The synthesis of N-(4-bromobenzyl)-3-butyl-5-methoxy-
2-methylindole (47) is depicted in Scheme 3. Reaction of
4-methoxyphenylhydrazine (44) and 2-heptanone (45)
following the Fisher-indole protocol afforded indole 46
that upon N-alkylation with 4-bromobenzyl bromide
generated 47.

2.2. Enzymology

2.2.1. In vitro inhibition of COX activity. ICs, values for
the inhibition of purified human COX-2 or ovine COX-
1 by test compounds were determined by a thin layer
chromatography (TLC) assay. Hematin-reconstituted
COX-2 (66 nM) or COX-1 (44nM) in 100 mM Tris—

5; Rl—CHg
6: Ry=H

Compounds 7-14

NaH
(4-Br)-CgH4CH2Br

HCI, pH 8.0, containing 500 uM phenol was treated
with several concentrations of inhibitors (0-66 uM) at
25°C for 20 min. Since the recombinant COX-2 had
specific activity lower than that of ovine COX-1, the
protein concentrations were adjusted such that the per-
centages of total products obtained following arachi-
donic acid oxygenation by the two isozymes were
comparable. The Cyclooxygenase reaction was initiated
by the addition of [1-'*CJarachidonic acid (50 uM) at
37 °C for 30s. Control experiments in the absence of
inhibitor indicated ~25-30% conversion of arachidonic
acid to products, which was sufficient for assessing the
inhibitory properties of all compounds described in this
study.

As displayed in Table 1, all of the reverse esters 15-21
displayed potent and selective inhibition of COX-2 with
1Csy values in the low nanomolar range and very high
COX-2 selectivity ratios. No COX-1 inhibition was dis-
cernible with these compounds even at very high concen-
trations (>66 uM). Under these assay conditions,
indomethacin demonstrated modest COX-1-selective
inhibition [(IC5y (COX-1)~ 0.050 uM; ICs, (COX-
2) ~ 0.75 uM)]. Removal of the 2-methyl group on the
indole ring of the reverse ester 19 generated 22, an inac-
tive compound. Lack of COX inhibitory potency also
was observed with the 2-des-methyl analogs of the
simple indomethacin esters.?® Replacement of the
4-chlorobenzoyl group on the indole nitrogen in 19 with
a 4-bromobenzyl group afforded 23, which also
displayed selective COX-2 inhibitory properties.
Compound 23, however, was 40-fold less potent as a
COX-2 inhibitor than 19. In contrast, replacement of
the 4-chlorobenzoyl group on the indole nitrogen with
a 4-bromobenzyl group in the previously reported indo-
methacin ester series afforded inactive compounds.'®

Examples from the N-(substituted)-5-methoxy-2-methy-
lindole alkyl amide series included the 4-chlorobenzoyl
and the phenethyl amide derivatives 31 and 33, which
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Table 1. ICs, values for selective COX-2 inhibition by reverse esters of indomethacin
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“ cl
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Cl ?’z
% B

#QOvine COX-1 (44 nM) or human COX-2 (66 nM) was preincubated with inhibitors at 25 °C for 20 min followed by the addition of [1-14C]ara-
chidonic acid (50 pM) at 37 °C for 30 s. All assays were conducted in duplicate.

P Ratio of ICso(COX-1)/ICsy (COX-2).

*RAW264.7 murine macrophages were activated with LPS and IFN-y for 7 h. Vehicle or inhibitor was added for 30 min at 37 °C. Inhibition of
prostaglandin D, synthesis was determined by adding [1-'*CJarachidonic acid (20 pM) for 15 min at 25 °C.

also displayed potent COX-2 inhibition (Table 2). But
these compounds also displayed increased COX-1 inhi-
bition such that the COX-1 over COX-2 selectivity ratio
of 31 and 33 was 80 and 425, respectively, compared to
the esters which displayed selectivity ratios of 1500 or
greater. Interestingly, increasing the length of the incu-
bation time between the COX-1/inhibitor reaction mix-
ture and [1-'*Clarachidonic acid from 30s to 10 min
abolished all COX-1 inhibition by 31 and 33 [compound
31: IC59 (COX-1) ~ 4.0 uM (30 s assay); ICso (COX-
1) > 66 uM (10 min assay); ICsy (COX-2) ~ 0.050 uM
(30 s assay); ICsy (COX-2) ~ 0.060 uM (10 min assay)].
This result suggests that the off-rates for the dissociation
of 31 and 33 from COX-1 are relatively high so they ex-
change with arachidonic acid substrate on prolonged
incubation. The inhibitory potency of 31 as a competi-
tive inhibitor of COX-1/-2 also was evaluated. Ovine

COX-1 (2.8 nM) or human COX-2 (5nM) was added
to an incubation mixture containing [1-'*Clarachidonic
acid (2uM) and several concentrations of 31
(0.050 uM, 0.25 uM, 1.0 uM, or 4.0 uM). Although 31
was a potent competitive inhibitor of COX-1
(ICs59 = 0.25 uM), no competitive inhibition of COX-2
by 31 was discernible under these experimental condi-
tions (ICso >4 uM). Competitive inhibition of COX-1
activity has been reported with other time-dependent,
selective COX-2 inhibitors.?”-?

Inhibition of COX-1 by 31 and other reverse amides was
abolished by replacement of the 4-chlorobenzoyl group
in these compounds with a 4-bromobenzyl group as
illustrated with 32, 36, and 37, respectively (see Table
2). The 4-bromobenzyl derivative of 2-methylmelatonin
(36) also displayed COX-2-selective inhibitory





6814 A. S. Kalgutkar et al. | Bioorg. Med. Chem. 13 (2005) 6810-6822

NH2 NH2

COOH
H3CO HsCO HCO
N\ NH,CI © LAH ° A\
CHy; ——— CHg - > CHs
N EDCI, HOBt N

H DIPEA
1

0
1. NaH/
NH2 (4 Br)CoH,CH,Br HNA/<O‘BU
H3CO OR H3CO
A\ oH (4-ClyCgH4COCI A\ CH
N 3 N ®
Rs 2. HCl b
40
RCO,H, EDCI
OR
RCOCI, Et;N
H R,

L

o)
H3CO
Mg
N 1

Rs
Compounds 41-43 (Table 2)

Scheme 2.
NHNH, HCI HaCO
44
+ H
O A 20h
H3CM\

45

Scheme 3.

properties, albeit with lower COX-2 potency than 32.
Increasing the length of the alkyl substituent on the
amide linkage from methyl (36) to ethyl (37) increased
somewhat COX-2 potency and selectivity. In contrast
to these observations, replacement of the 4-chloro-
benzoyl moiety in simple indomethacin amides with a
4-bromobenzyl group affords inactive compounds.'®
As observed with simple indomethacin esters/amides
and with reverse esters, replacement of the 2-methyl
group on the indole ring in the reverse amides with
hydrogen generated inactive compounds (analogs 34
and 35).%° Finally, replacement of the 3-alkylester or
-amide linkage in these compounds with a long chain
alkyl substituent resulted in the 3-butyl derivative, 47,
which was devoid of COX inhibitory activity (Table 2).

2.2.2. Inhibition of COX-2 activity in intact cells. The
ability of reverse esters 17 and 19 or reverse amides
31, 32, 36, and 37 to inhibit COX-2 in intact cells was

H
25
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CHs NaH N CH,

(4-Br)-CgH4CH,Br

assayed in RAW264.7 murine macrophage-like cell
line.?” The cells were treated with lipopolysaccharide
(LPS) (1.0 pg/mL) and y-interferon (10 U/mL) for
7.0 h to induce COX-2 and then treated with several
concentrations of the test compounds. The ICs, values
for inhibition of production of prostaglandin D,
(PGD,) by 17, 19, 31, 32, 36, and 37 were 0.32, 0.085,
0.03, 0.05, 1.5, and 0.14 pM, respectively. Thus, in addi-
tion to inhibition of purified COX-2, these compounds
are potent inhibitors of COX-2 activity in cultured
inflammatory cells.

3. Discussion

The present study broadens the scope and utility of our
earlier strategy involving the esterification/amidation of
NSAIDs as means of generating selective COX-2 inhib-
itors. As observed with the earlier indomethacin esters/
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Table 2. ICs, values for selective COX-2 inhibition by reverse amides of indomethacin
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2 Qvine COX-1 (44 nM) or human COX-2 (66 nM) was preincubated with inhibitors at 25 °C for 20 min followed by the addition of [1-'*Clara-
chidonic acid (50 uM) at 37 °C for 30 s. All assays were conducted in duplicate.

b Ratio of ICsy (COX-1)/ICsy (COX-2).

“RAW264.7 murine macrophages were activated with LPS and IFN-y for 7 h. Vehicle or inhibitor was added for 30 min at 37 °C. Inhibition of
prostaglandin D, synthesis was determined by adding [1-'"*Clarachidonic acid (20 pM) for 15 min at 25 °C.

amides, structurally diverse groups can be part of the re-
verse ester/amide linkage in the present series leading to
COX-2 inhibitors. An unexpected outcome from this
study is the potent and selective COX-2 inhibition
exhibited by the reverse ester and amide derivatives, in
which the 4-chlorobenzoyl group on the indole nitrogen
is replaced by the 4-bromobenzyl substituent. Similar
manipulations in the simple indomethacin ester/amide
series afforded inactive compounds.'®2¢ Thus, in addi-
tion to the array of substituents as part of the reverse es-
ter/amide linkage, we envision broad structural
flexibility on groups linked to the indole nitrogen as
well. The indomethacin template appears to be most
flexible in delivering COX-2-selective inhibitors follow-
ing functional group manipulations. For instance, in

addition to Merck—Frosst’s and our own efforts, Woods
et al.?” have reported that replacement of indometha-
cin’s carboxylic acid group with 4-substituted thiazolyl
groups results in potent and selective COX-2 inhibitors.
Similarities in the SAR analysis between the reverse es-
ter/amides and the simple indomethacin ester/amide
derivatives include the lack of COX inhibition by the
2-des-methyl analogs in the two series. The 2-methyl
group on the indole ring was recently demonstrated to
insert into a hydrophobic depression in the side of the
active site of both COX-2 and COX-1.>" This appears
to be a major determinant of the time-dependent inhibi-
tion of COX enzymes by indomethacin. It is likely that
the methyl group plays a similar role in COX-2 inhibi-
tion by indomethacin esters and amides.
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Preliminary biochemical analysis of the reverse ester/
amide and the simple indomethacin analogs reveals that
they conform to the two-step kinetic mechanism, typical
of slow, tight-binding NSAIDs including selective
COX-2 inhibitors.?831:32 However, the time course of
COX-2 inhibition is slower for indomethacin derivatives
than diarylheterocycles. These results reflect a slow on-
rate for the initial association of these indomethacin
derivatives with COX-2.3° Although most of the simple
indomethacin amides tested in our previous study were
devoid of COX-1/-2 competitive inhibitory activity,
some reverse amide derivatives (compound 31) in the
present study competitively inhibited COX-1. This fea-
ture seems unique to reverse amide analogs containing
the 4-chlorobenzoyl group on the indole nitrogen, since
its replacement with the 4-bromobenzyl group abolished
all COX-1 competitive inhibition (e.g., 32). These
differences between the two series of indomethacin
analogs suggest subtle differences in their interaction
at the active sites of the two enzymes. Preliminary stud-
ies on the molecular basis for selective COX-2 inhibition
by the reverse esters/amides reveal that these com-
pounds bind at the COX-2 active site in a fashion sim-
ilar to that observed with the simple indomethacin
esters/amides.!®?® For example, the Y355F mutant is
resistant to the inhibitory effects of the simple indo-
methacin esters/amides as well as the reverse esters/
amides but the R120Q mutant is not (data not shown).
These results validate our design strategy and suggest
that hydrogen bonding from the amide nitrogens in
the simple indomethacin amides and the reverse amides
to the hydroxyl group of Tyr-355 is an important deter-
minant of binding.

4. Experimental
4.1. Chemistry

Melting points were determined with a Gallenkamp
melting point apparatus and are uncorrected. Chemi-
cal yields are unoptimized specific examples of one
preparation. All chemicals were purchased from Al-
drich (Milwaukee, WI). Methylene chloride was pur-
chased as ‘“‘anhydrous” from Aldrich and was used
as received. All other solvents were of HPLC grade.
Analytical TLC (Analtech uniplates™) was used to
follow the course of reactions. Silica gel (Fisher, 60-
100 mesh) was used for column chromatography. 'H
NMR spectra in CDCl; or DMSO-ds were recorded
on Bruker WP-360 or AM-400 spectrometers; chemi-
cal shifts are expressed in parts per million (ppm, o)
relative to tetramethylsilane as internal standard. Spin
multiplicities are given as s (singlet), d (doublet), dd
(doublet of doublets), t (triplet), q (quartet), and m
(multiplet). Coupling constants (J) are given in hertz
(Hz). Positive ion electrospray ionization (ESI) and
collision-induced dissociation (CID) mass spectra were
obtained on a Finnigan TSQ 7000 mass spectrometer.
CID fragmentations were consistent with assigned
structures. The purity of products was judged to be
at least 99% on the basis of their chromatographic
homogeneity.

4.1.1. Methyl ester of 5-methoxy-2-methylindole-3-acetic
acid (3). A reaction mixture containing 5-methoxy-2-
methylindole-3-acetic acid (1, 800 mg, 3.64 mmol) and
BOP-CI (926 mg, 3.64 mmol) in 10 mL of anhydrous
CH,Cl, was treated with EtzN (735 mg, 7.28 mmol)
and allowed to stir at rt for 5 min. The mixture was then
treated with anhydrous methanol (0.5 mL) and stirred
overnight at rt. Following dilution with CH,Cl,
(30 mL), the organic solution was washed with water
(2x25mL), dried (MgSQO,), filtered, and the solvent
concentrated in vacuo. The crude ester was purified by
chromatography on silica gel (EtOAc:hexanes; 25:75)
to afford a pale yellow oil (648 mg, 76%). 'H NMR
(CDCl3) 6 7.75 (br s, 1H, NH), 7.13-7.16 (d, 1H,
J=28.7Hz, ArH), 6.98-6.99 (d, 1H, J=2.2 Hz, ArH),
6.75-6.79 (dd, 1H, J=28.7, 2.3 Hz, ArH), 3.85 (s, 3H,
OCH3y), 3.67 (s, 3H, OCHs;), 3.66 (s, 2H, CH>), 2.39 (s,
3H, CHs;).

4.1.2. Methyl ester of 5-methoxyindole-3-acetic acid (4).
Compound 4 was obtained upon chromatography on
silica gel (EtOAc:hexanes; 15:85) as a pale yellow oil3?
(450 mg, 78%). 'H NMR (CDCl3) 6 7.95 (br s, 1H,
NH), 7.14-7.23 (m, 1H, ArH), 7.05 (s, 1H, ArH), 6.96
(s, 1H, ArH), 6.84-6.88 (dd, 1H, J=28.7, 2.3 Hz,
ArH), 3.86 (s, 3H, CH3), 3.78 (s, 2H, CH,), 3.85 (s,
3H, OCH3), 3.75 (s, 3H, OCHs).

4.1.3. 3-(2-Hydroxyethyl)-5-methoxy-2-methylindole (5).
A reaction mixture containing the methyl ester 2
(648 mg, 2.78 mmol) in anhydrous ether (20 mL) and
dry MeOH (150 pulL) was treated with LiBH4 (122 mg,
5.6 mmol) at 0 °C. The reaction mixture was allowed
to attain rt and stirred at that temperature for 5h.
The mixture was diluted with water and extracted with
ether (2 x 30 mL). The combined organic solution was
washed with water (2 x 25 mL), dried (MgSQO,), filtered,
and the solvent was concentrated in vacuo. The crude
alcohol was purified by recrystallization in CH»Cl,/hex-
anes to afford white needles (384 mg, 67%). mp = 102—
103 °C (lit. mp:2* 98-101°C); 'H NMR (CDCl3) 6
7.72 (br s, 1H, NH), 7.15-7.18 (d, 1H, J=38.7 Hz,
ArH), 6.97-6.98 (d, 1H, J=2.3 Hz, ArH), 6.76-6.80
(dd, 1H, J=28.7, 2.3 Hz, ArH), 3.83-3.85 (m, SH, CH,
and OCH3y), 2.92-2.97 (t, 2H, J=6.4 Hz, CH,), 2.39
(s, 3H, CHs;).

4.1.4. 3-(2-Hydroxyethyl)-5-methoxyindole (6). Com-
pound 6 was obtained in a similar fashion from 4 as a
colorless 0il** (306 mg, 74%). '"H NMR (CDCls) § 7.92
(br s, 1H, NH), 7.25-7.28 (m, 1H, ArH), 7.05-7.07
(dd, 2H, J =2.4 Hz, ArH), 6.85-6.89 (dd, 1H, J = 8.8,
2.4 Hz, ArH), 3.88-3.92 (t, 2H, J = 6.3 Hz, CH,), 3.86
(s, 3H, CHj3), 2.99-3.03 (t, 2H, J = 6.3 Hz, CH,).

4.1.5. General procedure for the esterification of 5 and 6.
To a solution of the appropriate carboxylic acid
(2.18 mmol) in 5 mL of anhydrous CH,CI, were added
EDCI (2.44 mmol), DMAP (0.244 mmol), and 5 or 6
(2.44 mmol) after which time the reaction mixture was
stirred overnight at rt. Upon dilution with water, the
aqueous solution was extracted with CH,Cl,
(2x20mL). The combined organic was washed with
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water (2 X 25 mL), dried (MgSQ,), filtered, and the sol-
vent concentrated in vacuo. The residue was chromato-
graphed on silica gel to afford the esters 7-14.

4.1.6. 4-Methylbenzoic acid-2-[S-methoxy-2-methyl-1H-
indol-3-yl]ethyl ester (8). Compound 8 was obtained as a
pale yellow solid upon chromatography on silica gel
(EtOAc:hexanes; 10:90) in 59% yield. 'H NMR
(DMSO-dg) 6 10.59 (br s, 1H, NH), 7.73-7.76 (dd, 1H,
J=6.7, 1.8 Hz, ArH), 7.30-7.44 (m, 1H, ArH), 7.23-
7.30 (m, 2H, ArH), 7.08-7.11 (d, 1H, J=8.7Hz,
ArH), 6.96-6.97 (d, 1H, J=2.0 Hz, ArH), 6.58-6.62
(dd, 1H, J=8.7, 2.3 Hz, ArH), 4.33-4.37 (t, 2H,
J=6.8Hz, CH,), 3.67 (s, 3H, OCH3), 3.01-3.05 (t,
2H, J=6.8 Hz, CH;), 2.44 (s, 3H, CH3), 2.29 (s, 3H,
CH3).

4.1.7. 4-Methoxybenzoic acid-2-[5-methoxy-2-methyl-
1H-indol-3-ylethyl ester (9). Compound 9 was obtained
as a bright yellow oil upon chromatography on silica gel
(EtOAc:hexanes; 20:80) in 84% yield. '"H NMR (CDCls)
0 7.60-7.99 (m, 2H, ArH), 7.39 (s, 1H, NH), 7.15-7.17
(d, 2H, J=8.7 Hz, ArH), 7.02-7.03 (d, 1H, J = 2.1 Hz,
ArH), 6.88-6.91 (d, 1H, J=9.0 Hz, ArH), 6.75-6.79
(dd, 1H, J=8.7, 2.1 Hz, ArH), 4.42-4.47 (t, 2H,
J=72Hz, CH,), 3.83 (s, 3H, OCH;), 3.70 (s, 3H,
OCH3;), 3.09-3.14 (t, 2H, J=7.2Hz, CH,), 2.40 (s,
3H, CHs;).

4.1.8. 4-Chlorobenzoic acid-2-[5-methoxy-2-methyl-1H-
indol-3-yljethyl ester (11). Compound 11 was obtained as
a white solid upon chromatography on silica gel
(EtOAc:hexanes; 10:90) in 73% yield. mp=119-
120°C; 'H NMR (CDCl;) 6 7.92-7.97 (dd, 2H,
J=6.7, 1.8§ Hz, ArH), 7.70 (br s, 1H, NH), 7.37-7.41
(dd, 2H, J=6.8, 1.9Hz, ArH), 7.14-7.19 (d, 1H,
J=8.7Hz, ArH), 7.01-7.02 (d, 1H, J = 2.0 Hz, ArH),
6.75-6.80 (dd, 1H, J=28.7, 2.3 Hz, ArH), 4.43-4.51 (t,
2H, J=7.2Hz, CH,), 3.83 (s, 3H, OCHj3), 3.09-3.16
(t, 2H, J=7.2 Hz, CH,), 2.39 (s, 3H, CH3).

4.1.9. 4-Bromobenzoic acid-2-[5-methoxy-2-methyl-1H-
indol-3-yljethyl ester (12). Compound 12 was obtained
as a pale yellow solid upon chromatography on silica
gel (EtOAc:hexanes; 5:95) in 72% yield. mp = 122-
123°C; 'H NMR (CDCly) & 7.92-7.97 (dd, 2H,
J=6.7, 1.8 Hz, ArH), 7.70 (br s, 1H, NH), 7.37-7.41
(dd, 2H, J=6.8, 1.9Hz, ArH), 7.14-7.19 (d, 1H,
J=28.7Hz, ArH), 7.01-7.02 (d, 1H, J=2.0 Hz, ArH),
6.75-6.80 (dd, 1H, J=28.7, 2.3 Hz, ArH), 4.43-4.51 (t,
2H, J=7.2 Hz, CH,), 3.83 (s, 3H, OCHj3), 3.09-3.16
(t, 2H, J =7.2 Hz, CH,), 2.40 (s, 3H, CH3).

4.1.10. 4-Iodobenzoic acid-2-|5-methoxy-2-methyl-1H-
indol-3-yl]ethyl ester (13). Compound 13 was obtained
as a pale yellow solid upon chromatography on silica
gel (EtOAc:hexanes; 5:95) in 71% yield. mp = 131-
132°C; '"H NMR (CDCl5) 6 7.73-7.76 (m, 4 H, ArH),
7.14-7.19 (d, 1H, J=8.7 Hz, ArH), 7.01-7.02 (d, 1H,
J=2.0Hz, ArH), 6.75-6.80 (dd, 1H, J=28.7, 2.3 Hz,
ArH), 4.43-4.51 (t, 2H, J= 7.2 Hz, CH,), 3.83 (s, 3H,
OCH3), 3.09-3.16 (t, 2H, J=7.2Hz, CH,), 2.39 (s,
3H, CH,).

4.1.11. 4-Chlorobenzoic acid-2-[S-methoxy-1H-indol-3-
yllethyl ester (14). Compound 14 was obtained as a crys-
talline white solid upon chromatography on silica gel
(EtOAc:hexanes; 10:90-20:80). mp =98-100 °C; 'H
NMR (CDCl;) 6 795799 (d and br s, 3H,
J=85Hz, 2 ArH and NH), 7.37-742 (d, 2H,
J=8.5Hz, ArH), 7.25-7.29 (m, 1H, ArH), 7.08-7.09
(m, 2H, ArH), 6.84-6.90 (dd, 1H, J=28.9, 2.4 Hz,
ArH), 4.55-4.62 (t, 2H, J=7.0 Hz, CH,), 3.85 (s, 3H,
CH3), 3.16-3.24 (t, 2H, J = 7.0 Hz, CH,).

