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Abstract—A series of 2,4,6-trisubstituted pyrimidines were synthesized and evaluated for their in vitro antimalarial activity against
Plasmodium falciparum. Of the 18 compounds synthesized, 14 compounds showed MIC in the range of 0.25–2 lg/mL. These
compounds are in vitro several fold more active than pyrimethamine.
� 2005 Published by Elsevier Ltd.

1. Introduction


Despite continued efforts aimed at complete eradication
of malaria, the disease remains a major health threat in
many areas of the world, especially in tropical and sub-
tropical countries. According to WHO estimates, 40% of
the world�s population presently lives under malarial
threat. Plasmodium falciparum is the main cause of se-
vere clinical malaria and death. Endemic mapping indi-
cates that P. falciparum and P. vivax account for 95%
of malarial infections. One of the most crucial obstacles
for eradicating malaria is the widespread resistance of
the malarial parasite to almost all chemotherapeutic
agents. Therefore, it is very necessary to seek for new
drugs attacking crucial targets in the malarial pathogen
in order to combat and relieve this tremendous preva-
lence. The dihydrofolate reductase (DHFR) domain of
P. falciparum is one of the few well-defined targets in
malarial chemotherapy. Pyrimethamine is a specific
inhibitor of the plasmodial DHFR that is essential for
DNA synthesis.1–3


Polyamines, found in all living organisms, are required
for cellular proliferation and differentiation. Malarial
parasites have ornithine decarboxylase (ODC) for poly-
amine biosynthesis, and a number of polyamine ana-
logues inhibit the ODC activity in P. falciparum. These
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drugs bind directly to the plasmodial DNA and thereby
prevent the inhibition of DNA synthesis of the malarial
parasites.1,4


Fatty acid biosynthesis (FAS) is another important tar-
get site in the discovery of new antimalarials. Pyridine-4-
carboxylic hydrazide (isoniazid), which is a frontline
drug in the treatment of tuberculosis, is an inhibitor of
an important enzyme (enoyl-ACP reductase) in the fatty
acid biosynthesis pathway. Thus, pyridine analogues
inhibit the biosynthesis of fatty acids that are fundamen-
tal for the survival of P. falciparum in the host.5


Compounds that act on more than one target site are
more liable to be active. On the basis of these observa-
tions, we have synthesized hybrid derivatives having a
pyrimidine (DHFR inhibitor) along with a pyridine
moiety (fatty acid inhibitor). We had previously found
that triazines substituted with diamine chains (11 and
22) have potent in vitro antimalarial activity.6 Our pre-
vious experience prompted us to synthesize pyrimidine
derivatives having these diamine chains (11 and 22) at
the 2nd position as polyamine inhibitors.


As part of our ongoing programme devoted to the syn-
thesis of diverse heterocycles as anti-infective agents,7


we had previously reported antimalarial activity in
substituted triazines,6 pyrimidines6 and quinolines.8


This communication describes the in vitro antimalarial
activity of pyrimidine derivatives substituted with dia-
mine chains at the 2nd position and a pyridine nucleus
at the 4th position.
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Scheme 2. Reagents and conditions: (a) (i) water, reflux, 15 min; (ii)
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2. Chemistry


To synthesize the 2,4,6-trisubstituted pyrimidine com-
pounds (13–21 and 24–32), 4-acetylpyridine was reacted
with different aldehydes in 10% aq NaOH and methanol
to yield the corresponding chalcones 2–10.9 N-(3-imi-
dazol-1-yl-propyl)-guanidine (12) and N-(3-morpholin-
4-yl-propyl)-guanidine (23) were synthesized by reflux-
ing the corresponding amine (11 and 22) with S-meth-
yl-isothiourea sulfate in water according to a reported
procedure.10 The chalcones 2–10 were further cyclized
with substituted guanidine hydrochloride (12 and 23)
in the presence of sodium isopropoxide (synthesized
in situ by adding sodium metal in isopropanol) to afford
the 2,4,6-trisubstituted pyrimidines 13–21 (Scheme 1)
and 24–32 (Scheme 2).

barium chloride, reflux, 15 min; (b) sodiumisopropoxide, isopropanol,


reflux, 8 h.