4.1.12. General procedure for the N-acylation and V-
alkylation of esters 7-14. To a solution of the appropri-
ate ester (1.57 mmol) in 5 mL of anhydrous DMF was
added sodium hydride (60% dispersion in mineral oil)
(1.88 mmol) at 0 °C under argon. The reaction mixture
was stirred at 0 °C for 20 min and then treated with
4-chlorobenzoyl chloride or 4-bromobenzyl bromide
(1.88 mmol). The reaction mixture was stirred overnight
and then diluted with water. The aqueous solution was
extracted with ether (2 X 20 mL). The combined organic
solution was washed with water (2x25mL), dried
(MgSQ,), filtered, and the solvent concentrated in vac-
uo. The residue was chromatographed on silica gel
(EtOAc:hexanes; 5:95-10:90) to afford the target
compounds.

4.1.13. Valeric acid-2-[1-(4-chlorobenzoyl)-5-methoxy-2-
methyl-1H-indol-3-yl]ethyl ester (15). Compound 15 was
obtained as a colorless oil in 34% yield. '"H NMR
(CDCl3) 6 7.47-7.50 (d, 2H, J=8.4Hz, ArH), 7.29-
7.32 (d, 2H, J=8.4Hz, ArH), 6.80-6.81 (d, 1H,
J =2.4Hz, ArH), 6.68-6.71 (d, 1H, J=9.0 Hz, ArH),
6.48-6.51 (d, 1H, J=9.0 Hz, ArH), 4.07-4.11 (t, 2H,
J =7.2Hz, CH,), 3.66-3.71 (s, 3H, CHj;), 2.80-2.85 (t,
2H, J=17.2 Hz, CH,), 2.21 (s, 3H, CH3), 2.10-2.15 (t,
2H, J=7.2 Hz, CH,), 1.39-1.46 (m, 4 H, CH,), 0.70-
0.76 (t, 3H, CHj).

4.1.14. 4-Methylbenzoic acid-2-[1-(4-chlorobenzoyl)-5-
methoxy-2-methyl-1H-indol-3-yllethyl ester (16). Com-
pound 16 was obtained as a fluffy white solid upon
recrystallization with CH,Cly/hexanes in 31% yield.
mp = 127-128 °C; '"H NMR (CDCly) & 7.83-7.86 (d,
IH, J=8.7Hz, ArH), 7.62-7.65 (d, 2H, J=8.4 Hz,
ArH), 7.37-7.45 (m, 3H, ArH), 7.19-7.26 (m, 2H,
ArH), 7.00-7.01 (d, 1H, J=2.2 Hz, ArH), 6.90-6.93
(d, 1H, J=Hz, ArH), 6.65-6.69 (dd, 1H, J=28.9,
2.3 Hz, ArH), 4.47-4.52 (t, 2H,J = 6.9 Hz, CH,), 3.80
(s, 3H, OCHs;), 3.11-3.15 (t, 2H, J=6.9 Hz, CH,),
2.56 (s, 3H, CHj), 2.36 (s, 3H, CHj;); ESI-CID 462
(MH"), m/z 326, 139.

4.1.15. 4-Methoxybenzoic acid-2-[1-(4-chlorobenzoyl)-5-
methoxy-2-methyl-1H-indol-3-yl]ethyl ester (17). Com-
pound 17 was obtained as a pale yellow solid upon
recrystallization with CH,Cly/hexanes in 28% yield.
mp = 95-97 °C; '"H NMR (CDCls) 6 7.95-7.97 (d, 2H,
J=8.7Hz, ArH), 7.62-7.64 (d, 2H, J = 8.4 Hz, ArH),
7.42-7.44 (d, 2H, J = 8.3 Hz, ArH), 7.01-7.02 (d, 1H,
J=22Hz, ArH), 6.89-6.93 (m, 3H, ArH), 6.66-6.69
(dd, 1H, J=18.9, 2.3Hz, ArH), 4.47-4.51 (t, 2H,
J=6.9Hz, CH,), 3.86 (s, 3H, OCHs3), 3.82 (s, 3H,
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OCHs), 3.10-3.14 (t, 2H, J = 6.9 Hz, CH,), 2.36 (s, 3H,
CH,); ESI-CID 478 (MH"), m/z 326, 308, 188, 139.

4.1.16. 2-Methoxybenzoic acid-2-[1-(4-chlorobenzoyl)-5-
methoxy-2-methyl-1H-indol-3-yl]ethyl ester (18). Com-
pound 18 was obtained as a white solid upon recrystal-
lization with CH,Cl,/hexanes in 28% yield. mp = 88—
90°C; 'H NMR (CDCly) & 7.95-7.97 (d, 2H,
J=8.7Hz, ArH), 7.62-7.66 (m, 2H, ArH), 7.41-7.45
(m, 3H, ArH), 6.89-7.01 (m, 5H, ArH), 6.66-6.69 (dd,
1H, J=89, 23Hz, ArH), 447451 (t, 2H,
J=69Hz, CH,), 3.87 (s, 3H, OCHs3), 3.80 (s, 3H,
OCH3y), 3.10-3.14 (t, 2H, J=6.9 Hz, CH,), 2.36 (s,
3H, CHs); ESI-CID 478 (MH"), m/z 326, 139.

4.1.17. 4-Chlorobenzoic acid-2-[1-(4-chlorobenzoyl)-5-
methoxy-2-methyl-1H-indol-3-yl]ethyl ester (19). Com-
pound 19 was obtained as a pale yellow solid upon
recrystallization with CH,Cly/hexanes in 35% yield.
mp = 102-104 °C; 'H NMR (CDCl;) 6 7.91-7.96 (d,
2H, J=8.5Hz, ArH), 7.62-7.66 (d, 2H, J=8.5Hz,
ArH), 7.38-7.46 (m, 4H, ArH), 7.00-7.01 (d, 1H,
J=2.3Hz, ArH), 6.86-6.91 (d, 1H, J=9.0 Hz, ArH),
6.66-6.70 (dd, 1H, J=9.0, 2.4 Hz, ArH), 4.47-4.54 (t,
2H, J=7.0 Hz, CH,), 3.82 (s, 3H, OCH3), 3.10-3.17
(t, 2H, J=7.0 Hz, CH,), 2.38 (s, 3H, CHj3); ESI-CID
482 (MH™), 326, 188, 139.

4.1.18. 4-Bromobenzoic acid-2-[1-(4-chlorobenzoyl)-5-
methoxy-2-methyl-1H-indol-3-yl]ethyl ester (20). Com-
pound 20 was obtained as a pale yellow solid upon
recrystallization with CH,Cly/hexanes in 41% yield.
mp =97-99°C; 'H NMR (CDCl;) ¢ 7.84-7.88 (m,
3H, ArH), 7.54-7.66 (m, 3H, ArH), 7.42-7.46 (m,
2H, ArH), 6.99-7.00 (d, 1H, J=2.4 Hz, ArH), 6.86—
691 (d, 1H, J=9.0Hz, ArH), 6.69-6.70 (dd, 1H,
J=9.0, 24 Hz, ArH), 4.47-4.54 (t, 2H, J=7.0 Hz,
CH,), 3.82 (s, 3H, OCHj3), 3.09-3.16 (t, 2H,
J=70Hz, CH,), 2.37 (s, 3H, CH;); ESI-CID 527
(MH"), 326, 188, 139.

4.1.19. 4-Iodobenzoic acid-2-[1-(4-chlorobenzoyl)-5-meth-
oxy-2-methyl-1H-indol-3-yl]ethyl ester (21). Compound
21 was obtained as a pale yellow solid upon recrystalli-
zation with CH,Cly/hexanes in 40% yield. mp = 128-
129 °C; 'H NMR (CDCly) & 7.84-7.88 (m, 3H, ArH),
7.54-7.66 (m, 3H, ArH), 7.42-7.46 (m, 2H, ArH),
6.99-7.00 (d, 1H, J=2.4 Hz, ArH), 6.86-6.91 (d, 1H,
J=9.0Hz, ArH), 6.69-6.70 (dd, 1H, J=9.0, 2.4 Hz,
ArH), 4.47-4.54 (t, 2H, J=17.0 Hz, CH,), 3.82 (s, 3H,
OCH3), 3.09-3.16 (t, 2H, J=7.0 Hz, CH,), 2.37 (s,
3H, CHs); ESI-CID 574 (MH"), 326, 188, 139.

4.1.20. 4-Chlorobenzoic acid-2-[1-(4-chlorobenzoyl)-5-
methoxy-1H-indol-3-yl]lethyl ester (22). Compound 22
was obtained as a white solid upon recrystallization with
CH,Cly/hexanes in 67% yield. "H NMR (CDCls) 6 7.91—
796 (d, 2H, J=8.5Hz, ArH), 7.62-7.66 (d, 2H,
J=8.5Hz, ArH), 7.38-7.46 (m, 4 H, ArH), 7.00-7.01
(d, 1H, J=2.3 Hz, ArH), 6.86-6.91 (d, 1H, J=9.0 Hz,
ArH), 6.66-6.70 (dd, 1H, J=9.0, 2.4 Hz, ArH), 4.55-
459 (t, 2H, J=6.9 Hz, CH,), 3.87 (s, 3H, OCHj),
3.09-3.13 (t, 2H, J = 6.6 Hz, CH,).

4.1.21. 4-Chlorobenzoic acid-2-[1-(4-bromobenzyl)-5-
methoxy-2-methyl-1H-indol-3-yl]ethyl ester (23). Com-
pound 23 was obtained as a white solid upon recrystal-
lization with CH,Cl,/hexanes in 14% yield. mp = 96—
98°C; 'H NMR (CDCly) & 7.89-7.93 (d, 2H,
J=9.0Hz, ArH), 7.62-7.66 (d, 2H, J=9.0 Hz, ArH),
7.33-7.38 (m, 4H, ArH), 7.04-7.07 (d, 1H, J=9.0 Hz,
ArH), 6.86-6.91 (d, 1H, J=2.1 Hz, ArH), 6.76-6.79
(dd, 1H, J=9.0, 2.1 Hz, ArH), 5.20 (s, 2H, CH,),
4.46-4.51 (t, 2H, J=7.0Hz, CH,), 3.82 (s, 3H,
OCH3), 3.14-3.19 (t, 2H, J=7.0 Hz, CH,), 2.24 (s,
3H, CHj3); ESI-CID 512 (MH™), m/z 358, 187, 171.

4.1.22. 5-Methoxy-2-methylindole-3-acetamide (24). A
reaction mixture containing 1 (880 mg, 4.02 mmol),
EDCI (1.16 g, 6.04 mmol), HOBt (816 mg, 6.04 mmol),
DIPEA (2.8 mL, 16.08 mmol), and NH4Cl (430 mg,
8.04 mmol) in anhydrous (DMF) 16 mL (4 mL DME/
1 mmol 1) was stirred at rt for 5h. The reaction was
diluted with water and extracted with EtOAc
(3 x 10 mL). The combined EtOAc extracts were washed
with satd NaHCOj3 (2 x 10 mL), water, dried (MgSQO,),
filtered, and the solvent concentrated in vacuo until a
minimum volume of EtOAc remained. Upon cooling,
the desired amide crystallized out as a white crystalline
solid. mp = 146-148 °C (lit. mp?>=147-150°C). 'H
NMR (DMSO-dg) 6 10.56 (s, 1H, NH), 7.34 (br s, 1H,
CONH), 6.96-7.22 (m, 1H, ArH), 6.81 (s, 1H, ArH),
6.74 (br s, 1H, CONH), 6.58-6.62 (m, 1H, ArH), 3.78
(s, 3H, CH3), 3.34 (s, 2H, CH,), 2.29 (s, 3H, CHj);
ESI-CID 219 (MH"), m/z 187, 174, 148.

4.1.23. 3-(2-Aminoethyl)-5-methoxy-2-methylindole (25).
To a suspension of LAH (370 mg, 9.74 mmol) in anhy-
drous tetrahydrofuran (THF) (80 mL) was added 24
(760 mg, 3.38 mmol) under argon at 0 °C. The reaction
mixture was allowed to stir at rt under argon for 60 h.
The reaction was carefully quenched by the addition
of ice-cold water (~100 mL) and then extracted with
Et;0 (3x25mL). The combined ether extracts were
washed with 1 N HCI (2 x 25 mL). The combined acidic
extract was washed once with Et,O (50 mL) and then
neutralized with 1 N NaOH. Following neutralization,
the aqueous solution was extracted with Et,O
(3 x25mL). The combined organic solution was washed
with water, dried (MgSQ,), filtered, and the solvent con-
centrated in vacuo to afford a yellow oil (530 mg, 73%).
A portion of the oil was treated with a solution contain-
ing one equivalent of oxalic acid in Et,O to furnish the
oxalate salt of 25, which was recrystallized from MeOH/
Et,0 to afford a light brown crystalline solid. mp = 176-
178°C; '"H NMR (CD;OD) & 7.12-7.16 (d, 1H,
J=28.7Hz, ArH), 6.94-6.95 (d, 1H, J=2.3 Hz, ArH),
6.67-6.71 (dd, 1H, J=28.7, 2.3 Hz, ArH), 3.80-3.84 (s,
3H, OCH3), 3.01-3.11 (dd, 4 H, J = 8.3 Hz, CH;), 2.36
(s, 3H, CH3); ESI-CID 205 (MH"), m/z 188, 173, 158,
145, 130.

4.1.24. 4-Chloro-N-{2-[1-(4-chlorobenzoyl)-5-methoxy-2-
methyl-1H-indol-3-yl]lethyl}-benzamide (31). A reaction
mixture containing 25 (520 mg, 2.55 mmol), EDCI
(489 mg, 2.55mmol), DMAP (31 mg, 0.255 mmol),
and 4-chlorobenzoic acid (354 mg, 2.26 mmol) in
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anhydrous CH,Cl, (15 mL) was stirred at rt for 3 h. The
reaction mixture was diluted with water and extracted
with CH,Cl, (2% 15mL). The combined CH,Cl, ex-
tracts were washed with water, dried (MgSQ,), filtered,
and the solvent concentrated in vacuo. The crude amide
was chromatographed on silica gel (EtOAc:hexanes;
25:75 then 60:40) to afford 26 as a yellow oil (390 mg,
45%), which was used in the next step without further
characterization owing to its unstable nature. To a reac-
tion mixture comprising 26 (390 mg, 1.14 mmol) in
anhydrous DMF (3 mL) was added sodium hydride
(60% dispersion in mineral oil) (56 mg, 1.4 mmol) at
0 °C under argon. After stirring for 20 min, the reaction
was treated with 4-chlorobenzoyl chloride (180 pL,
1.4 mmol) and the reaction was allowed to stir overnight
at rt. The reaction mixture was quenched with water and
extracted with Et,O (3 x 10 mL). The combined Et,O
extracts were washed with satd NaHCO; (3 x 10 mL),
water, dried (MgSQ,), filtered, and the solvent concen-
trated in vacuo to afford a yellow residue which was
chromatographed (EtOAc:hexanes; 20:80 then 40:60)
to generate 31 as a pale yellow solid (recrystallized from
EtOAc/hexanes) (371 mg, 67%). mp = 165-166 °C; 'H
NMR (CDCl;) 6 7.58-7.65 (m, 4 H, ArH), 7.43-7.47
(d, 2H, J=8.6 Hz, ArH), 7.36-7.39 (d, 2H, J = 8.6 Hz,
ArH), 6.96-6.97 (d, 1H, J=2.4Hz, ArH), 6.88-6.90
(d, 1H, J=9.0 Hz, ArH), 6.65-6.69 (dd, 1H, J=9.0,
2.5Hz, ArH), 6.17 (br t, 1H, CONH), 3.76 (s, 3H,
OCH3), 3.67-3.71 (q, 2H, J=6.7 Hz, CH,), 2.99-3.04
(t, 2H, J=6.7 Hz, CH,), 2.33 (s, 3H, CHjy); ESI-CID
482 (MH"), 312, 173, 139.

4.1.25. 4-Chloro-N-{2-[1-(4-bromobenzyl)-5-methoxy-2-
methyl-1H-indol-3-yl]ethyl}-benzamide (32). It was ob-
tained from 26 in a similar manner as 31, using 4-bro-
mobenzyl bromide as the alkylating agent. Upon
workup, silica gel chromatography (EtOAc:hexanes;
20:80 then 25:75) afforded 32 as a pale yellow solid
(recrystallized from CH,Cly/hexanes) (184 mg, 57%).
mp = 172-173 °C; 'H NMR (CDCl;) § 7.50-7.53 (d,
2H, J=8.3 Hz, ArH), 7.28-7.43 (m, 4 H, ArH), 7.13-
7.10 (d, 1H, J=89Hz, ArH), 7.01-7.02 (d, 1H,
J=2.3Hz, ArH), 6.77-6.81 (m, 3H, ArH), 6.09 (br t,
1H, CONH), 3.78 (s, 3H, OCH3y), 3.66-3.73 (q, 2H,
J=6.3Hz, CH,), 3.02-3.07 (t, 2H, J= 6.4 Hz, CH,),
2.24 (s, 3H, CH3); ESI-CID 512 (MH"), 341, 173, 170.

4.1.26. N-{2-[1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-
1H-indol-3-yl|ethyl}-2-phenethylamide (33). A reaction
mixture containing 25 (277 mg, 1.36 mmol), EDCI
(261 mg, 1.36 mmol), DMAP (17 mg, 0.136 mmol),
and hydrocinnamic acid (179 mg, 1.19 mmol) in anhy-
drous CH,Cl, (15 mL) was stirred at rt for 3 h. The reac-
tion mixture was diluted with water and extracted with
CH,Cl, (2x15mL). The combined CH,Cl, extracts
were washed with water, dried (MgSQO,), filtered, and
the solvent concentrated in vacuo. The crude amide
was chromatographed on silica gel (EtOAc:hexanes;
20:80 then 50:50) to afford 27 as a reddish brown oil
(256 mg, 54%), which was used in the next step without
further characterization. Acylation of 27 with 4-chloro-
benzoyl chloride was conducted in a manner similar to
that described in the preparation of 31. Silica gel chro-

matography (EtOAc:hexanes; 20:80 then 40:60) yielded
a yellow oil which upon crystallization from CH,Cl/
hexanes generated 33 as an off-white solid (recrystallized
from EtOAc/hexanes) (60 mg, 17%). mp = 109-111 °C;
'H NMR (CDCl3y) & 7.62-7.66 (d, 2H, J=8.3 Hz,
ArH), 7.44-7.48 (d, 2H, J=8.5Hz, ArH), 7.15-7.23
(m, 5H, ArH), 6.94-6.95 (d, 1H, J=24Hz, ArH),
6.84-6.88 (d, 1H, J=9.0 Hz, ArH), 6.65-6.69 (dd, 1H,
J=9.0, 2.5 Hz, ArH), 5.54 (br t, 1H, CONH), 3.84 (s,
3H, OCHs;), 3.45-3.48 (q, 2H, J = 6.4 Hz, CH,), 2.90-
298 (t, 2H, J=7.4Hz, CH,), 2.80-2.87 (t, 2H,
J=7Hz, CH,), 2.38-2.46 (t, 2H, J=8.1 Hz, CH,),
2.30 (s, 3H, CH3); ESI-CID 475 (MH"), 341, 173, 170.

4.1.27. N-{2-[1-(4-Chlorobenzoyl)-5-methoxy-1H-indol-
3-yl]ethyl}-acetamide (34). Compound 34 was obtained
by the acylation of melatonin (28) with 4-chlorobenzoyl
chloride as described in the preparation of 31. Following
work up, recrystallization from CH,Cly/hexanes affor-
ded 34 as a white solid in 54% yield. mp = 172-173 °C;
'"H NMR (CDCl3) 6 8.25-8.28 (d, 1H, J=8.4Hz,
ArH), 7.64-7.67 (dd, 2H, J= 6.6, 1.8 Hz, ArH), 7.50—
7.52 (dd, 2H, J = 8.4, 1.8 Hz, ArH), 6.98-7.05 (m, 3H,
ArH), 5.55 (br t, 1H, NH), 3.89 (s, 3H, OCH3), 3.51-
3.58 (g, 2H, J=6.7Hz, CH,), 2.85-2.89 (t, 2H,
J=17.0Hz, CH,), 1.94 (s, 3H, CH3).

4.1.28. N-{2-[1-(4-Bromobenzyl)-5-methoxy-1H-indol-3-
yllethyl}-acetamide (35). Compound 35 was obtained
as a white solid upon recrystallization from EtOAc/hex-
anes in 66% yield. mp = 152-153 °C. '"H NMR (CDCl;)
0 7.39-7.42 (dd, 2H, J=6.7, 1.76 Hz, ArH), 7.09-7.11
(d, 1H, J=8.8 Hz, ArH), 7.04-7.05 (d, 1H, J = 2.3 Hz,
ArH), 6.92-6.97 (m, 3H, ArH), 6.82-6.86 (dd, 1H,
J=8.9, 24 Hz, ArH), 5.55 (br t, 1H, NH), 5.19 (s,
2H, CH,), 3.85 (s, 3H, OCHsj), 3.54-3.59 (q, 2H,
J=06.7Hz, CH,), 2.91-2.96 (t, 2H, J=6.7 Hz, CH,),
1.92 (s, 3H, CHs;).

4.1.29.  N-{2-[1-(4-Bromobenzyl)-5-methoxy-2-methyl-
1H-indol-3-yl]ethyl}-acetamide (36). A reaction mixture
containing 25 (520 mg, 2.55 mmol) in 5mL of anhy-
drous CH,Cl, was treated with freshly distilled EtzN
(420 pL, 3 mmol) and acetyl chloride (213 pL, 3 mmol)
at 0 °C and the reaction was allowed to proceed at rt
for 5 h. The reaction mixture was quenched with water
and extracted with CH,Cl, (3 x 10 mL). The combined
organic extracts were washed with satd NaHCO;
(3 x 10 mL), water, dried (MgSQ,), filtered, and the sol-
vent concentrated in vacuo. The crude residue was chro-
matographed on silica gel (EtOAc:hexane; 40:60) to
afford 29 as a brown oil (250 mg, 40%), which was alkyl-
ated without further purification. N-alkylation of 29
with 4-bromobenzyl bromide afforded 36 as a white sol-
id recrystallized from CH,Cl,/hexanes in 30% yield.
mp = 168-170 °C; 'H NMR (CDCls) § 7.35-7.43 (dd,
2H, J=6.7, 176 Hz, ArH), 7.09-7.11 (d, 1H,
J=8.8 Hz, ArH), 7.01-7.04 (d, 1H, J=2.3 Hz, ArH),
6.76-6.81 (m, 3H, ArH), 5.47 (br t, 1H, NH), 5.21 (s,
2H, CH,), 3.85 (s, 3H, OCHs3), 3.45-3.52 (q, 2H,
J=06.7Hz, CH,), 2.90-2.95 (t, 2H, J=6.7 Hz, CH,),
2.27 (s, 3H, CHj3), 1.90 (s, 3H, CHjy); ESI-CID 416
(MH"), 173, 170.
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4.1.30.  N-{2-[1-(4-Bromobenzyl)-5-methoxy-2-methyl-
1H-indol-3-yl|ethyl}-propionamide (37). It was obtained
in a similar fashion as 32. Upon workup, the residue
was recrystallized from CH,Cl,/hexanes to afford 37 as
an off-white solid (160 mg, 33%). mp = 168-169 °C; 'H
NMR (CDCly) ¢ 7.32-7.39 (dd, 2H, J=38.7, 2.3 Hz,
ArH), 7.00-7.07 (m, 2H, ArH), 6.76-6.81 (m, 3H,
ArH), 5.45 (br t, 1H, NH), 5.20 (s, 2H, CH>), 3.85 (s,
3H, OCHs;), 3.47-3.53 (q, 2H, J = 6.9 Hz, CH,), 2.90-
2.95 (t, 2H, J = 6.9 Hz, CH,), 2.26 (s, 3H, CH;), 2.08-
2.15 (q, 2H, J=7.6Hz, CH,), 1.04-1.08 (t, 3H,
J =17.6 Hz, CH3); ESI-CID 430 (MH™), 343, 173, 170.

4.1.31. N-{2-[5-Methoxy-2-methyl-1H-indol-3-yl]ethyl}-
carbamic acid rert-butyl ester (38). Compound 25
(50 mg, 0.25 mmol) was stirred in dry methanol (2 mL)
while di-fert-butyldicarbonate (64 mg, 0.29 mmol) in
dry methanol (50 pL) was added dropwise to the stirred
solution at 23 °C. The reaction mixture was stirred at rt
for 18 h. The reaction was concentrated and the residue
was dissolved in ethyl acetate (5 mL), washed with satu-
rated sodium bicarbonate (2 mL), dried over sodium
sulfate, and concentrated. Purification by flash chroma-
tography yielded 75mg (99%) product. 'H NMR
(CDCl3) 6 9.95 (s, 1H, NH), 7.25 (d, J=8.3 Hz, 1H,
ArH), 6.88 (s, 1H, ArH), 6.70 (d, J=9.0Hz, 1H,
ArH), 4.45 (s, 1H, NH), 3.78 (s, 3H, OCH3), 3.60 (d,
J=22Hz, 2H, CH,), 2.80 (d, J=2.4 Hz, 2H, CH,),
2.28 (s, 3H), 1.36 (s, 9H, ¢-Bu); ESI-CID 305 (M—H").

4.1.32.  N-{2-[1-(4-Bromo-benzyl)-5-methoxy-2-methyl-
1H-indol-3-yl]-ethyl}-carbamic acid zerz-butyl ester (39).
NaH (7 mg, 0.29 mmol) was stirred in DMF (2 mL) at
0°C. Compound 38 (74mg, 0.25mmol) in DMF
(1 mL) was added dropwise to the stirred solution.
The reaction mixture was stirred for 20 min at 0 °C at
which time p-bromobenzyl bromide (72 mg, 0.29 mmol)
was added. The reaction mixture stirred overnight at
room temperature. The reaction mixture was diluted
slowly with water, extracted with ethyl acetate
(2x 10 mL) and washed with water (2 x5 mL), dried
over sodium sulfate, concentrated, and purified on silica
10:90 ethyl acetate/hexane to give 52 mg of a yellow sol-
id, 40%. '"H NMR (CDCl3) 6 7.39 (d, J=8 Hz, 2H,
ArH), 7.10 (s, 1H, ArH), 7.06 (d, J=8.6 Hz, 1H,
ArH), 6.8 (d, J=8.2Hz 2H, ArH), 6.77 (d,
J=8.7Hz, 1H, ArH), 5.2 (s, 2H, CH,), 3.86 (s, 3H,
OCH3), 34 (d, J=22Hz, 2H, CH,), 2.85 (d,
J =2.6 Hz, 2H, CH,), 2.28 (s, 3H, CH3), 1.40 (s, 9H,
t-Bu); ESI-CID 474 (M—H").

4.1.33. 2-[1-(4-Bromo-benzyl)-5-methoxy-2-methyl-1H-
indol-3-yl]-ethylamine-HCI (40). HCl,, was slowly bub-
bled through a 1 mL solution of compound 39 in dichlo-
romethane. After 1h, the product precipitated. The
solvent was removed in vacuo to give 13 mg (84%) of
brown solid, which was used as is without further purifica-
tion. '"H NMR (300 MHz, DMSO) 7.3 (s, |H, ArH), 7.20
(d, J=8.2 Hz, 1H, ArH), 7.05 (d, J = 2.4 Hz, 2H, ArH),
6.85 (d, J=8.9 Hz, 2H, ArH), 6.65 (d, J=8.9 Hz, 1H,
ArH), 5.2 (s, 2H, CH,), 3.72 (s, 3H, OCH3;), 3.2 (d,
J=2.4Hz, 2H, CH,), 2.9 (d, J = 2.3 Hz, 2H, CH,), 2.20
(s, 3H, CHj3); ESI-CID 373 (M—H").

4.1.34.  N-{2-[1-(4-Bromo-benzyl)-5-methoxy-2-methyl-
1H-indol-3-yl]-ethyl}-4- fluoro-2-nitrobenzamide (41). 2-
[1-(4-Bromo-benzyl)-5-methoxy-2-methyl-1 H-indol-3-
yl]-ethylamine (50 mg, 0.21 mmol), EDCI (53 mg,
0.31 mmol), DIPEA (54 ul, 0.31 mmol), 4-fluoro-2-nitro-
benzoic acid (58 mg, 0.31 mmol), and HOBt (42 mg,
0.31 mmol) were dissolved in DMF (dry, 5 ml) and al-
lowed to stir for 18 h at room temperature. The reaction
was quenched with saturated sodium bicarbonate
(10 mL) and extracted with ethyl acetate (2 x 20 mL).
The combined organic solution was washed with water
(20 mL), dried with sodium sulfate, concentrated, and
purified on silica (ethyl acetate 50% in hexane) to give a
yellow solid (52 mg, 72%) 'H NMR (CDCls) 8.08 (s,
1H, ArH), 7.63-7.58 (dd, J; = J, = 6.24, ArH), 7.37 (d,
J=28.4Hz, ArH), 7.30-7.21 (m, 4H, ArH), 7.08 (s, 1H,
ArH), 6.80-6.77 (dd, J, =J>, =6.3 Hz, 2H, ArH), 5.20
(s, 2H, CH,), 3.76 (s, 3H, OCH3), 3.69-3.67 (m, 2H,
CH,), 3.08-3.02 (m, 2H, CH;), 2.30 (s, 3H, CHs); ESI-
CID 541 (M—H").

4.1.35.  N-{2-[1-(4-bromo-benzyl)-5-methoxy-2-methyl-
1 H-indol-3-yl]-ethyl}-4-chloro-2-nitrobenzamide (42). 2-
[1-(4-bromo-benzyl)-5-methoxy-2-methyl- 1 H-indol-3-yl]-
ethylamine (50 mg, 0.21 mmol), EDCI (53 mg,
0.31 mmol), DIPEA (54 pL, 0.31 mmol), 4-chloro-2-
nitrobenzoic acid (63 mg, 0.31 mmol), and HOBt
(42mg, 0.31 mmol) were dissolved in DMF (dry,
5SmL) and allowed to stir for 18 h at room temperature.
The reaction was quenched with saturated sodium bicar-
bonate (10 mL) and extracted with ethyl acetate
(2 x 20 mL). The combined organic solution was washed
with water (20 mL), dried with sodium sulfate, concen-
trated, and purified on silica ( ethyl acetate 50% in hex-
ane) to give a yellow solid (56 mg, 74%) 'H NMR
(CDCl;) 8.0 (s, I1H, ArH), 7.62-7.57 (dd,
Jy=J,=6.24, ArH), 7.38 (d, J=8.4 Hz, ArH), 7.29—
7.22 (m, 4H, ArH), 7.06 (s, 1H, ArH), 6.80-6.77 (dd,
J,=J,=63Hz, 2H, ArH), 5.20 (s, 2H, CH,), 3.76 (s,
3H, OCHs3), 3.75-3.73 (m, 2H, CH,), 3.16-3.10 (m,
2H, CH,),2.30 (s, 3H, CH3); ESI-CID 557 (M—H").

4.1.36.  N-{2-[1-(4-bromo-benzyl)-5-methoxy-2-methyl-
1H-indol-3-yl]-ethyl}-4-fluorobenzamide (43). 2-[1-(4-
Bromobenzyl)-5-methoxy-2-methyl-1 H-indol-3-yl]-eth-
ylamine (42 mg, 0.11 mmol), EDCI (25 mg, 0.13 mmol),
DIPEA (23 uL, 0.13 mmol), p-fluorobenzoic acid
(18 mg, 0.13 mmol), and HOBt (18 mg, 0.13 mmol) were
dissolved in DMF (dry, 5 mL) and allowed to stir for
18 h at room temperature. The reaction was quenched
with saturated sodium bicarbonate (10 mL) and extracted
with ethyl acetate (2 x20 mL). The combined organic
solution was washed with water (20 mL), dried with sodi-
um sulfate, concentrated, and purified on silica (ethyl ace-
tate 50% in hexane) to give a yellow solid (30 mg, 56%) 'H
NMR (CDCl3) 8.11-8.08 (m, 1H, ArH), 7.61-7.56 (m,
2H, ArH), 7.34 (d, J = 8.4 Hz, ArH), 7.16-6.98 (m, 5H,
ArH), 6.77 (d, J = 8.5 Hz, 2H, ArH), 5.19 (s, 2H, CH,),
3.76 (s, 3H, OCHs), 3.69-3.67 (m, 2H, CH,), 3.06-3.01
(m, 2H, CH>), 2.23 (s, 3H, CH3); ESI-CID 496 (M—H").

4.1.37. N-2-[1-(4-Bromobenzyl)-3-butyl-5-methoxy-2-
methyl]-1H-indole (47). A suspension containing 4-meth-
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oxyphenylhydrazine-HCI salt (44, 5 g, 28.63 mmol) and
2-heptanone (45, 3.4 g, 30 mmol) in 50 mL of glacial
acetic acid was stirred at rt for 30 min, heated at 60 °C
for 30 min and then at 120 °C for 20 h. The dark solu-
tion was cooled and diluted with 20 mL heptane and
concentrated in vacuo. The residue was partioned be-
tween EtOAc and water. The organic layer was washed
with brine, water, dried (MgSQ,), filtered, and the sol-
vent concentrated in vacuo. Silica gel chromatography
(EtOAc:hexanes; 10:90) gave the desired indole as a pale
yellow oil 46, which eventually solidified upon cooling
(2.1 g, 33%). The crude indole 46 was alkylated with 4-
bromobenzyl bromide as described in the preparation
of 32. Following chromatography on silica gel
(EtOAc:hexanes; 5:95), 47 was obtained as a gray solid
in 26% yield. mp=289-90°C; 'H NMR (CDCl;) §
7.34-7.38 (m, 2H, ArH), 7.00-7.03 (m, 2H, ArH),
6.72-6.82 (m, 3H, ArH), 5.19 (s, 2H, CH,), 3.83 (s,
3H, CH;), 2.67-2.72 (t, 2H, J = 7.5 Hz, CH;), 2.24 (s,
3H, CH;), 1.54-1.64 (m, 2H, CH,), 1.33-1.43 (m, 2H,
CH,), 0.91-0.95 (t, 3H, J = 7.2 Hz, CHj;).

4.2. Enzymology

Arachidonic acid was purchased from Nu Chek Prep
(Elysian, MN). [1-'*C]Arachidonic acid (~55-57 mCi/
mmol) was purchased from NEN Dupont or American
Radiolabeled Chemicals (ARC, St. Louis, MO). Hema-
tin was purchased from Sigma Chemical Co. (St. Louis,
MO). COX-1 was purified from ram seminal vesicles
(Oxford Biomedical Research, Inc., Oxford, MI) as de-
scribed earlier.>® The specific activity of the protein
was 20 uM O,/min/mg, and the percentage of holopro-
tein was 13.5%. ApoCOX-1 was prepared as described
earlier.>” Apoenzyme was reconstituted by the addition
of hematin to the assay mixtures. Human COX-2 was
expressed in SF-9 insect cells from the pVL1393 expres-
sion vector (Pharmingen), and purified by ion-exchange
and gel filtration chromatography.3® All of the purified
proteins were shown by densitometric scanning of a
7.5% SDS-PAGE gel to be >80% pure.

4.2.1. Time- and concentration-dependent inhibition of
ovine COX-1 and human COX-2 using the thin layer
chromatography assay. Cyclooxygenase activity of ovine
COX-1 (44 nM) or human COX-2 (88 nM) was assayed
by TLC. Reaction mixtures of 200 uL. consisted of
hematin-reconstituted protein in 100 mM Tris—HCI,
pH 8.0, 500 uM phenol, and [1-"*Clarachidonic acid
(50 uM, ~55-57 mCi/mmol). For the time-dependent
inhibition  assay, hematin-reconstituted COX-1
(44 nM) or COX-2 (88 nM) was preincubated at rt for
20 min with varying inhibitor concentrations in DMSO
followed by the addition of [1-'*Clarachidonic acid
(50 uM) for either 30 s or 10 min at 37 °C. Reactions
were terminated by solvent extraction in Et,O/
CH;0H/1 M citrate, pH 4.0 (30:4:1). The phases were
separated by centrifugation at 2000g for 2 min and the
organic phase was spotted on a TLC plate (J.T. Baker,
Phillipsburg, NJ). The plate was developed in EtOAc/
CH,Cl,/glacial AcOH (75:25:1) at 4 °C. Radiolabeled
prostanoid products were quantitated with a radioactiv-
ity scanner (Bioscan, Inc., Washington, DC). The per-

centage of total products observed at different
inhibitor concentrations was divided by the percentage
of products observed for protein samples preincubated
for the same time with DMSO.

4.2.2. Inhibition of COX-2 activity in activated
RAW264.7 cells. Low passage number murine
RAW264.7 cells were grown in DMEM containing
10% heat-inactivated FBS. Cells (6.2 x 10° cells/T25
flask) were activated with 500 ng/mL LPS and 10 U/
mL IFN-y in serum-free DMEM for 7h. Vehicle
(DMSO) or inhibitor in DMSO (0-1 uM) was added
for 30 min at 37 °C. Inhibition of exogenous arachidonic
acid metabolism or inhibition of PGD, synthesis was
determined by incubating the cells with 20 pM [1-'*C]ar-
achidonic acid, respectively, for 15 min at 25°C. Ali-
quots (200 pL) were removed into termination solution
and total products were quantitated by the TLC assay
as described earlier.?’
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Abstract—Modification of a-biphenylsulfonamidocarboxylic acids led to potent and selective MMP-13 inhibitors. Compound 16
showed 100% oral bioavailability in rats and demonstrated >50% inhibition of bovine cartilage degradation at 10 ng/mL.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Osteoarthritis (OA), characterized by the breakdown of
the joint’s cartilage, chronic joint pain, and inflamma-
tion, affects an estimated 20 million people in the
United States. Current treatments, such as NSAIDs
(including COX-2 inhibitors), although effective in
relieving the pain of OA, fail to halt the progression
of this disease. Matrix metalloproteinase-13 (MMP-13
or collagenase-3) efficiently and irreversibly cleaves type
II collagen, the main structural component of the
cartilage matrix, and is over-expressed in OA patient
cartilage.!> Agents that inhibit this enzyme therefore
offer a potential therapy that could alter the progression
of osteoarthritis.

Research on MMP inhibition has attracted tremendous
attention in both academia and the pharmaceutical
industry.?>® Biphenylsulfonamide carboxylate MMP
inhibitors have been disclosed by a number of investiga-
tors.”® At Wyeth, we have recently reported the struc-
ture-based design of a series of highly selective
biphenylsulfonamide carboxylate MMP-13 inhibitors

Keywords: MMP-13 inhibitor; Biphenylsulfonamide carboxylate;

Benzofuran; Osteoarthritis.
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exemplified by 1'°* and 2'°° (Fig. 1). However, further
development of these compounds was precluded by poor
oral bioavailability, perhaps due to solubility and per-
meability issues.!!-!?

Herein, we report on the modification of the amide bond
of the P1’ moiety of 1 and 2 as a means of improving
pharmacokinetic (PK) properties with minimal structur-
al change. Guided by evaluations of MMP-13 potency,
rat iv clearance, and selectivity over MMP-2, our goal
was to optimize the oral PK properties of this series of
MMP-13 inhibitors, while retaining selectivity, to afford
analogs suitable for further studies in animal models of
OA. As MMP-2 is highly homologous to MMP-13 in
and around the S1’ pocket, it was hoped that com-
pounds that demonstrated selectivity over MMP-2
would also possess enhanced levels of selectivity over a
wide variety of other MMPs.

2. Results

Table 1 compares the in vitro MMP-13 and MMP-2
inhibitory activities, as well as the rat iv clearance, of
compounds 3-12 in which the linker joining the biphenyl
sulfonamide and the benzofuran P1’ terminus has been
varied. As compound 3, the R-isomer of compound 1,
has a lower iv clearance (0.3 mL/min/kg) than 1 while
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Figure 1. Biphenylsulfonamide carboxylate MMP-13 inhibitors.

Table 1. Modification of amide linkage
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maintaining MMP-13 potency, all further structural
modifications on the linker between the biphenyl back-
bone and the benzofuran were based on the p-valine
biphenyl sulfonamide scaffold.

Interestingly, the N-methyl amide analog 4 was >150-
fold less potent against MMP-13 than the NH-amide 3,
probably due to conformational change. However, other
linkers, including sulfonate (5), sulfone (6), sulfoxide (7),
ester (8), and ether (9) moieties, all provided potent
inhibitors of MMP-13. Three-atom spacers (compounds
10-12) between the biphenyl backbone and the benzofu-
ran dramatically reduced MMP-13 inhibition.

While compounds 3 and 5-9 displayed good MMP-13
potency, they did not have appreciable selectivity over
MMP-2. In addition, compounds 5-8 have a substan-
tially higher rat iv clearance than amide-linked inhibitor
3. The potential for a 3-substituent on the benzofuran
ring to increase selectivity, as we had seen in the benzo-
furan 2-carboxamide series,'’® and concomitantly affect
clearance led to the synthesis of compounds 13-15,
which incorporate a methyl group at this position (Table
2). Selectivity for MMP-13 was modestly improved for
all three analogs, but compound 15 also maintained
potency against MMP-13 and displayed moderate clear-
ance. Thus, compound 15 with its P1’ ether linkage was
selected for further modification to improve selectivity
against MMP-2.

In the series of amide-linked benzofuran P1’ inhibitors
exemplified by structures 1 and 2, 3.4,5-trisubstituted
analogs such as 2 had excellent selectivity for MMP-
13.19° We next sought to improve MMP-2 selectivity
using a similar strategy by preparing analogs substituted
at the 4- and 5-positions of the benzofuran ring (Table
3). Since the loop region of MMP-2 (e.g., PDB code
1QIB'?) that forms its S1’ pocket is two amino acids
shorter than the analogous region in MMP-13 (e.g.,
PDB code 830c'4), the S1’ pocket of MMP-2 is con-
stricted relative to that of MMP-13 (Fig. 2).'° Molecular
modeling suggested that incorporating a substituent at
the 4-position of the benzofuran would take advantage
of the difference in size between the S1’ pockets of
MMP-2 and MMP-13, and enhance selectivity. There-
fore, compounds 16-22 with an ether linkage to the ben-
zofuran were synthesized.

Table 2. C3-methylated benzofuran derivatives

Ho N =

H
O
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MMP-13
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Table 3. Substitution on benzofuran for MMP-2 selectivity
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Compound R * 1Cs5o (nM)
MMP-13 MMP-2 MMP-2/MMP-13 Ccr?
L,
16 I-O_%/IjBf R 1.8 135 75 52
0]
e
17 I-O\_Q/IjBr S 1.4 136 95 NT
0]
o)
18 |—O_}/©/C| S 2.1 130 62 17
O
e
19 I_OmCN s 12 64 53 11
(@)
)\O
20 I_O Br R 7.9 375 48 NT
4
@)
21 I—O Y S 1.2 207 177 NT
@)
O
N
(CHy)3
22 I_O S 1.9 221 117 43
4
(0]
e
1700 740 21

2 I-N)’H_}Ij Br s 23
o O

#Rat iv clearance (mL/min/kg). NT = not tested.

Figure 2. A close-up and schematic view of the predicted binding
mode of compound 16 to MMP-13 overlaid with the catalytic domain
of MMP-2. The white tube represents MMP-13, while the cyan tube
represents MMP-2. The blue coloring in the MMP-13 tube highlights
the positions of amino acid differences between the two proteins.

As shown in Table 3, analogs 16-20 with 3,4,5-trisubsti-
tution of the benzofuran moiety improved selectivity
over MMP-2 by approximately 10-fold relative to 15.
Contrary to what has been observed in the amide ser-
ies,'%® no significant difference in MMP-2 selectivity
was observed for the two enantiomers 16 and 17, possi-
bly due to the flexibility of the ether linkage. A bulkier
isopropoxy group at the 4-position of the benzofuran
slightly reduced MMP-13 potency (20) and did not en-
hance selectivity. Interestingly, 3,4-disubstituted analogs
21 and 22 displayed improved selectivity over MMP-2,
over 100-fold, relative to the 3,4,5-trisubstituted analogs
while maintaining potency against MMP-13. Additional
screening of compound 16 against a variety of MMPs
showed moderate selectivity against MMP-2, -3, and
-8, and greater than 500-fold selectivity over MMP-1,
-7, -9, -14, and TACE (Table 4).'°

Ether 16'° was further tested both iv and orally in
male Sprague-Dawley rats.!! This compound demon-
strated low iv clearance (5.2 mL/min/kg at 2 mg/kg),
significantly less than the iv clearance for amide 2
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Table 4. Inhibitory activities (ICsy, nM) of compound 16

MMP-1 MMP-2 MMP-3 MMP-7 MMP-8 MMP-9 MMP-14 TACE
>400,000 135 81 1100 42 >7000 5000 >25,000
(Table 3). Compound 16 was also 100% bioavailable assay'’ and demonstrated >50% inhibition of collagen

when dosed orally at 20 mg/kg (T, = 197 min, Cpax = degradation at a concentration of 10 ng/mL.