3. Biological activity


The in vitro antimalarial assay was carried out in 96-
well microtitre plates according to the micro assay of
Rieckmann et al.11 The culture of P. falciparum NF-
54 strain is routinely being maintained in the RPMI-
1640 medium supplemented with 25 mM HEPES, 1%
DD-glucose, 0.23% sodium bicarbonate and 10% heat-
inactivated human serum.12 The asynchronous parasite
of P. falciparum was synchronized after 5% DD-sorbitol
treatment to obtain parasitized cells harbouring only
the ring stage.13 For carrying out the assay, an initial
ring-stage parasitaemia of �1% at 3% haematocrit in
total volume of 200 lL of RPMI-1640 medium was
uniformly maintained. The test compound in 20 lL
volume at required concentration (ranging between
0.125 and 50 lg/mL) in duplicate wells were incubated
with parasitized cell preparation at 37 �C in candle jar.
After 36–40 h incubation, the blood smears from each
well were prepared and stained with Giemsa stain.
The slides were microscopically observed to record
maturation of ring-stage parasites into trophozoites
and schizonts in the presence of different concentra-
tions of compounds. The test concentration, which
inhibits the complete maturation into schizonts, was
recorded as the minimum inhibitory concentration
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Scheme 1. Reagents and conditions: (a) 10% aq NaOH, methanol 0 �C, rt, 3
(c) sodiumisopropoxide, isopropanol, reflux, 8 h.

(MIC). Pyrimethamine was used as the standard refer-
ence drug. Activity of all the tested compounds is given
in Table 1.

4. Results and discussion


The in vitro biological activities of the synthesized
pyrimidine derivatives have shown encouraging results
against P. falciparum. Of the 18 synthesized com-
pounds, two compounds 15 and 16 have shown MIC
of 0.25 lg/mL, whereas 12 compounds have shown
MIC in the range of 1–2 lg/mL. Compound 13 having
phenyl group showed a MIC of 2 lg/mL. Substitution
on the phenyl ring with methyl (14), methoxy (17) or
chloro (21) group increased the activity of compounds
having a MIC of 1 lg/mL. Replacement of the methyl
group on the phenyl ring with thiomethyl group (15)
and disubstitution with methyl group (16) increased
the activity to 0.25 lg/mL. Di- (18) or trisubstitution
(19 and 20) with methoxy group reduced the activity
having a MIC of 2 lg/mL. On substituting the imidaz-
ole propyl amine chain at 2nd position of the pyrimi-
dine ring with morpholine propyl amine chain the
activity followed almost similar pattern. In general,
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Table 1. Antimalarial in vitro activity against P. falciparum


Compound R MIC (lg/mL)


13 H 2


14 4-Me 1


15 4-SMe 0.25


16 3,4-DiMe 0.25


17 4-OMe 1


18 2,5-DiOMe 2


19 2,4,5-TriOMe 2


20 3,4,5-TriOMe 2


21 4-Cl 1


24 H 10


25 4-Me 2


26 4-SMe 1


27 3,4-DiMe 1


28 4-OMe 2


29 2,5-DiOMe 10


30 2,4,5-TriOMe 10


31 3,4,5-TriOMe 10


32 4-Cl 2


MIC = minimum inhibiting concentration for the development of ring-


stage parasite into the schizont stage during 40 h incubation. Standard


drug, pyrimethamine; MIC 10 lg/mL.
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the imidazole-propyl-amine-substituted compounds 13–
21 showed better activities in comparison with their
corresponding morpholine-propyl-amine-substituted
compounds 24–32. Monosubstitution on the phenyl
ring improved the activity, whereas disubstitution on
the phenyl ring with methyl group further increased
the activity. Di- or trisubstitution with methoxy group
decreased the activity.

5. Conclusion


The 18 2,4,6-trisubstituted pyrimidines 13–21 and 24–32
were synthesized as pyrimethamine analogues. Of the
synthesized compounds, two compounds showed MIC
of 0.25 lg/mL. Five compounds showed MIC of 1 lg/
mL, whereas seven compounds showed MIC of 2 lg/
mL. These compounds are 5–40 times more potent than
pyrimethamine. These identified pyrimidines are new
leads in antimalarial chemotherapy. These molecules
can be very useful for further optimization work in
malarial chemotherapy.