8.3 pg/mL, and AUC = 65.7 h*pug/mL). A 20 mg/kg oral

dose maintained plasma levels at >1000 ng/mL for 12 h.
3. Synthesis

Because of its excellent potency and selectivity for

MMP-13 and excellent oral bioavailability, compound The compounds were synthesized as shown in Schemes
16 was further evaluated in a bovine cartilage explant 1-5. A variety of trisubstituted benzofuran carboxylates
R2

OH

OH OH RS
EtQ_ ) b Eq J A Br ),—é/jij(
9 ©O
o © o o 27
25

23 vi RZO'Pr, R3:Br
vii RZEt, R%:H
a \d viii R%MeO(CH,)3, R3H
f
OSOZCF3 RZ .
Eto/)—?/j@ c Eto)—?/jij(R

o O O O

24 26

i R%: CH,=CH-, R%: H e ivR%Et R%:H

i R% MeOCH,C=C-, R®: H I_' v RZ MeO(CH,);, R3: H

iii R% O'Pr, R%: Br
Scheme 1. Synthesis of substituted benzofuran carboxylates. Reagents and conditions: (a) Tf,0, DIEA, DCM, 0 °C, 1 h (75%); (b) NBS, CCly, 0 °C,
6 h (67%); (c) 26i, CH,=—CHSnBu;, LiCl, PdCL,(PPh3),, DMF, 12 h (75%) and 26ii, MeOCH,C=CH, PdCl,(PPh3),, DMF, 90 °C, 12 h (52%);
(d) 'PrBr, K,CO;, DMF, rt, 12 h (100%); (e) H,, Pd/C, THF, 12 h (91-98%); (f) | N NaOH, MeOH, THF, 1 h (87-98%).
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Scheme 2. Synthesis of substituted 2-(halomethyl)benzofuran derivatives. Reagents and conditions: (a) for 28iii,iv, and vi, BH3; THF, water bath,

X = Br, PBr;, pyridine, DCM, 0 °C (82-99%); (d) for 28v, CuCN, NMP, microwave, 200 °C, 10 min (67%).
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Scheme 3. Synthesis of phenylboronic esters. Reagents and conditions:
(a) K5COs3, 29i or ii, CH3CN, reflux, 12 h (31i, 63%; 31ii, 96%); (b)
EDC, 27i,ii, DMAP, DMF, 3 h (32i, 83%; 32ii, 55%); (c) i—NaH,
DMF, 1 h; ii—Mel, 12 h (41%).
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Scheme 5. Synthesis of sulfone and sulfoxide-linked benzofuran P1’
MMP-13 inhibitors. Reagents and conditions: (a) K,CO3;, CH3CN,
reflux, 12 h (40%); (b) Pd(PPhs)s, 34ii, K,CO;, DME, 8 h (54%); (c) for
6, m-CPBA (3 equiv), THF, 0 °C to rt, 12 h (70%) and for 7, m-CPBA
(1 equiv), DCM, 0°C to rt, 12'h (83%); (d) LiOH/MeOH/H,0, 12h
(92-97%).
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Scheme 4. Synthesis of biphenylsulfonamide carboxylates. Reagents and

conditions: (a) substituted boronic acid/ester, Pd(PPh;),, K,CO;, DME/

H,0, 80 °C, 8 h (33-95%); (b) TFA/CH,Cl, (1:1), rt, 3 h (95-100%); (c) CeCly7H,0, KI, CH5CN, reflux, 16 h (25%); (d) LIOH/MeOH/H,0, 12h
(73-100%); (e) 27ii, EDC, DMAP, DMF, 3 h (74%); (f) 27i or i, DCC, DMAP, DCM, 3.5 h (8, 31%; 11, 95%; 14, 71%); (g) benzofuran-2-SO,Cl,
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with a C4-oxygen linkage have been reported.'o

Compound 26iii was synthesized using a similar
approach. Therefore, bromination of 23 followed by
O-alkylation gave 26iii in good yield. To synthesize com-
pound with a C4 carbon-linked substitution, triflate 24
was prepared followed by Pd catalyzed Stille or Sono-
gashira coupling to give 26i,ii, which were further hydro-
genated to give 26iv,v, respectively. Hydrolysis of ethyl
carboxylate 26 gave acid 27 (Scheme 1). Borane or DI-
BAL reduction of 27 gave alcohol 28. Alternatively, esters
(e.g., 26iv) could be directly reduced by DIBAL to give
28vii. Cyanide coupling to 28iii using microwave radia-
tion gave 28v. Chlorination or bromination of 28 gives
halomethylbenzofuran 29 in excellent yield (Scheme 2).

Suzuki coupling of commercially available boronic acids
with compound 34 gave a variety of biphenyl intermedi-
ates 35 to which benzofuran moieties were then intro-
duced (Scheme 4). Alternatively, boronic esters 31-33
with various benzofuran moieties synthesized through
alkylations (31i,ii) or amide couplings (Scheme 3, 32ii
and 33) were used in Suzuki couplings with 34 to synthe-
size compounds 4, 9, 13, and 15. Most of the compounds
reported herein were synthesized on the valine tert-butyl
ester scaffold and the tert-butyl group was subsequently
removed with TFA to afford the corresponding carboxyl-
ic acids. In cases where the valine methyl ester was used,
basic hydrolysis using LIOH/MeOH/H,O was performed.

General amide or acid coupling methods were used for
the syntheses of 10 (EDC coupling), 8, 11, and 14
(DCC coupling). Compound 5 was synthesized through
coupling of 35i with the literature reported benzofuran-
2-SO,CL.!® Carbamate formation of 36 with benzofuran-
2-NCO!" gave 12. Alkylation of substituted halo-
methylbenzofurans 29iii—viii with either 35ii or 38 gave
compounds 16-22, respectively (Scheme 4).

Compound 41 was prepared from 1,2,3-thiadiazole 39
using a nucleophilic intramolecular cyclization reaction
(Scheme 5).2° Suzuki coupling and oxidation using
m-CPBA provided compounds 6 and 7 in good yields.

4. Conclusion

Modification of the amide bond of a biphenylsulfona-
mide carboxylate MMP-13 inhibitor led to a potent
and selective MMP-13 inhibitor (16) with an ether-
linked benzofuran P1’ moiety. Compound 16 showed
moderate selectivity against MMP-2, -3 and -8, and
greater than 500-fold selectivity over MMP-1, -7, -9,
-14, and TACE. It also demonstrated excellent PK prop-
erties on both iv and oral dosing in rats, and good effi-
cacy in a cartilage explant assay, making it a potential
candidate for studies in in vivo OA efficacy models.

5. Experimental
5.1. General

All reagents and solvents were of commercial quality
and used without further purification. Benzofuran-2-

carboxylic acids (27i,ii) were purchased from Aldrich.
Column chromatography was performed using Merck
silica gel 60 (230-400 mesh). Proton nuclear magnetic
spectroscopy '"H NMR spectra (400 MHz) were ob-
tained on a Bruker 400 spectrometer. Chemical shifts
are reported in parts per million relative to MeySi as
internal standard. Low-resolution mass spectra (MS)
were obtained using a micromass platform electrospray
ionization quadrupole mass spectrometer. High-resolu-
tion exact mass measurements (HRMS) were performed
on a Bruker ApexIIl 7T FT/ICR/MS. Chiral purities
were determined using HP 1100 equipped with a Chir-
alpak AD column (4.6 x 250 mm, Chiral Technolo-
gies).2! All intermediates were characterized by 'H
NMR. All new final SAR compounds were determined
to be consistent with the proposed structure by 'H
NMR, MS, HRMS and were greater than 95% purity
in two solvent systems (H,O-CH3;CN and H,O-MeOH)
as determined using an Agilent 1100 HPLC instrument
on a C18 column (see Supplementary data for details).
Benzofuran-2-SO,CL'® benzofuran-2-NCO,!° 2, 3, 23,
27iii,iv, %" 29i,2% 29ii,>3 34i®, and 39%° were synthesized
according to the literature procedures.

6. Synthesis
6.1. Synthesis of ethyl benzofuran-2-carboxylates (24-26)

6.1.1. Ethyl 5-bromo-4-hydroxy-3-methylbenzofuran-2-
carboxylate (25). To a mixture of 23'°° (2.00g,
9.08 mmol) in CCly (20 mL) was added N-bromosuccin-
imide (1.43 g, 8.03 mmol) under ice-water bath. The
reaction mixture was allowed to react for 3 h. After sol-
vent removal and column chromatography using
CH,Cl,/CCly (1:1, v/v) as eluent, 25 was obtained as a
white solid in 67% yield (1.60 g). '"H NMR (CDCl5): 6
144 (t, J=72Hz, 3H), 2.75 (s, 3H), 445 (q,
J=1.2Hz, 2H), 5.90 (s, 1H), 7.03 (d, J = 8.8 Hz, 1H),
7.45 (d, J = 8.8 Hz, 1H). MS m/z: 297.0 (M—H) . Anal.
(C12H11BI‘04)1 C, H.

6.1.2. Ethyl 3-methyl-4-(trifluoromethylsulfonyloxy)
benzofuran-2-carboxylate (24). To a mixture of 23
(6.34 g, 28.8 mmol) in CH,Cl, (120 mL) was added
diisopropylethylamine (12.6 mL, 72.3 mmol) under ice-
water bath. Triflic anhydride (7.27 mL, 43.2 mmol)
was added dropwise. The reaction was allowed to pro-
ceed for 1h at 0°C. After dilution with CH,Cl,
(120 mL) and quenching with H>O (30 mL), the reaction
mixture was washed with H,O (3 x 100 mL), the organic
layer was dried (MgSQOy), and the solvent was removed
in vacuo. Column chromatography using CH,Cl,/CCl,
(1:1, v/v) as eluent gave 24 as an off-white solid in 75%
yield (7.61 g). "H NMR (CDCls): § 1.45 (t, J=7.2 Hz,
3H), 2.76 (s, 3H), 447 (q, J=7.2Hz, 2H), 7.25 (d,
J=8.1Hz, 1H), 747 (t, J=8.3Hz, 1H), 7.59 (dd,
J=28.3, 0.8 Hz, 1H). MS m/z: 353.0 (M+H)". Anal.
(C13H11F3O6S): C, H.

6.1.3. Ethyl 3-methyl-4-vinylbenzofuran-2-carboxylate
(26i). To a solution of 24 (2.48 g, 7.05 mmol) in 30 mL
DMF were added vinyl tributyltin (2.16 mL,
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7.40 mmol), lithium chloride (898 mg, 21.1 mmol), and
PdCl,(PPh3), (247 mg, 0.352 mmol). The reaction mix-
ture was heated to 90 °C for 3 h and then cooled to room
temperature. The reaction was diluted with H,O and
extracted with ether. The combined organic fractions
were washed with H>O and brine, dried over MgSOQy, fil-
tered, and concentrated in vacuo. The residue was chro-
matographed eluting with EtOAc/hexanes (1:25, v/v) to
give 26i as a white solid in 75% yield (1.22 g). '"H NMR
(DMSO-dg): 6 1.35 (t, J=7.1 Hz, 3H), 2.74 (s, 3H),
4.36 (q, J = 7.1 Hz, 2H), 5.48 (dd, J=10.8, 1.3 Hz, 1H),
587 (dd, J=17.4, 1.3Hz, 1H), 7.38-7.53 (m, 3H),
7.57-7.63 (m, 1H). MS m/z: 231.1 (M+H)".

6.1.4. Ethyl 4-(3-methoxy-prop-1-ynyl)-3-methylbenzo-
furan-2-carboxylate (26ii). To a solution of 24 (860 mg,
2.44 mmol) in DMF (7 mL) under nitrogen were added
PdCl,(PPh3), (98 mg, 0.14 mmol), 3-methoxy-propyne
(0.42mL, 4.97 mmol), and triethylamine (1.4 mL,
10.0 mmol). The reaction mixture was heated to 90 °C
for 18 h. After aqueous workup (EtOAc/H,O) and col-
umn chromatography (4% EtOAc/hexanes), 26ii was ob-
tained as an off-white solid in 52% yield (343 mg). 'H
NMR (CDCl;): ¢ 1.41 (t, J=7.2Hz, 3H), 2.83 (s,
3H), 3.52 (s, 3H), 4.42 (s, 2H), 4.51 (q, J=7.2 Hz,
2H), 7.43 (m, 2H), 7.54 (dd, J=7.7, 1.6 Hz, 1H). MS
mlz: 273.1 (M+H)+ Anal. (C16H16O4)I C, H.

6.1.5. Ethyl 5-bromo-4-isopropoxy-3-methyl-1-benzo-
furan-2-carboxylate (26iii). To a mixture of 25 (500 mg,
1.67 mmol) in 7 mL DMF were added K,CO;3 (510 mg,
3.69 mmol) and 2-bromopropane (0.48 mL, 5.11 mmol).
The reaction mixture was stirred at room temperature
overnight. The solvent was concentrated in vacuo, and
the residue was diluted with H,O (30 mL) and extracted
with EtOAc (150 mL). The organic layer was washed
with H,O (3 x 30 mL) and brine (3 x 30 mL), dried over
sodium sulfate, filtered, and concentrated to provide
26iii as a pink solid in 100% yield (438 mg). Mp: 48—
50 °C. 'H NMR (CDCls): 6 1.36-1.39 (m, 6H), 1.44 (t,
J=17.1Hz, 3H), 2.74 (s, 3H), 4.45 (q, J = 7.1 Hz, 2H),
4.74-4.87 (m, 1H), 7.19 (d, J=8.8 Hz, 1H), 7.55 (d,
J =8.8 Hz, 1H). MS m/z: 341.0 (M+H)".

6.1.6. Ethyl 4-ethyl-3-methylbenzofuran-2-carboxylate
(26iv). To a solution of 26i (400 mg, 1.74 mmol) in
25 mL EtOAc under nitrogen was added 10% palladium
on carbon (50 mg). The reaction mixture was shaken on
a Parr shaker under 40 psi of hydrogen for 4 h. The
reaction mixture was then filtered through a pad of Cel-
ite. The Celite was washed with an additional 150 mL
EtOAc and the filtrate was concentrated in vacuo. The
residue was chromatographed eluting with EtOAc/hex-
anes (1:30, v/v) to provide 26iv as a white solid in 98%
yield (395mg). 'H NMR (DMSO-dg): & 1.25 (4,
J=17.4Hz, 3H), 1.34 (t, J=7.1 Hz, 3H), 2.74 (s, 3H),
3.02 (q, /=74 Hz, 2H), 435 (q, /=7.1 Hz, 2 H), 7.12
(d, J=6.8 Hz, 1H), 7.37-7.45 (m, 1H), 7.45-7.51 (m,
1H). MS m/z: 233.1 (M+H)". Anal. (C,4H,c0;): C, H.

6.1.7. Ethyl 4-(3-methoxy-propyl)-3-methylbenzofuran-2-
carboxylate (26v). A mixture of 26ii (2.66 g, 9.77 mmol)
and 10% palladium on activated carbon (705 mg) and

tetrahydrofuran (60 mL) was stirred under a hydrogen
atmosphere (balloon) for 2 h. After filtering the mixture
through a Celite pad followed by washing with EtOAc
(100 mL), the filtrate was reduced to dryness, furnishing
26v as a clear oil in 91% yield (2.46g). 'H NMR
(CDCl3): 6 1.44 (t, J =7.2 Hz, 3H), 1.89-2.00 (m, 2H),
2.79 (s, 3H), 3.03-3.13 (m, 2H), 3.34-3.38 (m, 3H),
3.44 (t, J=6.3 Hz, 2 H), 445 (q, J = 7.2 Hz, 2H), 7.05
(d, J=7.3Hz, 1 H), 7.29-7.36 (m, 1H), 7.37-7.42 (m,
1H). MS m/z: 277.1 (M+H)", 553.3 2M+H)".

7. Synthesis of benzofuran-2-carboxylic acids (27)

General synthesis 1, hydrolysis of ethyl esters: to a solu-
tion of ethyl benzofuran carboxylate 26 (1.50 mmol) in
THF (15mL) and MeOH (15 mL) was added NaOH
(I N, 8.5mL). After 1 h of reaction, the reaction was
quenched with saturated NH,4Cl solution (30 mL). The
mixture was diluted with EtOAc (150 mL), washed with
H,O (3x30mL) and brine (3 x30mL). The organic
layer was dried over MgSQy, filtered, and concentrated
in vacuo to give benzofurancarboxylic acid (27).

7.1. 5-Bromo-4-isopropoxy-3-methyl-1-benzofuran-2-
carboxylic acid (27vi)

White solid: 87% yield (460 mg). Mp: 182-184 °C. 'H
NMR (DMSO-dg): 6 1.31 (d, J=6.3 Hz, 6H), 2.65 (s,
3H), 4.62-4.83 (m, 1H), 7.40 (d, J=9.1 Hz, 1H), 7.67
(d, J=9.1 Hz, 1H), 13.68 (br s, 1H). MS m/z: 311.0
(M*H)i Anal. (C13H13Br04): C, H.

7.2. 4-(3-Methoxypropyl)-3-methylbenzofuran-2-
carboxylic acid (27viii)

White solid: 98% yield (1.98 g). '"H NMR (DMSO-dy):
0 1.79-1.89 (m, 2H), 2.72 (s, 3H), 3.02 (m, 2H), 3.26
(s, 3H), 3.38 (t, J=6.2Hz, 2H), 7.09 (d, J = 6.6 Hz,
1H), 7.35-7.41 (m, 1H), 7.43-7.48 (m, 1H), 13.36
(s, 1H). MS m/z: 247.1 (M—H)". HRMS: calcd for
[C14H16O4 + H]+: 249.11214. Found: 24911161.

8. Synthesis of (benzofuran-2-yl)-methanols (28)

General synthesis 2, reduction of carboxylic acid to alco-
hol: a solution of benzofuran-2-carboxylic acid 27
(1.00 mmol) in 6 mL THF under nitrogen was placed
in water bath. BH;THF (1.0M in THF, 3 mL,
3.00 mmol) was added dropwise. The reaction mixture
was allowed to stir at room temperature for 12 h. Then
the reaction was quenched with MeOH (3 mL). Solvent
was removed in vacuo and the residue was subjected to
column chromatography to give 2-hydroxymethyl-
benzofuran 28.

8.1. (5-Bromo-4-methoxy-3-methylbenzofuran-2-yl)-
methanol (28iii)

White solid: 81% yield (220 mg). Mp: 80-84 °C. 'H
NMR (CDCl3): 6 1.80 (br s, 1H), 2.43 (s, 3H), 3.91 (s,
3H), 4.72 (s, 2H), 7.15 (d, J=8.8 Hz, 1H), 7.41 (d,
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J=88Hz, 1H). MS m/z 2690 (M—H) . Anal.
(C11H11Br03): C, H.

8.2. (5-Chloro-4-methoxy-3-methylbenzofuran-2-yl)-
methanol (28iv)

White solid: 99% yield (290 mg). This crude material
was used for the following reaction without further
purification.

8.3. (5-Bromo-4-isopropoxy-3-methyl-1-benzofuran-2-yl)-
methanol (28vi)

Clear oil, 81% yield (330 mg). '"H NMR (CDCl5): ¢
1.33-1.39 (m, 6H), 1.79 (br s, 1H), 2.39 (s, 3H), 4.66—
478 (m, 3H), 7.07 (d, J=8.8Hz, 1H), 7.40 (d,
J=28.8 HZ, 1H) Anal. (C]3H15BI’O3)Z C, H.

8.4. 2-Hydroxymethyl-4-methoxy-3-methylbenzofuran-5-
carbonitrile (28v)

A suspension of 28iii (310 mg, 1.14 mmol) and CuCN
(210 g, 2.34 mmol) in N-methylpyrrolidinone (1.5 mL)
was subjected to microwave radiation at 200 °C for
10 min. The reaction mixture was diluted with H,O
(10 mL) and EtOAc (10 mL), and filtered. The aqueous
phase was extracted with EtOAc (30 mL). The combined
organic layers were washed with H,O (3 x 20 mL) and
brine (1 x 30 mL). After drying over MgSQ,, filtration
and concentration in vacuo gave the crude product.
Chromatography eluting with EtOAc/hexanes (1:5,
v/v) gave 28v as a white solid in 67% yield (170 mg).
"H NMR (CDCls): 6 1.85 (br s, 1H), 2.39 (s, 3H), 4.19
(s, 3H), 4.75 (s, 2H), 7.22 (d, J=9.0 Hz, 1H), 7.43
(d, J=9.0 Hz, 1H).

8.5. (4-Ethyl-3-methylbenzofuran-2-yl)-methanol (28vii)

To a solution of 26iv (795 mg, 3.43 mmol) in THF
(20 mL) at 0 °C was added diisobutylaluminum hydride
(13.7mL, 1.0 M in toluene) dropwise. After stirring for
1 h, MeOH (10 mL) was added followed by saturated
aqueous sodium potassium tartrate (10 mL). The result-
ing mixture was stirred for 15 min and was then extracted
with EtOAc (2 x 50 mL). The combined organic extracts
were dried over NaSQ,, filtered, reduced to dryness,
and the resulting residue was subjected to flash chroma-
tography (EtOAc/hexanes 1:5, v/v) which furnished 28vii
as a white solid in 94% yield (612mg). '"H NMR
(CDCl3): 6 1.30 (t, J=7.6 Hz, 3H), 1.78 (t, J = 1.8 Hz,
1H), 2.42 (s, 3H), 3.00 (q, J=7.6 Hz, 2H), 4.75 (d,
J=1.8Hz, 2H), 7.00 (d, J = 6.6 Hz, 1H), 7.14-7.23 (m,
1H), 7.23-7.32 (m, 1H). MS m/z: 190.1 (M™).

8.6. [4-(3-Methoxypropyl)-3-methyl-1-benzofuran-2-yl]-
methanol (28viii)

White solid, 86% vyield (192 mg), made from 27viii
(235 mg, 0.95 mmol) using a procedure similar to that
described for 28vii. '"H NMR (DMSO-dy): § 1.76-1.86
(m, 2H), 2.35 (s, 3H), 2.91-2.99 (m, 2H), 3.25 (s, 3H),
3.37 (t, J= 6.3 Hz, 2H), 4.52 (d, J= 5.8 Hz, 2H), 5.24
(t, J=5.8Hz, 1H), 6.97 (d, J=7.3 Hz, 1H), 7.13-7.20

(m, 1H), 731 (d, J=83Hz, 1H). MS m/= 2341
(M™). HRMS: calcd for [C4H ;305 + Na]™: 257.1148]1.
Found: 257.11451.

9. Synthesis of 2-halomethylbenzofurans (29)

General synthesis 3, synthesis of 2-chloromethylbenzofu-
rans: to a solution of (benzofuran-2-yl)-methanol 28
(5.00 mmol) in 12 mL CH,Cl, was added 3 mL of thio-
nyl chloride. After 2 h, the volatiles were removed to
give 2-chloromethylbenzofuran (29).

9.1. 5-Bromo-2-chloromethyl-4-methoxy-3-methyl-
benzofuran (29iii)

Off-white solid, 92% yield (216 mg). "H NMR (CDCls):
5 243 (s, 3H), 3.95 (s, 3H), 4.71 (s, 2H), 7.11 (d,
J=8.6Hz, 1H), 742 (d, J=8.6Hz, | H). MS m/z:
288.0 (M™).

9.2. 5-Bromo-4-isopropoxy-3-methyl-2-chloromethyl-1-
benzofuran (29vi)

Off-white solid, 100% yield (330 mg). This crude materi-
al was used for the following reaction without further
purification.

General synthesis 4, synthesis of 2-bromomethylbenzofu-
rans: to a solution of (benzofuran-2-yl)-methanol 28
(1.30 mmol) in CH,Cl, (5 mL) at 0 °C were added neat
PBr; (0.18 mL, 1.90 mmol) and pyridine (three drops).
The ice bath was removed and the reaction mixture
was allowed to react at room temperature for 12 h.
Additional PBr3 (0.09 mL; 0.95 mmol) was then added.
After 2h, the reaction was quenched with ice and
extracted with EtOAc (3x50mL). The combined
organic layers were washed with H,O (3 x 50 mL) and
saturated sodium bicarbonate (3 x 50 mL), followed by
drying over MgSQy, filtration, and concentration in vac-
uo to give 2-bromomethylbenzofuran 29.

9.3. 2-Bromomethyl-5-chloro-4-methoxy-3-methyl-
benzofuran (29iv)

White solid, 99% vyield (370 mg). '"H NMR (CDCls): 6
2.37 (s, 3H), 3.95 (s, 3H), 4.58 (s, 2H), 7.12, (d,
J=9.0Hz, 1H), 7.21 (d, J=9.0 Hz, 1H).

9.4. 2-Bromomethyl-4-methoxy-3-methylbenzofuran-5-
carbonitrile (29v)

Off-white solid, 95% yield (200 mg). This crude material
was used for the following reaction without further
purification.

9.5. 4-Ethyl-3-methyl-2-bromomethylbenzofuran (29vii)

White solid, 82% yield (83 mg). '"H NMR (CDCls): 6
1.32 (t, J=7.6Hz, 3H), 242 (s, 3H), 3.01 (q,
J=7.6 Hz, 2H), 4.66 (s, 2H), 7.02 (d, /= 7.3 Hz, 1H),
7.20-7.26 (m, 1H), 7.29-7.33 (m, 1H).
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9.6. 4-(3-Methoxypropyl)-3-methyl-2-bromomethyl-1-
benzofuran (29viii)

Off-white solid, 82% yield (188 mg). This crude material
was used for the following reaction without further
purification.

10. Synthesis of boronic esters (31-33 and 41)

10.1. 2-[4-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-
phenoxymethyl]-benzofuran (31i)

A mixture of 29i (1.50 g, 7.11 mmol), 4-(4,4,5,5-tetra-
methyl-[1,3,2]dioxaborolan-2-yl)-phenol  30i (1.56 g,
7.09 mmol), K,CO;3; (1.96g, 14.2 mmol) in CH;CN
(50 mL) under argon was heated at 70 °C for 16 h.
The reaction mixture was diluted with H,O (50 mL).
The aqueous phase was extracted with EtOAc
(2 x 100 mL). The combined organic layers were washed
with H,O (3 x 50 mL) and brine (1 x 50 mL). After dry-
ing over MgSQ,, filtration, and concentration in vacuo
gave the crude product. Chromatography eluting with
EtOAc/hexanes (1:5, v/v) gave 31i as a white solid in
63% vyield (1.56 g). '"H NMR (DMSO-d):  1.33 (s,
12H), 5.31 (s, 2H), 7.11 (m, 3H), 7.31 (m, 1H), 7.33
(m, 1H), 7.60 (m, 4H).

10.2. 3-Methyl-2-[4-(4,4,5,5-tetramethyl-[1,3,2]di-
oxaborolan-2-yl)-phenoxymethyl]-benzofuran (31ii)

White solid, 96% yield (350 mg), made from 29ii
(181 mg, 1.00 mmol) using a procedure similar to that
described for 30i. "H NMR (CDCls): d 1.30 (s, 12H),
2.33 (s, 3H), 5.23 (s, 2H), 7.01 (d, J=8.6 Hz, 2H),
7.32 (m, 2H), 7.54 (m, 2H), 7.83 (d, J = 8.8 Hz, 2H).

10.3. Benzofuran-2-carboxylic acid [4-(4,4,5,5-tetra-
methyl-[1,3,2]dioxaborolan-2-yl)-phenyl]-amide (32i)

To a mixture of 27i (1.03 g, 6.35 mmol), 1-(3-dimethyla-
minopropyl)-3-ethylcarbodiimide hydrochloride (1.97 g,
10.3 mmol), and 4-dimethylaminopyridine (633 mg,
5.18 mmol) in 40 mL. DMF under nitrogen was added
4-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-phenyla-
mine 30ii (1.08 g, 4.93 mmol). The reaction mixture was
stirred at room temperature for 12 h. The reaction mix-
ture was diluted with H>O (50 mL). The aqueous phase
was extracted with EtOAc (2 x 100 mL). The combined
organic layers were washed with H,O (3 x 50 mL) and
brine (1 x 50 mL). After drying over MgSQ,, filtration,
and concentration in vacuo gave the crude product.
Chromatography eluting with EtOAc/hexanes (1:10, v/
v) gave 32i as a white solid in 83% yield (1.49 g). 'H
NMR (DMSO-dg): 6 1.33 (s, 12H), 7.40 (m, 1H), 7.51
(m, 1H), 7.73 (d, J=8.3 Hz, 2H), 7.71 (dd, J=8.5,
0.9 Hz, 1H), 7.81 (m, 4H), 10.64 (s, 1H).

10.4. 3-Methyl-benzofuran-2-carboxylic acid [4-(4,4,5,5-
tetramethyl-[1,3,2]dioxaborolan-2-yl)-phenyl]-amide (32ii)

White solid, 55% yield (207 mg), made from 27ii and 30ii
(219 mg, 1.00 mmol) using a procedure similar to that

described for 32i. '"H NMR (DMSO-dy): & 1.31 (s,
12H), 2.61 (s, 3H), 7.40 (m, 1H), 7.53 (m, 1H), 7.71
(m, 3H), 7.83 (d, J=7.3 Hz, 1H), 7.94 (d, J = 8.6 Hz,
2H), 10.51 (s, 1H).

10.5. Benzofuran-2-carboxylic acid methyl-[4-(4,4,5,5-
tetramethyl-[1,3,2]dioxaborolan-2-yl)-phenyl]-amide (33)

To a solution of 32i (195 mg, 0.54 mmol) in 3.5mL
DMF under nitrogen was added NaH (60% in mineral
oil, 23 mg, 0.58 mmol). After 30 min, Mel (0.05 mL,
0.8 mmol) was added and the reaction was allowed to
go on for 12 h. The reaction mixture was diluted with
H,O (30 mL). The aqueous phase was extracted with
EtOAc (2 x 80 mL). The combined organic layers were
washed with H,O (3 x30mL) and brine (1 x 30 mL).
After drying over MgSQO,, filtration, and concentration
in vacuo gave the crude product. Chromatography
eluting with EtOAc/hexanes (1:10, v/v) gave 33
(83 mg) as a white solid in 41% yield. 'H NMR
(CDCl3): 6 1.34 (s, 12H), 3.41 (s, 3H), 6.92 (d,
J=0.8Hz, 1H), 7.02 (m, 4H), 7.24 (m, 2H), 8.11 (d,
J =8.3 Hz, 2H).

10.6. 2-[4-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolan-2-yl)-
benzyl-sulfanyl]-benzofuran (41)

A mixture of 2-[1,2,3]thiadiazol-4-yl-phenol  39%°
(241 mg, 1.35 mmol), 2-(4-bromomethyl-phenyl)-
4,4,5,5-tetramethyl-[1,3,2]dioxaborolane 40 (406 mg,
1.37 mmol), and K,CO3 (396 mg, 2.87 mmol) in 8§ mL
CH;CN was heated to reflux under a nitrogen atmo-
sphere. After the reaction was complete as monitred
by TLC (24 h), the mixture was filtered and the solvent
was removed in vacuo. The resulting crude material was
chromatographed eluting with ethyl acetate/hexane (1:5,
v/v) to give 41 (198 mg) as a white solid in 40% yield. 'H
NMR (CDCl): o 1.33 (s, 12H), 4.13 (s, 2H), 6.60 (d,
J=10Hz, 1H), 7.20 (m, 4H), 7.41 (d, J=7.8 Hz,
2H), 7.71 (d, J = 8.1 Hz, 2H).

11. N-[(4-Bromophenyl)sulfonyl]-valinate (34ii and 37)

11.1. Methyl N-[(4-bromophenyl)sulfonyl]-p-valinate
(34ii)

White solid, 88% yield (5.73 g), synthesized according to
the procedure reported for 34i.8 "H NMR (DMSO-dy): 6
0.79 (d, J = 6.8 Hz, 3H), 0.81 (d, J = 6.8 Hz, 3H), 1.85-
1.97 (m, 1H), 3.38 (s, 3H), 3.57 (dd, J = 9.4, 7.1 Hz, 1H),
7.65-7.70 (m, 2H), 7.77-7.83 (m, 2H), 8.40 (d,
J=9.4Hz, 1H). MS m/z: 348.0 M—H)".

11.2. Methyl N-[(4-bromophenyl)sulfonyl]-L-valinate (37)

White solid, 93% yield (4.45 g), synthesized according to
the procedure reported for 34i.8 "H NMR (DMSO-dj): 6
0.79 (d, J = 6.7 Hz, 3H), 0.81 (d, J = 6.7 Hz, 3H), 1.85-
1.97 (m, 1H), 3.38 (s, 3H), 3.57 (dd, J = 9.2, 7.0 Hz, 1H),
7.65-7.70 (m, 2H), 7.78-7.82 (m, 2H), 8.39 (d,
J=9.2Hz, 1H). MS m/z: 348.1 (M—H)".
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12. Synthesis of N-(biphenylsulfonyl)-p-valinate
(35 and 38)

General synthesis 5, Suzuki coupling: a mixture of N-[(4-
bromophenyl)sulfonyl]-valinate (34 or 37, 0.50 mmol),
boronic acid or boronic ester (0.50 mmol), Pd(PPhs),
(29 mg, 0.025 mmol), and K,COj3 (141 mg, 1.02 mmol)
in 10 mL of 1,2-dimethoxyethane and 5 mL H,O was
heated to 90 °C under nitrogen. After 8 h, the reaction
mixture was concentrated in vacuo, diluted with
EtOAc (100 mL), washed with H,O (3 x50 mL) and
brine (3 X 50 mL), and dried over MgSO,. The organic
layer was concentrated in vacuo followed by column
chromatography eluting with ethyl acetate/hexane
(1:5, vlv) to give N-(biphenylsulfonyl)-p-valinate
(35 or 38).

12.1. tert-Butyl N-[(4'-hydroxy-1,1’-biphenyl-4-yl)-
sulfonyl]-p-valinate (35i)

White solid, 82% yield (9.04 g). "H NMR (CDCl5): 6
0.86 (d, J=6.8 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H), 1.20
(s, 9H), 1.99-2.13 (m, 1H), 3.66 (dd, J=9.9, 4.6 Hz,
1H), 4.97 (s, 1H), 5.12 (d, J=9.9 Hz, 1H), 6.90-6.95
(m, 2H), 7.42-7.50 (m, 2H), 7.59-7.67 (m, 2H), 7.82-
7.90 (m, 2H). HRMS: calcd for [Cy;H>,NOsS + H]™:
406.16827. Found: 406.1695.

12.2. Methyl N-[(4'-hydroxy-1,1’-biphenyl-4-yl)sulfonyl]-
p-valinate (35ii)

White solid, 91% yield (1.41 g). 'H NMR (DMSO-dj):
0 0.79 (d, J=6.8 Hz, 3H), 0.82 (d, J=6.8 Hz, 3H),
1.84-1.95 (m, 1H),3.34(s, 3H), 3.55 (dd, J=94,
7.1 Hz, 1H), 6.85-6.91 (m, 2H), 7.56-7.61 (m, 2H),
7.72-7.82 (m, 4H), 8.25 (d, J=9.4 Hz, 1H), 9.74 (s,
IH). MS m/z 362.1 (M—H)” HRMS: caled for
[C1gH>NOsS + H]™:  364.12132. Found: 364.12078.
Anal. (C13H»>NOsS 0.2H,0): C, H, N. Chiral purity:
98.2% (21.7 min)."°

12.3. tert-Butyl N-|(4’-aminomethyl-1,1’-biphenyl-4-
yDsulfonyl]-p-valinate (35iii)

White solid, synthesized from 4-(aminomethyl)phen-
ylboronic acid and 34i in 40% yield (347 mg). 'H
NMR (DMSO-dy): ¢ 0.84 (d, J=6.8 Hz, 3H), 0.87 (d,
J=6.8 Hz, 3H), 1.15 (s, 9H), 1.88-1.99 (m, 1H), 2.21
(br s, 2H), 3.47 (d, J = 6.32 Hz, 1H), 3.77 (s, 2H), 4.04
(m, 1H), 7.46 (d, J=8.34Hz, 2H), 7.63 (d,
J =8.08 Hz, 2H), 7.79-7.86 (m, 4H).

12.4. tert-Butyl N-{|4'-(hydroxymethyl)-1,1'-biphenyl-4-
yllsulfonyl}-p-valinate (35iv)

White solid, synthesized from 4-(hydroxymethyl)phen-
ylboronic acid and 34i in 95% yield (3.03 g). '"H NMR
(DMSO-dg): 6 0.84 (d, J=6.8Hz, 3H), 0.86 (d,
J=6.8 Hz, 3H), 1.15 (s, 9H), 1.88-1.98 (m, 1H), 3.47
(dd, J=9.7, 6.19 Hz, 1H), 4.55 (d, J=5.8 Hz, 2H),
5.26 (t, J=5.8 Hz, 1H), 7.44 (d, J=8.1 Hz, 2H), 7.66
(d, J=83Hz, 2H), 7.80-7.86 (m, 4H), 8.13 (d,
J=9.7Hz, 1H).

12.5. Methyl N-[(4'-hydroxy-1,1’-biphenyl-4-yl)sulfonyl]-
L-valinate (38)

White solid, synthesized from 37 in 85% yield (508 mg),
'"H NMR (CDCls): ¢ 0.89 (d, J = 6.8 Hz, 3H), 0.97 (d,
J=6.8Hz, 3H), 1.99-2.11 (m, 1H), 3.43 (s, 3H), 3.78
(dd, J=10.2, 5.2 Hz, 1H), 5.12 (d, J=10.2 Hz, 1H),
5.17 (s, 1H), 6.90-6.97 (m, 2H), 7.45-7.53 (m, 2H),
7.60-7.68 (m, 2H), 7.81-7.90 (m, 2H). MS m/z: 362.1
(M—H)". Chiral purity: 98.6% (27.5 min)."®

13. Synthesis of a-biphenylsulfonamidocarboxylic acid
MMP-13 inhibitors (4-22)

General synthesis 6, TFA cleavage of tert-butyl
(biphenylsulfonyl)-valinates: a mixture of tert-butyl ester
(0.50 mmol), TFA (3 mL), and dichloromethane (6 mL)
was allowed to react at room temperature for 3 h. After
removal of volatiles, acid was obtained.

General synthesis T, hydrolysis of methyl (biphenyl-
sulfonyl)-valinates: To a solution of methyl
(biphenylsulfonyl)-valinate (0.50 mmol) in THF (8 mL)
and MeOH (3 mL) was added LiOH (1 N, 3 mL). After
12 h of reaction, the reaction was quenched with satu-
rated NH4Cl solution (30 mL). The mixture was diluted
with EtOAc (150 mL) and washed with H,O (3 x 30 mL)
and brine (3 x 30 mL). The organic layer was dried over
MgSO,, filtered, and concentrated in vacuo to give the
acid product.

13.1. N-({4'-|[(1-Benzofuran-2-ylcarbonyl)(methyl)-
amino]-1,1’-biphenyl-4-yl}sulfonyl)-p-valine (4)

Coupling of 33 with 34i was carried out according to
General synthesis 5 to give D-2-{4'-[(benzofuran-2-
carbonyl)-methyl-amino]-biphenyl-4-sulfonylamino} -3-
methyl-butyric acid fert-butyl ester as a white solid in
77% yield (190 mg). '"H NMR (MeOH-d,): 6 0.81 (m,
6H), 1.11 (s, 9H), 1.90 (m, 1H), 3.43 (s, 3H), 3.52 (d,
J=58Hz, 1H), 6.60 (s, 1H), 7.12 (m, 1H), 7.24 (m,
2H), 7.33 (d, J = 8.8 Hz, 2H), 7.41 (d, J = 7.8 Hz, 1H),
7.62 (d, J =8.8 Hz, 2H), 7.73 (d, J = 8.6 Hz, 2H), 7.80
(m, 2H). Removal of tert-butyl ester (General synthesis
6) gave compound 4 as a white solid in 98% yield
(122 mg). Mp: 204-206°C. 'H NMR (MeOH-d,): ¢
0.81 (d, J=6.8Hz, 3H), 0.87 (d, J=6.8 Hz, 3H),
1.89-1.99 (m, 1H), 3.42 (s, 3H), 3.58 (d, J =5.8 Hz,
1H), 6.54 (s, 1H), 7.08-7.13 (m, 1H), 7.21-7.25 (m,
2H), 7.32-7.37 (m, 2H), 7.39-7.44 (m, 1H), 7.65-7.74
(m, 4H), 7.80-7.84 (m, 2H). HRMS: caled for
[Co7H6N,06S + H]: 507.1585. Found: 507.1588. Anal.
(C27H26N2068'0.2H20): C, H, N.

13.2. N-({4'-|(1-Benzofuran-2-ylsulfonyl)oxy]-1,1’-
biphenyl-4-yl}sulfonyl)-p-valine (5)

A mixture of 35i (100 mg, 0.25 mmol), benzofuran-2-
SO,CI'® (60 mg, 0.28 mmol), and 4-dimethylaminopyri-
dine (145 mg, 1.19 mmol) in CH,Cl, (2 mL) at room
temperature was allowed to react for 12 h. Removal of
volatiles and column chromatography (CH,Cl,) gave
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tert-butyl N-({4'-[(1-benzofuran-2-ylsulfonyl)oxy]-1,1'-
biphenyl-4-yl}sulfonyl)-p-valinate as a white solid in
31% yield (48mg). 'H NMR (CDCly): & 0.86 (d,
J=6.8Hz, 3H), 1.02 (d, J=6.8 Hz, 3H), 1.16-1.23
(m, 9H), 1.97-2.12 (m, 1H), 3.66 (dd, J=10.1, 5.1 Hz,
1H), 5.12 (d, J=10.1, 1H), 7.17-7.25 (m, 2H), 7.37-
7.44 (m, 1H), 7.44-7.53 (m, 3H), 7.53-7.63 (m, 3H),
7.63-7.75 (m, 2H), 7.85-7.93 (m, 2H). Removal of
tert-butyl ester (General synthesis 6) gave compound 5
as a white solid in 100% yield (33 mg). 'H NMR
(DMSO-dg): 0 0.80 (d, J=6.82Hz, 3H), 0.82 (d,
J=6.82Hz, 3H), 1.89-198 (m, 1H), 3.53 (dd,
J=9.35, 6.06 Hz, 1H), 7.22-7.30 (m, 2H), 7.44-7.52
(m, 1H), 7.63-7.71 (m, 1H), 7.77-7.81 (m, 2H), 7.81-
793 (m, 6H), 799 (d, J=1.01 Hz, 1H), 8.09 (d,
J=9.35Hz, 1H), 13.44 (br s, 1H). HRMS: calcd for
[C25H23N08S2 + H]+Z 530.0938. Found: 530.0955.

13.3. N-({4'-|(1-Benzofuran-2-ylsulfonyl)methyl]-1,1’-bi-
phenyl-4-yl}sulfonyl)-n-valine (6) and N-({4’-[(1-benzofu-
ran-2-ylsulfinyl)methyl]-1,1’-biphenyl-4-yl}sulfonyl)-p-va-
line (7)

Coupling of 34ii with 41 was carried out according to
General synthesis 5 to give 42 as a white solid in 54%
yield (75mg). 'H NMR (CDClL): & 0.71 (d,
J=6.8Hz, 3H), 091 (d, J=6.8 Hz, 3H), 1.93 (m,
1H), 3.0 (s, 3H), 4.02 (m, 3H), 5.04 (d, J=10.1 Hz,
1H), 6.61 (d, J=1.0Hz, 1H), 7.13 (m, 4H), 7.3 (m,
6H), 7.31 (s, 1H), 7.44 (m, 1H).

A solution of 42 (75 mg, 0.15 mmol) in 4 mL. THF was
placed in an ice bath. m-Chloroperoxybenzoic acid
(77%, 125 mg, 0.56 mmol) in 3 mL THF was added
dropwise. After 10 min at 0 °C, the ice bath was re-
moved. After 12 h of reaction, the mixture was diluted
with EtOAc (150 mL) and washed with satd NaHCO;
(3x30mL) and brine (3 x 30 mL). The organic layer
was dried over MgSQy, filtered, and concentrated in vac-
uo. Column chromatography of the residue eluting with
EtOAc/hexane (1:5, v/v), Dp-2-[4’-(benzofuran-2-sulfo-
nylmethyl)-biphenyl-4-sulfonylamino]-3-methyl-butyric
acid methyl ester (56 mg) was obtained as a white solid
in 70% yield. '"H NMR (CDCls): 4 0.86 (d, J = 6.8 Hz,
3H), 0.94 (d, J=6.8 Hz, 3H), 2.03 (m, 1H), 3.43 (s,
3H), 3.84 (dd, J=10.1, 5.3 Hz, 1H), 4.61 (s, 2H), 5.12
(d, J=10.1 Hz, 1H), 7.41 (m, 4H), 7.53 (m, 3H), 7.61
(m, 1H), 7.73 (m, 3H), 7.91 (d, J = 8.8 Hz, 2H). Methyl
ester hydrolysis (General synthesis 7) gave compound 6
as a white solid in 92% yield (41 mg). Mp: 205-207 °C.
"H NMR (DMSO-dq): 6 0.78 (d, J = 6.8 Hz, 3H), 0.82
(d, J=6.8Hz, 3H), 1.91 (m, 1H), 3.53 (dd, J=9.3,
6.1 Hz, 1H), 5.01 (s, 2H), 7.43 (d, J=8.3 Hz, 2H),
7.42 (m, 1H), 7.61 (m, 1H), 7.72 (d, J = 1.0 Hz, 1H),
7.74 (d, J=8.3Hz, 2H), 7.81 (m, 6H), 8.10 (d,
J=9.3Hz, 1H), 12.76 (br s, 1H). HRMS: calcd for
[Ca6H2sNO5S, + H]™: 528.1145. Found: 528.1147. Anal.
(C26H25NO7SZ'O.5H20)I C, H, N.