6. Experimental


IR spectra were recorded on Beckman Aculab-10, Per-
kin–Elmer 881 and FTIR 8210 PC, Scimadzu spectro-
photometers 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 analyses were
carried out on Carlo-Erba-1108 instrument. The melting
points were recorded on an electrically heated melting
point apparatus and were uncorrected.

6.1. General procedure for the synthesis of compounds
2–10


6.1.1. Method A. To a cooled solution of 10% NaOH,
1.0 equiv of liquid aldehydes were added. To this solu-
tion, 1.0 equiv of 4-acetylpyridine was added dropwise
in about a period of 30 min. The solution was main-
tained at 0 �C for an hour and then allowed to stir at
room temperature. After some time, a solid started sep-
arating out. The solution was further stirred for about
1 h. The solid was filtered and recrystallized from meth-
anol or ethanol to afford crystals of the chalcone having
yield in the range 60–75%.


6.1.2. Method B. In case of aldehydes that were solid, the
aldehyde (1 equiv) was first dissolved in minimum quan-
tity of ethanol or methanol (approximately 25 mL) and
then 10% NaOH solution (approximately 100 mL) was
added to it to give a clear solution. The solution was
cooled up to 0 �C in an ice bath placed below it. Then,
1 equiv of 4-acetylpyridine was added dropwise to it,
in around a period of 30 min. The solution was main-
tained at 0 �C for 1 h and then allowed to stirred
at room temperature. After some time, a solid started
separating out. This was stirred for about an hour.
The solid was filtered and recrystallized from methanol
or ethanol to give crystals of the chalcone having yield
in the range 50–60%.


6.1.3. 3-Phenyl-1-pyridin-4-yl-propenone (2). The com-
pound was synthesized using the method A. Yield:
75%; mp 172–174 �C; MS: 210 (M+1); IR (KBr) 3521,
1956, 1673, 1595, 1411, 1225 cm�1; 1H NMR (CDCl3,
200 MHz): d (ppm) 8.84 (d, 2H, J = 6.0 Hz), 8.01 (d,
2H, J = 7.8 Hz), 7.86 (d, 1H, J = 15.1 Hz), 7.76 (d, 2H,
J = 6.0 Hz), 7.44–7.40 (m, 3H), 7.36 (d, 1H,
J = 15.1 Hz). Anal. Calcd for C14H11NO: C, 80.36; H,
5.30; N, 6.69. Found: C, 80.56; H, 5.53; N, 6.78.


6.1.4. 1-Pyridin-4-yl-3-p-tolyl-propenone (3). The com-
pound was synthesized using the method A. Yield:
76%; mp 138–140 �C; MS: 224 (M+1); IR (KBr) 3290,
1967, 1689, 1598, 1492, 1412, 1238 cm�1; 1H NMR
(CDCl3, 200 MHz): d (ppm) 8.84 (d, 2H, J = 6.0 Hz),
7.84 (d, 1H, J = 15.6 Hz), 7.74 (d, 2H, J = 6.0 Hz),
7.54 (d, 2H, J = 8.2 Hz), 7.37 (d, 1H, J = 15.6 Hz),
7.24 (d, 2H, J = 8.2 Hz), 2.39 (s, 3H). Anal. Calcd for
C15H13NO: C, 80.69; H, 5.87; N, 6.27. Found: C,
80.82; H, 5.62; N, 6.42.


6.1.5. 3-(4-Methylsulfanyl-phenyl)-1-pyridin-4-yl-prope-
none (4). The compound was synthesized using the
method A. Yield: 70%; mp 94–96 �C; MS: 256 (M+1);
IR (KBr) 3412, 1956, 1682, 1595, 1415, 1225 cm�1; 1H
NMR (CDCl3, 200 MHz): d (ppm) 8.83 (d, 2H,
J = 6.1 Hz), 7.82 (d, 1H, J = 14.9 Hz), 7.76 (d, 2H,
J = 6.1 Hz), 7.55 (d, 2H, J = 8.6 Hz), 7.38 (d, 1H,
J = 14.9 Hz), 7.26 (d, 2H, J = 8.6 Hz), 2.52 (s, 3H).
Anal. Calcd for C15H13NOS: C, 70.56; H, 5.13; N,
5.49. Found: C, 70.74; H, 5.34; N: 5.34.