A solution of 42 (190 mg, 0.37 mmol) in 5 mL CH,Cl,
was placed in an ice bath. m-Chloroperoxybenzoic acid
(77%, 88 mg, 0.39 mmol) in 3 mL CH,Cl, was added
dropwise. After 45 min, the mixture was diluted with

EtOAc (150 mL) and washed with satd NaHCO;
(3x30mL) and brine (3 x30mL). The organic layer
was dried over MgSQy, filtered, and concentrated in vac-
uo. Column chromatography of the residue eluting with
EtOAc/hexane (1:4, v/v) gave p-2-[4'-(benzofuran-2-sul-
finylmethyl)-biphenyl-4-sulfonylamino]-3-methyl-butyr-
ic acid methyl ester (162 mg) as a white solid in 83%
yield. '"H NMR (CDCl;): 6 0.86 (d, J= 6.7 Hz, 3H),
0.94 (d, J=6.7Hz, 3H), 2.00 (m, 1H), 3.43 (s, 3H),
3.81 (dd, J=10.1, 5.1 Hz, 1H), 4.52 (m, 2H), 5.11 (d,
J=10.1 Hz, 1H), 7.12 (s, 1H), 7.31 (s, 2H), 7.32 (dd,
J=8.2, 7.2 Hz, 1H), 7.50 (m, 3H), 7.61 (m, 4H), 7.93
(d, J=8.6 Hz, 2H). Methyl ester hydrolysis (General
synthesis T) gave compound 7 as a white solid in 97%
yield (118 mg). Mp: 220-223°C. 'H NMR (DMSO-
dg): 0 0.79 (d, J=6.7Hz, 3H), 0.82 (d, J=6.7 Hz,
3H), 1.90 (m, 1H), 3.53 (dd, /=9.3, 6.1 Hz, 1H), 4.71
(m, 2H), 7.41 (m, 3H), 7.53 (m, 2H), 7.71 (d,
J=8.3Hz, 2H), 7.83 (m, 6H), 8.11 (d, J=9.6 Hz,
1H), 12.62 (s, 1H). HRMS: caled for
[Ca6H2sNOgS, + H]™: 512.1196. Found: 512.1197. Anal.
(C26H25NO(,52)Z C, H, N.

13.4. N-({4'-[(1-Benzofuran-2-ylcarbonyl)oxy]-1,1'-
bi-phenyl-4-yl}sulfonyl)-p-valine (8)

To a mixture of 27i (401 mg, 2.47 mmol) in CH,Cl,
(50 mL) under nitrogen was added 1,3-dicyclohexylcar-
bodiimide (1.02 mg, 4.94 mmol). After 15min, 35i
(1.00 g, 2.47mmol) and 4-dimethylaminopyridine
(50 mg, 0.41 mmol) were added. The mixture was al-
lowed to stir at room temperature overnight. The reac-
tion mixture was then diluted with CH,Cl, (200 mL)
washed with H,O (3x100mL) and  brine
(2 x 100 mL). The organic layer was dried over MgSO,
and the solvent was concentrated in vacuo. The residue
was purified by column chromatography eluting with
EtOAc/hexane (1:5, v/v) to afford benzofuran-2-carbox-
ylic acid 4’-(I-tert-butoxycarbonyl-2-methyl-propylsulfa-
moyl)-biphenyl-4-yl ester (325 mg) as a white solid in
31% yield. '"H NMR (CDCls): ¢ 0.87 (d, J = 6.82 Hz,
3H), 1.03 (d, J=6.8 Hz, 3H), 1.21 (s, 9H), 2.07 (m,
1H), 3.68 (dd, J=9.9, 4.6 Hz, 1H), 5.15 (d, / =9.9 Hz,
1H), 7.37 (m, 3H), 7.53 (t, J=7.8 Hz, 1H), 7.66 (m,
S5H), 7.77 (m, 2H), 7.92 (d, J=8.3 Hz, 2H). Removal
of tert-butyl ester (General synthesis 6) gave compound
8 as a white solid in 100% yield (148 mg). Mp: 178—
180 °C. '"HNMR (DMSO-dg): 6 0.80 (d, J=6.8 Hz,
3H), 0.87 (d, J=6.8 Hz, 3H), 2.04 (m, 1H), 3.24
(m, 1H), 7.43 (m, 1H), 7.49 (d, J=8.8 Hz, 2H), 7.60
(m, 2H), 7.70 (d, J=9.9 Hz, 1H), 7.85 (m, 7H), 8.08
(s, 1H), 13.11 (br s, 1H). HRMS: caled for
[C26H23NO-S + H]™: 494.1268. Found: 494.1284.

13.5. N-{|4’-(1-Benzofuran-2-ylmethoxy)-1,1’-biphenyl-4-
ylJsulfonyl}-p-valine (9)

Coupling of 31i with 34i was carried out according to
General synthesis 5 to give D-2-[4'-(benzofuran-2-
ylmethoxy)-biphenyl-4-sulfonylamino]-3-methyl-butyric
acid tert-butyl ester as a white solid in 33% yield
(159 mg). '"H NMR (DMSO-d;): 4 0.78 (d, J = 6.7 Hz,
3H), 0.82 (d, J=6.7Hz, 3H), 1.23 (s, 9H), 1.90 (m,
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1H), 3.51 (dd, /=9.7, 6.2 Hz, 1H), 5.33 (s, 2H), 7.11 (s,
1H), 7.20 (d, J=8.6 Hz, 2H), 7.30 (m, 1H), 7.34 (m,
1H), 7.61 (dd, J=8.2, 0.6 Hz, 1H), 7.72 (m, 3H), 7.8
(m, 4H), 8.13 (d, J = 9.7 Hz, 1H). To this tert-butyl ester
(126 mg, 0.23 mmol) in CH3CN (10 mL) under argon
were added cerium chloride heptahydrate (175 mg,
0.47 mmol) and KI (51 mg, 0.30 mmol). The reaction
mixture was heated at reflux for 16 h. After filtration
and concentration in vacuo, column chromatography
of the residue eluting with 15% MeOH in CH,Cl,, 9
was obtained as a white solid in 25% yield (28 mg). 'H
NMR (DMSO-dg): ¢ 0.78 (d, J=6.7 Hz, 3H), 0.82 (d,
J=6.7Hz, 3H), 2.03 (m, 1H), 3.51 (dd, J=9.2,
59Hz, 1H), 5.32 (s, 2H), 7.12 (s, 1H), 7.23 (d,
J=8.8Hz, 2H), 7.31 (dd, J=28.1, 0.8 Hz, 1H), 7.34
(m, 1H), 7.61 (d, J=28.1 Hz, 1H), 7.70 (m, 1H), 7.73
(d, J=8.8 Hz, 2H), 7.81 (m, 4H), 8.03 (d, J=9.2 Hz,
1H), 14.01 (br s, 1H). HRMS: caled for
[CosHosNOgS + H]': 480.1476. Found: 480.1474.

13.6. N-|(4’-{|(1-Benzofuran-2-ylcarbonyl)amino]-
methyl}-1,1’-biphenyl-4-yl)sulfonyl]-p-valine (10)

Amide coupling of 35iii (209 mg, 0.50 mmol) with 27i
(89 mg, 0.55 mmol) was carried out using a procedure
similar to that described for 32i, giving tert-butyl
N-[(4’-{[(1-benzofuran-2-ylcarbonyl)amino]-methyl}-1,1’-
biphenyl-4-yl)sulfonyl]-p-valinate as a white solid in 74%
yield (173 mg). 'H NMR (DMSO-dg): & 0.84 (d,
J=6.8 Hz, 3H), 0.87 (d, /= 6.8 Hz, 3H), 1.13 (s, 9H),
1.88-1.97 (m, 1H), 3.47 (dd, J=9.6, 6.3 Hz, 1H), 4.54
(d, J=6.1 Hz, 2H), 7.32-7.37 (m, 1H), 7.44-7.50 (m,
3H), 7.59 (d, J = 0.8 Hz, 1H), 7.64-7.69 (m, 3H), 7.77-
7.80 (m, 1H), 7.80-7.86 (m, 4H), 8.13 (d, J=9.6 Hz,
1H), 9.36 (t, J = 6.1 Hz, 1H). Removal of tert-butyl ester
(General synthesis 6) gave compound 10 as a white solid
in 98% yield (138 mg). Mp: 263-265°C. '"H NMR
(DMSO-dg): o 0.81 (d, J=6.8Hz, 3H), 0.85 (d,
J=6.8 Hz, 3H), 1.85-2.02 (m, 1H), 3.56 (dd, J=94,
6.1 Hz, 1H), 4.55 (d, J=6.3 Hz, 2H), 7.27-7.39 (m,
1H), 7.44-7.53 (m, 3H), 7.60 (d, J = 0.8 Hz, 1H), 7.65-
7.69 (m, 1H), 7.69-7.75 (m, J = 8.3 Hz, 2H), 7.77-7.81
(m, 1H), 7.82-7.87 (m, 4H), 8.07 (d, J =9.4 Hz, 1H),
9.36 (t, J = 6.3 Hz, 1H), 13.39 (br s, 1H). HRMS: calcd
for [Cy7H,6N,O6S + H]™: 507.1585. Found 507.1578.
Anal. (C27H26N206S)I C, H7 N.

13.7. N-|(4’-{|(1-Benzofuran-2-ylcarbonyl)oxy]-methyl}-
1,1’-biphenyl-4-yl)sulfonyl]-p-valine (11)

Ester coupling of 35iv (210 mg, 0.50 mmol) with 27i
(89 mg, 0.55 mmol) was carried out using a procedure
similar to that described for compound 8. tert-Butyl
N-[(4'-{[(1-benzofuran-2-ylcarbonyl)oxy]-methyl}-1,1-
biphenyl-4-yl)sulfonyl]-p-valinate, white solid, 95%
yield (144 mg). 'H NMR (CDCly): 6 0.87 (d, J=
6.8 Hz, 3H), 1.02 (d, J=6.8 Hz, 3H), 1.19 (s, 9H),
2.04-2.10 (m, 1H), 3.67 (dd, J=9.9, 4.6 Hz, 1H), 5.13
(d, J=9.9Hz, 1H), 548 (s, 2H), 7.32 (m, 1H), 7.44-
7.49 (m, 1H), 7.57-7.62 (m, 6H), 7.66-7.71 (m, 3H),
7.88-7.93 (m, 2H). Removal of tert-butyl ester (General
synthesis 6) gave compound 11 as a white solid in 97%
yield (110 mg). Mp: 180-183 °C. '"H NMR (MeOH-d,):

5 081 (d, J=6.8Hz, 3H), 0.88 (d, J=6.8 Hz, 3H),
1.90-2.00 (m, 1H), 3.58 (d, J=5.3Hz, 1H), 5.37 (s,
2H), 7.17-7.28 (m, 1H), 7.34-7.44 (m, 1H), 7.51 (dd,
J =82, 1.6 Hz, 3H), 7.56-7.60 (m, 1H), 7.61-7.68 (m,
3H) 7.68-7.74 (m, 2H), 7.77-7.87 (m, 2H). HRMS calcd
for [CH,sNO5S + HJ*: 508.1425. Found: 508.1426.
Anal. (C27H25NO7S'0.3H20)I C, H, N.

13.8. N-[(4'-{[(1-Benzofuran-2-ylamino)carbonyl]-oxy}-
1,1’-biphenyl-4-yl)sulfonyl]-p-valine (12)

Removal of tert-butyl ester of compound 35i gave
N-[(4’-hydroxy-1,1’-biphenyl-4-yl)sulfonyl]-D-valine 36:
white solid, 100% yield (557 mg). '"H NMR (MeOH-
dy): 0 0.81 (d, J=6.8Hz, 3H), 0.87 (d, J=6.8 Hz,
3H), 1.88-2.00 (m, 1H), 3.57 (d, J=5.6Hz, 1H),
6.72-6.83 (m, 2H), 7.37-7.48 (m, 2H), 7.56-7.66 (m,
2H), 7.70-7.81 (m, 2H). HRMS: calcd for [Ci7H;o
NOsS + HJ: 350.1057. Found: 350.1057. To a mixture
of 36 (314 mg, 0.90 mmol) in ethyl ether (20 mL) and
CH,Cl, (10mL) was added benzofuran-2-NCO'
(143 mg, 0.90 mmol) in ethyl ether (10 mL) followed
by Et;N (363 mg, 3.59 mmol). After 12 h of reaction,
the volatiles were removed and the crude material was
chromatographed eluting with 5% methanol in dichloro-
methane to give 12 as a white solid in 17% yield (76 mg).
Mp: 184-186°C. '"H NMR (MeOH-dy): 6 0.80 (d,
J=6.6Hz, 3H), 0.86 (d, J=6.6Hz, 3H), 1.92-2.06
(m, 1H), 3.38 (m, 1H), 6.80-6.92 (m, 2H), 7.01-7.27
(m, 2H), 7.34-7.62 (m, 4H), 7.67-7.83 (m, 3H), 7.86 (s,
2H). HRMS: caled for [CagHp4N,04S + H]™: 509.1377.
Found: 509.1383.

13.9. N-|[(4’-{[(3-Methyl-1-benzofuran-2-yl)-carbonyl|-
amino}-1,1’-biphenyl-4-yl)sulfonyl]-p-valine (13)

Coupling of 32ii with 34i was carried out according to
General synthesis 5 to give tert-butyl N-[(4'-{[(3-meth-
yl-1-benzofuran-2-yl)-carbonyl]-amino}-1,1’-biphenyl-4-
yDsulfonyl]-pD-valinate as a white solid in 66% yield
(485mg). '"H NMR (CDCl;): 6 091 (d, J=6.8Hz,
3H), 1.01 (d, J=6.8 Hz, 3H), 1.23 (s, 9H), 2.11 (m,
1H), 2.73 (s, 3H), 3.73 (dd, J=9.9, 44 Hz, 1H), 5.12
(d, J=99Hz, 1H), 7.44 (m, 1H), 7.51 (m, 1H), 7.54
(m, 1H), 7.62 (d, J=28.6 Hz, 2H), 7.73 (m, 3H), 7.82
(d, J=8.8 Hz, 2H), 7.93 (d, J=8.6 Hz, 2H), 8.51 (s,
1H). Removal of tert-butyl ester (General synthesis 6)
gave compound 13 as a white solid in 100% yield
(302 mg). Mp: 196-198 °C. '"H NMR (MeOH-d,): ¢
0.77 (d, J=6.7 Hz, 3H), 0.83 (d, J = 6.7 Hz, 3H), 1.92
(m, 1H), 2.61 (s, 3H), 3.62 (d, J = 5.8 Hz, 1H), 7.31 (4,
J=7.6Hz, 1H), 741 (m, 1H), 7.50 (d, J=28.3 Hz,
1H), 7.61 (m, 3H), 7.73 (d, J=8.3 Hz, 2H), 7.81 (m,
4H), 10.11 (s, 1H). HRMS: caled for
[C27H26N206S + H]+Z 507.1585. Found: 507.1585. Anal.
(C27H26N>06S:0.5H,0): C, H, N.

13.10. N-[(4'-{|(3-Methyl-1-benzofuran-2-yl)-carbon-
ylloxy}-1,1’-biphenyl-4-yl)sulfonyl]-p-valine (14)

Coupling of 35i (305 mg, 0.75 mmol) with 27ii (131 mg,
0.75 mmol) was carried out using a procedure similar
to that described for compound 8, giving tfert-butyl
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N-[(4'-{[(3-methyl-1-benzofuran-2-yl)-carbonyl]oxy}-1,1'-
biphenyl-4-yl)sulfonyl]-p-valine as a white solid in
71% vyield (300 mg). 'H NMR (CDCl3): § 0.91 (d,
J=6.8 Hz, 3H), 1.02 (d, J=6.8 Hz, 3H), 1.21 (s, 9H),
2.10 (m, 1H), 2.70 (s, 3H), 3.73 (dd, J=9.9, 44 Hz,
1H), 5.13 (d, J=9.9 Hz, 1H), 7.41 (m, 3H), 7.52 (m,
1H), 7.63 (m, 3H), 7.71 (m, 3H), 7.94 (d, J=8.3 Hz,
2H). Removal of tert-butyl ester (General synthesis 6)
gave comPound 14 as a white solid in 96% yield
(188 mg). 'H NMR (DMSO-dg): ¢ 0.79 (d, J = 6.8 Hz,
3H), 0.82 (d, J=6.8 Hz, 3H), 2.01 (m, 1H), 2.73 (s,
3H), 3.61 (dd, J=9.2, 59 Hz, 1H), 7.42 (m, 1H), 7.52
(d, J=8.8 Hz, 2H), 7.60 (m, 1H), 7.81 (d, J=8.3 Hz,
1H), 7.91 (m, 7H), 8.10 (d, J=9.2 Hz, 1H), 13.81 (br
s, 1H). HRMS: caled for [Cy;H,sNO-S+ H]":
508.14245. Found: 508.1424.

13.11. N-({4’-[(3-Methyl-1-benzofuran-2-yl)-methoxy]-
1,1’-biphenyl-4-yl}sulfonyl)-p-valine (15)

Coupling of 34ii with 31ii was carried out according to
General synthesis 5 to give methyl N-({4'-[(3-methyl-1-
benzofuran-2-yl)-methoxy]-1,1’-biphenyl-4-yl} sulfonyl)-
p-valinate as a white solid in 75% yield (616 mg). 'H
NMR (MeOH-dy): 6 0.81 (m, 6H), 1.93 (m, 1H), 2.21
(s, 3H), 3.23 (s, 3H), 3.50 (d, J=6.6 Hz, 1H), 5.11 (s,
2H), 7.01 (d, J=9.1 Hz, 2H), 7.14 (m, 1H), 7.21 (m,
1H), 7.33 (m, 1H), 7.41 (m, 1H), 7.52 (d, J=9.1 Hz,
2H), 7.61 (d, J = 8.8 Hz, 2H), 7.71 (m, 2H). Methyl ester
hydrolysis (General synthesis 7) gave compound 15 as a
white solid in 89% yield (354 mg). Mp: 178-180 °C. 'H
NMR (MeOH-d,): ¢ 0.76 (d, J = 6.8 Hz, 3H), 0.84 (d,
J=6.8Hz, 3H), 2.00 (m, 1H), 2.21 (s, 3H), 3.53 (d,
J=5.3Hz 1H), 5.11 (s, 2H), 7.11 (d, J =9.1 Hz, 2H),
7.14 (m, 1H), 7.21 (m, 1H), 7.32 (d, J=8.3 Hz, 1H),
7.52 (d, J=8.3Hz, 1H), 7.54 (d, J =9.1 Hz, 2H), 7.61
(d, J=8.6 Hz, 2H), 7.82 (d, J = 8.8 Hz, 2H). HRMS:
caled for [Cy;Ha;NOgS + HJ™: 494.1632. Found:
494.164. Anal. (Cy;H»7NOS-0.2H,0): C, H, N.

13.12. N-({4'-|(5-Bromo-4-methoxy-3-methyl-1-benzo-
furan-2-yl)methoxy]-1,1’-biphenyl-4-yl}sulfonyl)-p-valine
(16)

General synthesis 8, alkylation: a mixture of 35ii
(155 mg, 0.43 mmol), 29iii (120 mg, 0.42 mmol), and
K,COj5 (137 mg, 0.99 mmol) in § mLL DMF under nitro-
gen was stirred at room temperature. After 12 h, the
mixture was diluted with EtOAc (150 mL) and washed
with H,O (3 x 50 mL) and brine (3 x 50 mL). The organ-
ic layer was dried over MgSQy, filtered, and concentrat-
ed in vacuo. Column chromatography of the residue
eluting with EtOAc/hexane (1:5, v/v) gave D-2-[4'-(5-
bromo-4-methoxy-3-methylbenzofuran-2-ylmethoxy)-bi-
phenyl-4-sulfonylamino]-3-methyl-butyric acid methyl
ester (102 mg) as a white solid in 40% yield. Mp: 196
198 °C. '"H NMR (CDCls): 6 0.86 (d, J = 6.8 Hz, 3H),
0.94 (d, J=6.8 Hz, 3H), 2.11 (m, 1H), 2.51 (s, 3H),
3.40 (s, 3H), 3.82 (dd, J=10.2, 5.2 Hz, 1H), 3.92 (s,
3H), 5.11 (d, J=10.2 Hz, 1H), 5.23 (s, 2H), 7.10 (m,
3H), 7.41 (d, J = 8.6 Hz, 1H), 7.62 (d, J = 8.8 Hz, 2H),
7.71 (d, J = 8.6 Hz, 2H), 7.90 (d, J = 8.6 Hz, 2H). MS
mlz: 616.1 (M+H)". Methyl ester hydrolysis (General

synthesis T) gave compound 16 as a white solid in 88%
yield (54 mg). Mp: 178-180 °C. '"H NMR (DMSO-dy):
0 0.79 (d, J=6.8Hz, 3H), 0.82 (d, J=6.8 Hz, 3H),
2.03 (m, 1H), 2.41 (s, 3H), 3.51 (dd, J=9.2, 59 Hz,
1H), 3.94 (s, 3H), 5.31 (s, 2H), 7.22 (d, J=8.8 Hz,
2H), 7.41 (d, J = 8.8 Hz, 1H), 7.53 (d, J = 8.8 Hz, 1H),
7.72 (d, J=9.1Hz, 2H), 7.83 (m, 4H), 8.01 (d,
J=92Hz, 1H), 13.38 (br s, 1H). MS m/z: 600.1
(M—H)~, 1201.1 (2M-H) . HRMS: caled for
[CosHosBrNO,S + H]™: 602.0843. Found: 602.0826.
Anal. (Cy,gH»3BrNO5S): C, H, N. Chiral purity:
99.85% (13.4 min)."?

13.13. N-({4’-|(5-Bromo-4-methoxy-3-methyl-1-benzo-
furan-2-yl)methoxy]-1,1’-biphenyl-4-yl}sulfonyl)-L-valine
a7

Methyl N-({4’-[(5-bromo-4-methoxy-3-methyl-1-benzo-
furan-2-yl)methoxy]-1,1’-biphenyl-4-yl} sulfonyl)-L-vali-
nate, General synthesis 8, white solid, 35% yield
(105 mg). Mp: 205-207 °C. '"H NMR (CDCls): 6 0.89
(d, J=6.8 Hz, 3H), 0.97 (d, J = 6.8 Hz, 3H), 1.96-2.16
(m, 1H), 2.39 (s, 3H), 3.43 (s, 3H), 3.78 (dd,
J=10.07, 5.0Hz, 1H), 3.90 (s, 3H), 5.09 (d,
J=10.1Hz, 1H), 5.16 (s, 2H), 7.14 (m, 3H), 7.43
(d, J=28.81 Hz, 1H), 7.57 (d, J = 8.8 Hz, 2H), 7.66 (d,
J=83Hz, 2H), 7.86 (d, J=8.3Hz, 2H). MS m/z:
616.1 (M+H)". Methyl ester hydrolysis (General synthe-
sis 7) gave compound 17 as a white solid in 96% yield
(76 mg). Mp: 180-182°C. 'H NMR (DMSO-dy): 6
0.80 (d, J=6.8Hz, 3H), 0.84 (d, J=6.8 Hz, 3H),
1.83-2.08 (m, 1H), 2.43 (s, 3H), 3.50 (s, 1H), 3.88 (s,
3H), 5.31 (s, 2H), 7.19 (d, J=8.8 Hz, 2H), 7.37 (d,
J=88Hz 1H), 7.53 (d, J=8.8Hz, 1H), 7.73 (d,
J=8.8Hz, 2H), 7.76-7.91 (m, 4H), 7.97 (s, 1H), 13.19
(br s, 1H). MS m/z: 600.0 (M—H) . HRMS: calcd for
[CosHosBrNO,S + H]™: 602.0843. Found: 602.0828.
Anal. (CygHsBrNO5S): C, H, N.

13.14. N-({4’-|(5-Chloro-4-methoxy-3-methyl-1-benzo-
furan-2-yl)methoxy]-1,1'-biphenyl-4-yl}sulfonyl)-L-valine
(18)

Methyl N-({4'-[(5-chloro-4-methoxy-3-methyl-1-benzo-
furan-2-yl)methoxy]-1,1’-biphenyl-4-yl} sulfonyl)-L-vali-
nate, General synthesis 8, off-white solid, 57% yield
(410 mg). '"H NMR (DMSO-dq): 4 0.80 (d, J = 6.8 Hz,
3H), 0.84 (d, J=6.8 Hz, 3H) 1.84-1.99 (m, 1H), 2.43
(s, 3H), 3.34 (s, 3H), 3.57 (dd, J=9.3, 7.3 Hz, 1H),
3.90 (s, 3H), 5.30 (s, 2H), 7.15-7.26 (m, 2H), 7.40 (m,
2H), 7.68-7.90 (m, 6H), 8.27 (d, J=9.3 Hz, 1H). MS
mfz: 572.1 (M—H)~. Methyl ester hydrolysis (General
synthesis T) gave compound 18 as an off-white solid in
79% yield (320mg). Mp: 174-177°C. 'H NMR
(DMSO-dg): 6 0.82 (d, J=6.8Hz 3H), 0.85 (d,
J=6.8 Hz, 3H), 1.84-2.04 (m, 1H), 2.43 (s, 3H), 3.55
(dd, J=9.3, 6.0 Hz, 1H), 3.90 (s, 3H), 5.30 (s, 2H),
7.11-7.27 (m, 2H), 7.37-7.42 (m, 2H), 7.68-7.78 (m,
2H), 7.82 (m, 4H), 8.03 (d, J =9.3 Hz, 1H), 13.54 (br
s, 1H). MS m/z: 556.1 (M—H)", 1113.2 2M—-H) .
HRMS: caled for [CosH,gCINO,S + H]™: 558.13478.
Found: 558.1345. Anal. (C,3H,3CINO,S:0.2H,0): C,
H, N.
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13.15. N-({4’-|(5-Cyano-4-methoxy-3-methyl-1-benzo-
furan-2-yl)methoxy]-1,1’-biphenyl-4-yl}sulfonyl)-L-valine
a9

Methyl N-({4'-[(5-cyano-4-methoxy-3-methyl-1-benzo-
furan-2-yl)methoxy]-1,1’-biphenyl-4-yl}sulfonyl)-L-vali-
nate, General synthesis 8, white solid, 68% yield
(280 mg). 'H NMR (DMSO-dq): 4 0.80 (d, J = 6.8 Hz,
3H), 0.84 (d, J = 6.8 Hz, 3H), 1.84-1.97 (m, 1H), 2.44
(s, 3H), 3.34 (s, 3H), 3.56 (dd, J=9.3, 7.1 Hz, 1H),
4.11 (s, 3H), 5.33 (s, 2H), 7.19 (d, J=28.8 Hz, 2H),
7.54 (d, J=8.6 Hz, 1H), 7.64-7.90 (m, 7H), 8.27 (d,
J=9.3Hz, 1H). MS m/z: 563.1 (M+H)". Methyl ester
hydrolysis (General synthesis 7) gave compound 19 as
an off-white solid, 73% yield (200 mg). Mp: 175-
178 °C. '"H NMR (DMSO-dg): 6 0.82 (d, J= 6.8 Hz,
3H), 0.85 (d, J = 6.8 Hz, 3H), 1.84-2.06 (m, 1H), 2.44
(s, 3H), 3.55 (dd, J=9.3, 59 Hz, 1H), 4.11 (s, 3H),
533 (s, 2H), 719 (d, J=9.1Hz, 2H), 7.54
(d, J=8.6Hz, 1H), 7.69 (d, J=8.8 Hz, 1H), 7.73 (d,
J=88Hz, 2H), 7.78-7.89 (m, 4H), 8.03 (d,
J=93Hz, 1H), 14.10 (br s, 1H). MS ml/z: 547.1
M-H)", 10953 (2M-H)". HRMS: caled for
[CooH2sN,05S + H]": 549.169. Found: 549.1677. Anal.
(C29H28N207S 07H20) C, H, N.

13.16. N-({4’-|(5-Bromo-4-isopropoxy-3-methyl-1-benzo-
furan-2-yl)methoxy|-1,1’-biphenyl-4-yl}sulfonyl)-p-valine
(20)

Methyl N-({4’-[(5-bromo-4-isopropoxy-3-methyl-1-ben-
zofuran-2-yl)methoxy]-1,1’-biphenyl-4-yl} sulfonyl)-p-vali-
nate, General synthesis 8, white solid, 21% yield (130 mg).
Mp: 154-156°C. 'H NMR (CDCl): & 0.89 (d,
J=6.8Hz, 3H), 097 (d, J=6.8Hz, 3H), 1.37 (d,
J =6.0 Hz, 6H), 1.97-2.09 (m, 1H), 2.45 (s, 3H), 3.43
(s, 3H), 3.78 (dd, J=10.2, 5.2 Hz, 1H), 4.70-4.79 (m,
1H), 5.09 (d, J=10.2 Hz, 1H), 5.15 (s, 2H), 7.12 (d,
J=8.8 Hz, 3H), 7.43 (d, J = 8.8 Hz, 1H), 7.56-7.58 (d,
J=8.6Hz, 2H), 7.67 (d, J=8.6Hz, 2H), 7.86
(d, J=8.6Hz, 2H). MS m/zz 644 (M+H)",
661(M + NH,)". Methyl ester hydrolysis (General syn-
thesis 7) gave compound 20 as an off-white solid in
83% yield (37 mg). Mp: 170-173 °C. '"H NMR (MeOH-
dy): 0 0.78 (d, J = 6.8 Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H),
1.30 (d, J=6.3 Hz, 6H), 1.92-2.08 (m, 1H), 2.42 (s,
3H), 3.21 (s, 1H), 4.44-4.79 (m, 1H), 5.28 (s, 2H), 7.19
(d, J=8.8 Hz, 2H), 7.33 (d, J=8.8 Hz, 1H), 7.52 (d,
J=8.8Hz 1H), 7.72 (d, /= 8.6 Hz, 2H), 7.80 (s, 4H).
MS miz: 628.1 (M—H)~, 1257.1 2M—-H)". HRMS:
caled for [C3Hs,BrNO,S + H]™: 630.11556. Found:
630.1158.

13.17. N-({4’-|(4-Ethyl-3-methyl-1-benzofuran-2-yl)meth-
oxy]|-1,1’-biphenyl-4-yl}sulfonyl)-L-valine (21)

Methyl N-({4'-[(4-ethyl-3-methyl-1-benzofuran-2-yl)
methoxy]-1,1’-biphenyl-4-yl} sulfonyl)-L-valinate, General
synthesis 8, white solid, 51% yield (89 mg). 'H NMR
(DMSO-d¢): o0 0.80 (d, J=6.7Hz, 3H), 0.84 (d,
J=06.7Hz, 3H), 1.25 (t, J = 7.4 Hz, 3H), 1.85-1.95 (m,
1H), 2.46 (s, 3H), 2.99 (q, J=7.4Hz, 2H), 3.34 (s,
3H), 3.56 (m, 1H), 5.30 (s, 2H), 7.04 (d, J=7.3 Hz,

1H), 7.16-7.27 (m, 3H), 7.37 (d, J = 8.3 Hz, 1H), 7.69-
7.87 (m, 6H), 8.27 (d, J=9.1 Hz, 1H). MS m/z: 536.2
(M+H)*, 1071.4 (2M+H)*. Methyl ester hydrolysis
(General synthesis T) gave compound 21 as an off-white
solid in 79% yield (54 mg). Mp: 185-188 °C. 'H NMR
(DMSO-dg): 6 0.80 (d, J=6.8Hz, 3H), 0.84 (d,
J=6.8Hz, 3H), 1.25 (t, /= 7.6 Hz, 3H), 1.87-2.01 (m,
1H), 2.46 (s, 3H), 2.99 (q, J = 7.6 Hz, 2H), 3.47-3.57
(m, 1H), 5.29 (s, 2H), 7.04 (d, J=7.3 Hz, 1H), 7.19 (d,
J=28.8Hz, 2H), 7.24 (t, 1H), 7.37 (d, J=28.1 Hz, 1H),
7.73 (d, J=8.6 Hz, 2H), 7.77-7.87 (m, 4H), 7.99 (d,
J=73Hz, 1H), 1391 (br s, 1H). MS m/z: 520.1
(M—H)", 10414 (2M-H) . HRMS: caled for
[CooH3NOgS + H]™: 522.1945. Found: 522.194.

13.18. N-|(4'-{|4-(3-Methoxypropyl)-3-methyl-1-benzo-
furan-2-yljmethoxy}-1,1’-biphenyl-4-yl)sulfonyl]-L-valine
(22)

Methyl N-[(4'-{[4-(3-methoxypropyl)-3-methyl-1-benzo-
furan-2-yllmethoxy }-1,1’-biphenyl-4-yl)sulfonyl]-L-vali-
nate, General synthesis 8, white solid, 57% yield
(210 mg). 'H NMR (DMSO-d;): 4 0.80 (d, J = 6.8 Hz,
3H), 0.84 (d, J=6.8 Hz, 3H), 1.78-1.95 (m, 3H), 2.45
(s, 3H), 2.95-3.02 (m, 2H), 3.25 (s, 3H), 3.34 (s, 3H),
3.38 (t, J=6.3Hz, 2H), 3.56 (m, 1H), 5.29 (s, 2H),
7.03 (d, J=7.3Hz, 1H), 7.17-7.26 (m, 3H), 7.38 (d,
J=28.1Hz, 1H), 7.70-7.79 (m, 4H), 7.81-7.87 (m, 2H),
8.27 (d, J=9.1 Hz, 1H). MS m/z: 580.2 (M+H)". Meth-
yl ester hydrolysis (General synthesis 7) gave compound
21 as a white solid in 91% yield (171 mg). Mp: 168—
170 °C. '"H NMR (DMSO-dg): 6 0.80 (d, J = 6.8 Hz,
3H), 0.84 (d, J = 6.8 Hz, 3H), 1.75-1.89 (m, 2H), 1.89-
2.02 (m, 1H), 245 (s, 3H), 299 (t, 2H), 3.25
(s, 3H), 3.38 (t, J=6.3Hz, 2H), 3.54 (dd, J=9.2,
59Hz, 1H), 5.29 (s, 2H), 7.03 (d, J=7.3 Hz, 1H),
7.14-7.27 (m, 3H), 7.38 (d, J=8.1 Hz, 1H), 7.73 (d,
J=8.8Hz, 2H), 7.77-7.87 (m, 4H), 8.02 (d,
J=9.2Hz, 1H), 12.91 (br s, 1H). MS m/z: 564.2 (M-
H)", 11294 (2M-H) . HRMS: calcd for [C;3;Hss
NO,S + H]":  566.2207. Found: 566.2196. Anal.
(C31H35NO7S’0.4H20): C, H, N.
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Abstract—The aggregation of 42-mer amyloid B (AB42) plays a central role in the pathogenesis of Alzheimer’s disease. Our recent
research on proline mutagenesis of AB42 suggested that the formation of a turn structure at positions 22 and 23 could play a crucial
role in its aggregative ability and neurotoxicity. Since E22K-A 42 (Italian mutation) aggregated more rapidly and with more potent
neurotoxicity than wild-type AB42, the tertiary structure at positions 21-24 of E22K-Ap42 fibrils was analyzed by solid-state NMR
using dipolar-assisted rotational resonance (DARR) to identify the ‘malignant’ conformation of AB42. Two sets of chemical shifts
for Asp-23 were observed in a ratio of about 2.6:1. The 2D DARR spectra at the mixing time of 500 ms suggested that the side
chains of Asp-23 and Val-24 in the major conformer, and those of Lys-22 and Asp-23 in the minor conformer could be located
on the same side, respectively. These data support the presence of a turn structure at positions 22 and 23 in E22K-AB42 fibrils.
The formation of a salt bridge between Lys-22 and Asp-23 in the minor conformer might be a reason why E22K-A 342 is more path-

ogenic than wild-type Ap42.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Alzheimer’s disease (AD) and cerebral amyloid angio-
pathy (CAA) are characterized by the deposition of amy-
loid fibrils consisting mainly of 40- and 42-mer peptides
(Fig. 1) called amyloid B (AP) peptides (AB40, Ap42).!
Since the aggregation (fibrillation) of AP peptides is
closely related to the pathogenesis of AD, elucidation
of the precise tertiary structure of A fibrils is urgently
needed to understand the aggregation mechanism and
to develop new agents that inhibit the aggregation.

Previous studies have shown that AP fibrils possess a
cross-f structure, in which B-strands run perpendicular
to the fiber axis®> and form an intermolecular parallel
B-sheet in both AP40 and AB42.>* AP fibrils are 70—

Keywords: Amyloid B; Solid-state NMR; Italian mutation; Turn.
* Corresponding author. Tel.: +81 75 753 6282; fax: +81 75 753
6284; e-mail: irie@kais.kyoto-u.ac.jp

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

doi:10.1016/j.bmc.2005.07.071

120 A in diameter and composed of several protofila-
ments, which are 30-60 A in diameter.>>° If full-length
AP molecules were included in an extended B-strand, it
would be 139 A for ABP40 and 146 A for Ap42.2 Hence,
AP40 and AP42 need to have at least one turn or bend
structure to corroborate these data. The structure of
AP fibrils at high resolution has remained elusive
because X-ray crystallography and liquid-state NMR
cannot be applied to non-crystalline and insoluble AB
fibrils. Solid-state NMR, which can measure a non-crys-
talline powder, is a fairly effective method to analyze the
structure. An analysis of AP40 fibrils using solid-state
NMR has recently been reported.” However, there
are few reports on the structure of AB42 fibrils whose
aggregative ability and neurotoxicity are considerably
greater than those of Ap40.

Systematic replacement with proline in peptides is a
promising method for predicting the secondary struc-
ture.® Prolines are rarely present in B-sheets, whereas
they can be easily accommodated in a turn or a bend
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Figure 1. Structure of wild-type AP42 and E22K-AB42 (Italian).

structure.’ Our recent research on the systematic
replacement of AP42 with prolines showed that only
E22P-AB42 among the mutants altered at positions
15-32 aggregated considerably faster and with stronger
neurotoxicity than wild-type AB42.112 In addition,
we found that CAA-related AP42 mutants, such as
E22K- and E22Q-Ap42 (Italian and Dutch mutations),
aggregated far more rapidly than wild-type Ap42.12-14
Since Lys-Asp and Gln-Asp sequences are frequently
found in a turn,’ the formation of a turn structure at
positions 22 and 23 might be requisite for the potent
aggregative ability and neurotoxicity of AP peptides
(Fig. 2A). Recent proline mutagenesis of AB40 also
showed that the formation of a turn structure at posi-
tions 22 and 23 enhanced the aggregative ability
(Fig. 2B)."> However, the position of this turn is slightly
different from that of AB40 fibrils determined by solid-
state NMR,’ in which the residues at positions 25-29
adopt a bend structure (Figs. 2C and D). We postulated
the existence of a ‘malignant’ conformation (Figs. 2A
and B) other than the physiological conformation (Figs.
2C and D). The ‘malignant’ conformation is defined as
the conformation that possesses potent aggregative abil-
ity and neurotoxicity. Since E22K-AB42 has the likely
potential to adopt ‘malignant’ conformation, proportion
of the ‘malignant’ conformers may be larger in E22K-
Ap42 fibrils than in wild-type Ap42 fibrils. To identify
the ‘malignant’ conformation of AP peptides, which is
closely related to the pathogenesis of CAA and AD,

©
1
(]
C 40 D CH
30 3
o0 26K . H
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Figure 2. Structural model of the fibrils of wild-type AP42 deduced
from a systematic replacement with proline by us (A),'' that of wild-
type AP40 by Williams et al. from a systematic replacement with
proline (B),'* that of wild-type Ap40 by Petkova et al. using solid-state
NMR (C),” and a detail of the bend structure stabilized by a salt bridge
between Asp-23 and Lys-28 in wild-type AP40 proposed by Petkova
et al. (D).” (A and B) imply a ‘malignant’ conformation of each A
peptide, whereas (C and D) might be a physiological conformation of
AP40 in the fibrils. Dotted lines show intermolecular B-sheets.
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we analyzed the tertiary structure at positions 21-24 of
the E22K-AB42 fibrils using solid-state NMR.

2. Results and discussion
2.1. Synthesis of E22K-Ap42 labeled with '*C and "N

Two kinds of E22K-APB42 were prepared in this study:
one uniformly labeled with '*C and "N at positions
21-24 and one where Ala-21 and Lys-22 were uniformly
labeled with '*C and '°N, and only C, of Asp-23 was la-
beled with '*C. These peptides were synthesized with a
peptide synthesizer of continuous flow-type (Pioneer™)
using HATU!S as an effective coupling activator for
Fmoc chemistry.!%1%17 After cleavage from the resin,
the crude peptides were purified by HPLC under alka-
line conditions (CH3;CN-0.1% NH4OH), as reported
previously.!®'* Although the purification of E22K-
AP42 was extremely difficult, the labeled peptides were
successfully obtained in a highly pure form. The total
yield of the peptides was about 6%.

2.2. Fibril formation of E22K-Ap42 labeled with '*C
and °N

We prepared three kinds of E22K-AP42 fibrils in this
study; E22K-Ap42 uniformly labeled with '*C and >N
at positions 21-24 diluted with unlabeled E22K-A 42
in a ratio of 1:2 (33% labeled E22K-AP42), E22K-
AP42 uniformly labeled with '*C and >N at positions
21-24 (100% labeled E22K-Ap42), and E22K-Ap42
where Ala-21 and Lys-22 were uniformly labeled with
3C and "N, and only C, of Asp-23 was labeled with
13C, were aggregated, respectively, to give each E22K-
AP42 fibril. The 33% labeled E22K-AB42 fibrils were
prepared to eliminate the intermolecular '*C-">C corre-
lations. Fibril formation of each peptide sample was
evaluated by transmission electron microscopy after a
48-h incubation at 37 °C. As shown in Figure 3, typical
fibril formation was confirmed. The morphology of
these fibrils resembled that of wild-type AB42 well.

2.3. Assignment of the chemical shifts of E22K-Ap42
labeled with *C and SN

The E22K-AB42 fibrils described above were analyzed
using dipolar-assisted rotational resonance
(DARR) 819 that enables a broadband '*C-'C correla-
tion 2D experiment. The pulse sequence is shown in Fig-
ure 4. The '>C chemical shifts of Asp-23 and Val-24
were assigned from the 2D DARR spectrum of 33% la-
beled E22K-AB42 fibrils at the mixing time of 20 ms
(Fig. 5, Table 1), most cross-peaks of which were ascrib-
able to the directly bonded carbon pairs. The '*C chemical
shifts of Ala-21 and Lys-22 were assigned unambiguously
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Figure 3. Transmission electron micrographs of negatively stained
preparations of the fibrils formed by E22K-Ap42 labeled with '*C and
N. Each AP peptide (25uM) was incubated in 50 mM sodium
phosphate buffer (pH 7.4) containing 100 mM NaCl at 37 °C for 48 h.
(A) Wild-type AP42. (B) Unlabeled E22K-AB42. (C) E22K-Ap42
uniformly labeled with '*C and >N at positions 21-24. (D) E22K-
AP42 where Ala-21 and Lys-22 were uniformly labeled with >C and
5N, and C, of Asp-23 was labeled with 13C.

mixing

H Y TPPM TPPM

t1 t2
13C y ——»

Figure 4. Pulse sequence for the DARR experiment.

from the 2D DARR spectrum (z = 500 ms) of E22K-
AP42 fibrils where Ala-21 and Lys-22 were uniformly la-
beled w1th BCand "N, and only C, of Asp-23 waslabeled
with '*C (Fig. 6, Table 1), in wh1ch the intra-residual
cross-peaks of Ala-21 and Lys-22 were fairly clear. It is
noteworthy that two sets of chemical shifts were observed
only for Asp-23 in an intensity-ratio of about 2.6:1. This
indicates that Asp-23 exists in two conformations, which
were designated as the major and the minor conformers,
respectively. On the other hand, only one set of chemical
shifts was obtained for Ala-21, Lys-22, and Val-24, sug-
gesting that they might be packed tightly in the fibrils.

2.4. Estimation of the secondary structure at positions
21-24 of E22K-Ap42

It is known that the deviations of the 'C, chemical
shifts, relative to their corresponding random coil values
(A = dobserved — Orandom coil), are regarded as a particu-

larly useful and sensitive parameter to predict the sec-
ondary structure and are positive in the o-helix and
negative in the B-sheet, respectlvely 20 As shown in Ta-
ble 1, AS values of ’C, at Ala-21 (—2.8), Lys-22
(=2.9), and Val-24 (—3.2) are negative, while those of
3C, at Asp-23 (+0.8 and +1.9) are positive, indicating
the existence of a turn, which separates one B-strand
including Ala-21 and Lys-22 from the other including
Val-24.

2.5. Analysis of the tertiary structure at positions 21-24 of
E22K-Ap42

To analyze the turn structure more accurately, a 2D
DARR spectrum at the mixing time of 500 ms was mea-
sured using the 33% labeled E22K-AB42 fibrils that were
prepared to suppress the intermolecular signals. Similar
results were obtained using the 100% labeled E22K-
Ap42 fibrils (data not shown). When the mixing time
is 500 ms, recoupling of spatially remote carbons up to
5-6 A occurs. As shown in Figure 7A, a significant
cross-peak between C, of Asp-23 (major) and a methyl
carbon of Ala-21 and/or Val-24 is observed (arrow 1).
Precise assignment was difficult because of the similarity
in their chemical shifts: Cg of Ala-21 (618.9) and C, of
Val-24 (618.0). Although C, of Asp-23 (major and/or
minor) is likely to have cross-peaks with C, and Cs of
Lys-22 (Fig. 7, hatched area of the slice spectra), these
peaks could not be identified accurately because of the
weak intensity compared to the other peaks.