6.1.6. 3-(3,4-Dimethyl-phenyl)-1-pyridin-4-yl-propenone
(5). The compound was synthesized using the method
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A. Yield: 67%; mp 168–170 �C; MS: 238 (M+1); IR
(KBr) 3392, 1952, 1687, 1597, 1424, 1249 cm�1; 1H
NMR (CDCl3, 200 MHz): d (ppm) 8.84 (d, 2H,
J = 6.0 Hz), 7.89 (d, 2H, J = 7.8 Hz), 7.83 (d, 1H,
J = 15.2 Hz), 7.74 (d, 2H, J = 6.0 Hz), 7.51 (s, 1H),
7.40 (d, 1H, J = 15.2 Hz), 7.29 (d, 2H, J = 7.8 Hz),
2.37 (s, 3H), 2.34 (s, 3H). Anal. Calcd for C16H15NO:
C, 80.98; H, 6.37; N, 5.90. Found: C, 81.24; H, 6.09;
N, 5.68.


6.1.7. 3-(4-Methoxy-phenyl)-1-pyridin-4-yl-propenone
(6). The compound was synthesized using the method
A. Yield: 67%; mp 104–106 �C; MS: 240 (M+1); IR
(KBr) 3420, 1946, 1683, 1598, 1489, 1411, 1257 cm�1;
1H NMR (CDCl3, 200 MHz): d (ppm) 8.83 (d, 2H,
J = 6.1 Hz), 7.89 (d, 2H, J = 8.6 Hz), 7.82 (d, 1H,
J = 15.4 Hz), 7.75 (d, 2H, J = 6.1 Hz), 7.37 (d, 1H,
J = 15.4 Hz), 6.92 (d, 2H, J = 8.6 Hz), 3.88 (s, 3H,
OMe). Anal. Calcd for C15H13NO2: C, 75.30; H, 5.48;
N, 5.85. Found: C, 75.54; H, 5.59; N, 5.71.


6.1.8. 3-(2,5-Dimethoxy-phenyl)-1-pyridin-4-yl-propenone
(7). The compound was synthesized using the method B.
Yield: 67%; mp 128–130 �C; MS: 270 (M+1); IR (KBr)
3299, 1956, 1685, 1597, 1456, 1411, 1259 cm�1; 1H
NMR (CDCl3, 200 MHz): d (ppm) 8.85 (d, 2H,
J = 6.0 Hz), 7.82 (d, 1H, J = 15.4 Hz), 7.77 (d, 2H,
J = 6.0 Hz), 7.39 (d, 1H, J = 15.4 Hz), 7.36 (s, 1H),
7.24 (d, 1H, J = 7.2 Hz), 6.76 (d, 1H, J = 7.2 Hz), 3.88
(s, 3H, OMe), 3.85 (s, 3H, OMe). Anal. Calcd for
C16H15NO3: C, 71.36; H, 5.61; N, 5.20. Found: C,
71.58; H, 5.86; N, 4.97.


6.1.9. 1-Pyridin-4-yl-3-(2,4,5-trimethoxy-phenyl)-prope-
none (8). The compound was synthesized using the
method B. Yield: 67%; mp 160–162 �C; MS: 300
(M+1); IR (KBr) 3282, 1939, 1689, 1598, 1468, 1420,
1232 cm�1; 1H NMR (CDCl3, 200 MHz): d (ppm) 8.82
(d, 2H, J = 5.9 Hz), 7.84 (d, 1H, J = 15.6 Hz), 7.72 (d,
2H, J = 5.9 Hz), 7.64 (s, 1H), 7.37 (d, 1H,
J = 15.6 Hz), 6.72 (s, 1H), 3.96 (s, 3H, OMe), 3.92 (s,
3H, 2OMe). Anal. Calcd for C17H17NO4: C, 68.21; H,
5.72; N, 4.68. Found: C, 67.98; H, 5.94; N, 4.91.