To remove this signal-overlapping, E22K-Ap42 fibrils
where Ala-21 and Lys-22 were uniformly labeled w1th

13C and N, and C, of Asp-23 was labeled with 13C,
were analyzed by the 2D DARR experiment at the mix-
ing time of 500 ms (Fig. 7B). In this experiment, we did
not dilute the labeled peptide with the corresponding
unlabeled peptide since we confirmed that cross-peaks
between the intermolecular carbons were much weaker
than those of intramolecular carbons in the experiment
comparing the 100% labeled E22K-AB42 fibrils with
the 33% labeled E22K-Ap42 fibrils. The spectrum
showed no cross-peaks between C, of Asp-23 (major)
and Cp of Ala-21, indicating that the significant cross-
peak in Figure 7A (arrow 1) is ascribable to that
between C, of Asp-23 (major) and that of Val-24. It is
Posmble that the cross-peak (arrow 1) arises from the

3C-13C relay. However, no significant cross-peaks be-
tween C, (6177.7) of Asp-23 (major) and Cg (632.7) or
C, (557.4) of Val-24 were observed, indicating that the
cross-peak (arrow 1) reflects a spatial interaction be-
tween C, of Asp-23 (major) and that of Val-24. These
results suggest that the side chains of Asp-23 and Val-
24 in the major conformer could be close to each other.

On the other hand, clear cross-peaks between C, and C;
of Lys-22 and C, of Asp-23 (minor) were observed
(Fig. 7B, arrows 2 and 3). These peaks do not arise from
the '*C-'3C relay in the labeling pattern where only C,

of Asp-23 is labeled with '*C. The relay mechanlsm
can also be negated due to the absence of the cross-peak
between Cg of Lys-22 and C, of Asp-23. Since the cross-
peaks between C, and C; of Lys-22 and C, of Asp-23
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Figure 5. 2D DARR spectrum (t = 20 ms) of 33% labeled E22K-AP42 fibrils in the carbonyl and aliphatic region. Total number of scans was
163,840. 1D '3C CP-MAS spectrum in each region is shown above the 2D spectrum. Assignment paths of Asp-23 and Val-24 are shown in the
spectrum: red line, Asp-23 (major); blue line, Asp-23 (minor); black line, Val-24.

Table 1. '*C Chemical shifts [§ (ppm)] of E22K-Ap42 fibrils®

Residue C=0 C, Cg C, Cs C,
Ala-21 172.9 48.1 189
(176.2)° (50.9) (17.5)
Lys-22 173.0 51.7 35.8 24.0 28.6 40.6
(175.0) (54.6) (31.5) (23.1) (27.4) (40.3)
Asp-23 (major)° 174.5 53.4 40.0 177.7
Asp-23 (minor) 172.7 54.5 38.2 179.1
(174.7) (52.6) (39.5) (178.4)
Val-24 174.0 57.4 32.7 18.0, 20.8
(174.7) (60.6) (31.3) (18.7, 19.5)

#TMS was used as an external standard. The uncertainties of all the values were within 0.3 ppm.
®Values in parentheses are chemical shifts in random-coil, adjusted to the TMS reference.”’

The ratio of the major and minor conformers was about 2.6:1.

(minor) were stronger than those between C, and Cp of
Lys-22 and C, of Asp-23 (minor), the side chains of Lys-
22 and Asp-23 in the minor conformer would be close to
each other. This implies that Lys-22 and Asp-23 in the
minor conformer could form a salt bridge.

On the basis of these results along with a requirement
for the parallel B-sheet at positions 21 and 34,* we delib-
erated on the structure at positions 21-24 in the E22K-
Ap42 fibrils. If this region were in a parallel B-sheet,
adjoining side chains would face in opposite directions
to each other and the distance of adjoining side chains
among their carbons would be long. However, our pres-
ent data suggest that the side chains of Asp-23 and Val-
24 in the major conformer, and those of Lys-22 and
Asp-23 in the minor conformer, are proximate to each
other, respectively (Figs. 8A and B). It is reasonable that
these side chains are located outside the turn structure to
avoid steric hindrance. The side chain of Ala-21 seems
to be opposite to that of Lys-22 since no significant

cross-peaks between the side chains of Ala-21 and Lys-
22 were observed in the 2D DARR spectra at the mixing
time of 500 ms (Fig. 6). A small methyl group of Ala-21
inside the turn would be preferable to avoid steric
hindrance.

Our present results support the presence of the turn
structure at positions 22 and 23 of E22K-AB42 fibrils.
This turn structure might also exist in E22K-AB40 be-
cause we have previously shown that E22P-Ap40 and
E22K-AB40 exhibited greater aggregative ability and
neurotoxicity than wild-type AP40.'%1214 However,
the position of this turn is slightly different from that
in the wild-type AP40 fibrils determined by Petkova
et al. using solid-state NMR (Fig. 2C).” In their model,
residues at positions 25-29 adopt a bend structure,
which is stabilized by a salt bridge between the carboxyl
group of Asp-23 and the amino group of Lys-28
(Fig. 2D). In our model of the minor conformer of
E22K-AB42 fibrils, the carboxyl group of Asp-23 could
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Figure 6. 2D DARR spectrum (tr = 500 ms) of E22K-AB42 fibrils
where Ala-21 and Lys-22 were uniformly labeled with '3C and N,
and C, of Asp-23 was labeled with 3C in the aliphatic region. Total
number of scans was 131,072. 1D 13C CP-MAS spectrum in this region
is shown above the 2D spectrum. Assignment paths of Ala-21 and Lys-
22 are shown in the spectrum: solid line, Ala-21; dotted line, Lys-22.
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form a salt bridge with the amino group of Lys-22
(Fig. 8B). This salt bridge would promote the formation
of the turn structure at positions 22 and 23. Since such
an ionic interaction is not possible in wild-type Ap42,
E22K-AB42 might have a propensity to form the turn
structure at positions 22 and 23 to aggregate more rap-
idly and with more potent neurotoxicity than wild-type
Ap42. On the other hand, such an ionic interaction does
not occur at Lys-22 and Asp-23 of the major conformer
(Fig. 8A). However, the tertiary structure at positions
21-24 in the major conformer would be similar to that
in the minor conformer because only one set of chemical
shifts was observed for Ala-21, Lys-22, and Val-24.
Since the interaction stabilizing the major conformer
might exist in the region other than positions 21-24,
structural analysis of the neighboring region is needed.

3. Conclusion

In this study, we verified the presence of the turn struc-
ture at positions 22 and 23 of E22K-Af42 fibrils using
solid-state NMR. The formation of a turn structure at
positions 22 and 23 in E22K-A 42 fibrils could be close-
ly related to the pathogenesis of CAA and AD. We spec-
ulate that such a ‘malignant’ conformer also exists in
wild-type AB42 as a minor component since the fibrils
of E22P-AB42 with rapid aggregative ability and potent
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Figure 7. 2D DARR spectrum (z = 500 ms) of E22K-Ap42 fibrils in the carbonyl region. (A) E22K-Ap42 uniformly labeled with 13C and "N at
positions 21-24 was diluted with unlabeled E22K-AB42 in a ratio of 1:2 (33% labeled E22K-AP42) (total number of scans = 163,840). 1D slices
through C, and Cj of Lys-22 (dotted lines in A) are shown below. Hatched areas in the slice spectra indicate the cross-peaks between C, of Asp-23
(major and/or minor), and C, and C; of Lys-22. (B) E22K-AB42 where Ala-21 and Lys-22 were uniformly labeled with 13C and N, and C, of Asp-
23 was labeled with '>C (total number of scans = 131,072). Assignment paths of C, of Asp-23 are shown in the spectra: red line, C, of Asp-23 (major);
blue line, C, of Asp-23 (minor). Arrows in the spectra indicate the significant cross-peaks: 1, the cross-peak between C, of Asp-23 (major) and that of
Val-24; 2, that between C, of Lys-22 and C, of Asp-23 (minor); 3, that between Cs of Lys-22 and C, of Asp-23 (minor).
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Figure 8. (A) Possible structure of the major conformer at positions
21-24 of E22K-AP42 fibrils. (B) Possible structure of the minor
conformer at positions 21-24 of E22K-AP42 fibrils. In the minor
conformer, the formation of a salt bridge between the amino group of
Lys-22 and the carboxyl group of Asp-23 might stabilize the turn
structure at positions 22 and 23.

neurotoxicity are more thermodynamically stable than
those of wild-type AB42.'! Even if the proportion of
‘malignant’ conformers were small in wild-type AB42,
it should play a crucial role in triggering the aggregation
as a seed in the early onset of CAA and AD. A structur-
al analysis of wild-type AP42 fibrils using solid-state
NMR is also in progress in our laboratory.

4. Experimental
4.1. General procedures

The following spectroscopic and analytical instruments
were used: 'H and '*C NMR in solution, Bruker
AVANCE 400 and AC300 (ref. TMS); MS, JEOL
JMS-600H; peptide synthesizer, Pioneer™ peptide syn-
thesizer (Applied Biosystems, Foster City, CA); HPLC,
Waters 600E multisolvent delivery system with a 2487
UV dual A absorbance detector; matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS), Voyager-DE PRO (Applied Bio-
systems); electron microscope, Hitachi H-7500 electron
microscope; solid-state NMR spectrometer, Chemagnet-
ics Infinity NMR spectrometer, and Chemagnetics
3.2 mm magic angle spinning (MAS) probe. MALDI-
TOF-MS was measured, as reported previously.!”
Wakogel™ C-200 (silica gel, Wako Pure Chemical
Industries) and Silica gel 60 (0.040-0.063 mm)
(MERCK) were used for column chromatography.
HPLC was carried out on a Develosil-packed column
ODS-UG-5 (20-mm inner diameter X 150-mm) (Nom-
ura Chemicals, Seto, Japan).

L-Ala-13C;, BN, N-(9—ﬂuorenyl)methoxycarbonyl
(Fmoc) derivative and L-Val-'*Cs, "N, N-Fmoc deriv-
ative were purchased from Cambridge Isotope Labora-
tories, Inc. L—ASp—13C4, N was purchased from
Spectra Stable Isotopes, MD, USA. L-Lys-13C6, 5N,
and L-Asp-4-'*C were purchased from Taiyo Nippon
Sanso Corporation, Tokyo, Japan. HATU,'® piperi-
dine, Fmoc amino acids, Fmoc-Ala-polyethylene gly-
col-polystyrlene support (PEG-PS) resin, and N,N-
diisopropylethylamine (DIPEA) were purchased from
Applied Biosystems. N,N-dimethylformamide (DMF),
trifluoroacetic acid, 1,2-ethanedithiol, thioanisole, m-
cresol, and diethyl ether (peroxide free) were purchased
from Sigma.

4.2. Preparation of protected amino acids labeled with
13C and SN

L-Lys-13C6, >N, a-N-Fmoc, e-N-t-butoxycarbonyl
derivative was synthesized, as reported previously.?!
The crude compound was purified by column chroma-
tography on Wakogel™ C-200 using hexane and increas-
ing amounts of EtOAc containing 0.1% acetic acid.
Recrystallization from hexane-EtOAc gave the final
product as colorless leaflets in 55% yield. The structure
was confirmed by 'H NMR, '3C NMR, and mass
measurements.

L—ASp—13C4, 5N, N-Fmoc, B-O-t-butyl ester and L-Asp-
4-13C, N-Fmoc, B-O-t-butyl ester were synthesized, as
reported previously.??> The crude product was purified
by column chromatography on Silica gel 60 using hex-
ane and increasing amounts of EtOAc containing
0.15% acetic acid. Recrystallization from hexane—
EtOAc gave the final product as colorless needles in
27% and 22% yields, respectively. Their structures
were confirmed by 'H NMR, '*C NMR, and mass
measurements.

4.3. Synthesis of E22K-Ap42 labeled with '*C and °N

Each E22K-Ap42 (Fig. 1) labeled with '*C and '°N was
synthesized in a stepwise fashion on 0.1 mmol of pre-
loaded Fmoc-Ala-PEG-PS resin by Pioneer™ using the
Fmoc method, as reported previously.!'#!7 The cou-
pling reaction was carried out using Fmoc amino acid
(0.4 mmol), HATU (0.4 mmol), and DIPEA (0.8 mmol)
in DMF for 30 min. After each coupling reaction, the N-
terminal Fmoc group was removed with 20% piperidine
in DMF.

After completion of the chain elongation, each peptide
resin washed with DMF and CH,Cl, was treated with
a cocktail containing trifluoroacetic acid, m-cresol, eth-
anedithiol, and thioanisole for final deprotection and
cleavage from the resin. After shaking at room temper-
ature for 2 h, the crude peptide precipitated by diethyl
ether was purified by HPLC under alkaline conditions,
as reported previously.'®'# Lyophilization gave a corre-
sponding pure E22K-AB42, the purity of which was con-
firmed by HPLC (>98%). Each purified peptide
exhibited satisfactory mass spectral data by MALDI-
TOF-MS: for E22K-AB42 uniformly labeled with '*C
and '°N at positions 21-24 (MH*, average molecular
mass; observed 4536.13, calculated 4536.99) and for
E22K-Ap42 where Ala-21 and Lys-22 were uniformly
labeled with '*C and '°N, and only C, of Asp-23 was la-
beled with '*C (MH*, average molecular mass; observed
4527.83, calculated 4527.03).

115.4. Fibril formation of E22K-Ap42 labeled with '*C and
N

Each E22K-AB42 was dissolved in 0.1% NH4OH at
250 uM. After a 10-fold dilution with 50 mM sodium
phosphate containing 100 mM NaCl at pH 7.4, the
resultant peptide solution (25 uM) was incubated at
37 °C for 48 h. After centrifugation at 21,000g at 4 °C,
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followed by washing with distilled water, the resultant fi-
brils were dried in vacuo.

4.5. Transmission electron micrographs of negatively
stained preparations of the fibrils formed by E22K-Ap42
labeled with '*C and '>N

Fibril formation of the E22K-Ap42 labeled with '*C and
SN was detected by an electron microscope. The incuba-
tion conditions were the same as those for preparing the
samples for solid-state NMR. Each E22K-AB42 peptide
was dissolved in 0.1% NH4OH at 250 uM. After a 10-fold
dilution with 50 mM sodium phosphate containing
100 mM NacCl at pH 7.4, the resultant peptide solution
(25 uM) was incubated at 37 °C for 48 h. After centrifuga-
tion, the supernatant was removed from the pellets.
Aggregates were suspended in distilled water by gentle
vortex mixing. The suspensions were applied to a 400-
mesh collodion-coated copper grid (Nissin EM, Tokyo,
Japan) and air-dried before being negatively stained for
2 min with 2% uranyl acetate. The fibrils were examined
with the Hitachi H-7500 electron microscope.

4.6. Solid-state NMR experiments

All solid-state NMR experiments were carried out at
9.4 T (100 MHz for '*C) using a Chemagnetics Infinity
NMR spectrometer and Chemagnetics 3.2 mm MAS
probe at a spinning frequency of 20 kHz and room tem-
perature. The '>C chemical shifts were calibrated in
ppm, relative to TMS, by taking the '*C chemical shift
for the methine carbon nucleus of solid adamantane
(29.5 ppm) as an external reference standard. For the
broadband '*C-'3C correlation 2D experiment, dipo-
lar-assisted rotational resonance (DARR) was used,'®!°
whose pulse sequence is shown in Figure 4. This pulse
sequence began with variable amplitude cross polariza-
tion (VACP)?? using a ramped pulse on the '*C channel.
Two pulse phase-modulated (TPPM) decoupling®* was
carried out during the evolution and acquisition periods.
After the evolution period, magnetization was placed
along the z-axis with a 90° pulse and mixing occurred
with a low power 'H recoupling pulse. During mixing
time, the 'H radio-frequency field strength was matched
to the MAS speed to satisfy the n = 1 rotary resonance
condition. Pulse sequence parameters of all NMR exper-
iments were; VACP contact time = 0.75 ms, pulse de-
lay=2s, TPPM 'H decoupling power = 120 kHz, 1,
increment = 44 pus, and mixing time (t) = 20 or 500 ms.
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nonspecifically disrupts the lipid—protein interface of integral proteins. It enters the cytoplasm by collapsing the membrane barrier

and then reacts with l-cystein-containing cytoplasmic materials.

Structure activity studies of the serine-AIB dipeptide domain in 2,3-dihydroisothiazole based growth
hormone secretagogues

Britta Evers,” Gerd Ruehter, Martina Berg, Jeffrey A. Dodge, Dirk Hankotius,

Ulrike Hary, Louis N. Jungheim, Hans-Juergen Mest, Eva-Maria Martin de la Nava,

Michael Mohr, Brian S. Muehl, Soenke Petersen, Birgit Sommer, Grit Riedel-Herold,

Mark J. Tebbe, Kenneth J. Thrasher and Silke Voelkers
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Preparation and antioxidant activity of o-pyridoin and its derivatives
Masashi Hatanaka, Kyoko Takahashi, Shigeo Nakamura and Tadahiko Mashino*
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pp 6763-6770

o-Pyridoin (1) and its synthetic derivatives 2—-7 were prepared and their antioxidant activities were evaluated. The derivatives 5 and 6

showed more excellent activity than ascorbic acid.

2-(Aryl)-3-furan-2-ylmethyl-thiazolidin-4-ones as selective HIV-RT Inhibitors
Ravindra K. Rawal, Yenamandra S. Prabhakar, S. B. Katti* and E. De Clercq

In the present study, 4-thiazolidinones have been assembled by DCC-mediated three-
component reaction of amine, aldehyde and mercapto acetic acid and tested as HIV-
RT inhibitors.

pp 6771-6776

Solution conformations of two naturally occurring
RNA nucleosides: 3-Methyluridine and 3-methylpseudouridine

Jean-Paul Desaulniers, Helen M.-P. Chui and Christine S. Chow™
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3-methyluridine 3-methylpseudouridine

pp 67776781
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Esters and amides of 2,3-dimethoxy-8,9-methylenedioxybenzo|i/]phenanthridine-12-carboxylic
acid: Potent cytotoxic and topoisomerase I-targeting agents

Shejin Zhu, Alexander L. Ruchelman, Nai Zhou, Angela A. Liu,
Leroy F. Liu and Edmond J. LaVoie”
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Design and synthesis of N-benzylpiperidine—purine derivatives as new dual inhibitors pp 6795-6802
of acetyl- and butyrylcholinesterase

Maria Isabel Rodriguez-Franco,” Maria Isabel Fernandez-Bachiller, Concepcion Pérez,
Ana Castro and Ana Martinez
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The synthesis of new N-benzylpiperidine—purine derivatives and their dual inhibition of acetyl- and butyrylcholinesterase are
presented.

Verification of the turn at positions 22 and 23 of the p-amyloid fibrils with Italian pp 6803-6809
mutation using solid-state NMR

Yuichi Masuda, Kazuhiro Irie,” Kazuma Murakami, Hajime Ohigashi,
Ryutaro Ohashi, K. Takegoshi, Takahiko Shimizu and Takuji Shirasawa
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Indolyl esters and amides related to indomethacin are selective COX-2 inhibitors pp 6810-6822
Amit S. Kalgutkar, Brenda C. Crews, Sam Saleh, Daniel Prudhomme and
Lawrence J. Marnett* o)

A series of reverse ester/amide derivatives of indomethacin were synthesized and
evaluated as selective COX-2 inhibitors. Most of the reverse esters/amides displayed
selective, time-dependent COX-2 inhibition in recombinant enzyme systems and in
intact cells.

H3CO
CHg

X =0 or NH
Ry = alkyl, aryl, arylalkyl
Ry = 4-C|-(C6H4)-CO or 4—Br—(C6H4)—CH2

Comparative QSAR study of phenol derivatives with the help of density functional theory pp 6823-6829
F. A. Pasha, H. K. Srivastava and P. P. Singh”
OH
The QSAR study of 50 phenol derivatives against Tetrahymena pyriformis is ‘1
presented with four different methods. The hardness, chemical potential, electro- 2
philicity index, molecular weight, and total energy provide valuable information ‘ Q ‘
and have a significant role in the assessment of the toxicity of phenols. NG

4
phenol
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QSAR of the testosterone binding globulin affinity by means of correlation weighting pp 6830-6835
of local invariants of the graph of atomic orbitals

Ivan Raska, Jr. and Andrey Toropov*
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Structure-affinity relationship studies of non-competitive NMDA pp 6836-6849
receptor antagonists derived from dexoxadrol and etoxadrol

Marion Aepkers and Bernhard Wiinsch*
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Synthesis, growth inhibition, and cell cycle evaluations of novel flavonoid derivatives pp 6850-6855
Yerra Koteswara Rao, Shih-Hua Fang and Yew-Min Tzeng"

A series of 10 flavonoid derivatives has been synthesized by cyclization of substituted
chalcones and evaluated for their biological activity. Among them, compounds 1-4 and
9 displayed significant growth inhibitory action against a panel of tumor cell lines
including Jurkat, PC-3, and Colon 205. On treatment with an equitoxic (ICsg)
concentration, compounds 1-5 and 7-9 blocked cells in the G2/M phase of the Jurkat
cell cycle, whereas compound 6 blocked the same in the G0/G1 phase.
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2. R=Me, Rl_ H, Rz,R3—'OCH20'
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Functional studies on a ketoreductase gene from Streptomyces sp. AM-7161 to pp 6856-6863
control the stereochemistry in medermycin biosynthesis

Aiying Li, Takayuki Itoh, Takaaki Taguchi, Ting Xiang,

Yutaka Ebizuka and Koji Ichinose”
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By functional complementation and co-expression, medermycin biosynthetic gene, med-ORF12, was proved to encode a
stereospecific reductase to control the stereochemistry at C-3 of the pyran ring.






Contents | Bioorg. Med. Chem. 13 (2005) 6579-6587 6587

OTHER CONTENTS

Contributors to this issue pl
Summary of instructions to authors 2005 p1I
Author index 2005 p HNI-XVIII

*Corresponding author
@ Supplementary data available via ScienceDirect

COVER

2005: Human liver glycogen phosphorylase A (HLGPa) is an attractive target enzyme for discovering anti-type 2 diabetes drugs.
This picture shows the interaction model for a series of indole-2-carboxamides to HLGPa derived from molecular docking
simulations [Liu, G.; Zhang, Z.; Luo, X.; Shen, J.; Liu, H.; Shen, X.; Chen, K.; Jiang, H. Bioorg. Med. Chem. 2004, 12, 4147-4157].

SCIENCE DIRECT™

Full text of this journal is available, on-line from ScienceDirect. Visit www.sciencedirect.com for more information.

CONTE NTS This journal is part of ContentsDirect, the free alerting service which sends tables of
® contents by e-mail for Elsevier books and journals. You can register for ContentsDirect
online at: http://contentsdirect.elsevier.com

Indexed/Abstracted in: Beilstein, Biochemistry & Biophysics Citation Index, CANCERLIT, Chemical Abstracts, Chemistry
Citation Index, Current Awareness in Biological Sciences/BIOBASE, Current Contents: Life Sciences, EMBASE/Excerpta
Medica, MEDLINE, PASCAL, Research Alert, Science Citation Index, SciSearch, TOXFILE

ISSN 0968-0896