6.1.10. 1-Pyridin-4-yl-3-(3,4,5-trimethoxy-phenyl)-prope-
none (9). The compound was synthesized using the
method B. Yield: 67%; mp 194–196 �C; MS: 300
(M+1); IR (KBr) 3278, 1943, 1687, 1596, 1457, 1445,
1245 cm�1; 1H NMR (CDCl3, 200 MHz): d (ppm) 8.79
(d, 2H, J = 6.0 Hz), 7.82 (d, 1H, J = 15.2 Hz), 7.70 (d,
2H, J = 6.0 Hz), 7.37 (d, 1H, J = 15.2 Hz), 7.30 (s,
2H), 3.98 (s, 3H, 2OMe), 3.95 (s, 3H, OMe). Anal. Calcd
for C17H17NO4: C, 68.21; H, 5.72; N, 4.68. Found: C,
68.47; H, 5.98; N, 4.31.


6.1.11. 3-(4-Chloro-phenyl)-1-pyridin-4-yl-propenone
(10). The compound was synthesized using the method
B. Yield: 68%; mp 205–207 �C; MS: 244 (M+1); IR
(KBr) 3297, 1948, 1684, 1598, 1489, 1257 cm�1; 1H
NMR (CDCl3, 200 MHz): d (ppm) 8.85 (d, 2H,
J = 6.1 Hz), 7.86 (d, 1H, J = 15.6 Hz), 7.75 (d, 2H,
J = 6.1 Hz), 8.09 (d, 2H, J = 8.6 Hz), 7.38 (d, 1H,
J = 15.6 Hz), 7.52 (d, 2H, J = 8.6 Hz). Anal. Calcd for

C14H10ClNO: C, 69.00; H, 4.14; N, 5.75. Found: C,
68.74; H, 4.32; N, 5.44.


6.2. General procedure for the synthesis of compounds
13–21


To a solution of 1.0 equiv of N-(3-imidazol-1-yl-propyl)-
guanidine hydrochloride in 50 mL of isopropanol,
1.1 equiv of sodium metal was added. The reaction mix-
ture was refluxed for 2 h and then different chalcones (2–
10, 1.0 equiv) were added to it and refluxed for 8 h. The
solvent was removed from the reaction mixture under
reduced pressure. Water was added and the aqueous
phase was extracted with chloroform and washed with
brine solution. The organic phase was dried over anhy-
drous Na2SO4, filtered and concentrated. The crude
product was purified by crystallization from methanol
or ethanol or sometimes by column chromatography
on neutral alumina (chloroform/hexane, 1:2) to yield
the pure compounds.


6.2.1. (3-Imidazol-1-yl-propyl)-(4-phenyl-6-pyridin-4-yl-
pyrimidin-2-yl)-amine (13). Yield: 65%; mp decomposes
at 210 �C; MS: 357 (M+1); IR (KBr) 3416, 2932, 1645,
1574, 1484, 1319, 1280 cm�1; 1H NMR (CDCl3,
200 MHz): d (ppm) 8.77 (d, 2H, J = 6.0 Hz), 8.06 (d,
2H, J = 7.8 Hz), 7.92 (d, 2H, J = 6.0 Hz), 7.55 (s, 1H),
7.52–7.47 (m, 3H), 7.45 (s, 1H), 7.09 (d, 1H,
J = 4.4 Hz), 6.97 (d, 1H, J = 4.4 Hz), 5.44 (s, 1H, NH),
4.13 (t, 2H, J = 5.1 Hz), 3.64 (m, 2H), 2.25 (t, 2H,
J = 5.1 Hz). 13C NMR (CDCl3, 50 MHz): 166.4, 165.4,
162.7, 150.3, 145.4, 137.8, 137.1, 127.8, 129.6, 128.9,
125.1, 120.8, 119.2, 103.4, 44.8, 39.1, 31.5. Anal. Calcd
for C21H20N6: C, 70.77; H, 5.66; N, 23.58. Found: C,
70.52; H, 5.44; N, 23.34.


6.2.2. (3-Imidazol-1-yl-propyl)-(4-pyridin-4-yl-6-p-tolyl-
pyrimidin-2-yl)-amine (14). Yield: 76%; mp 168–170 �C;
MS: 371 (M+1); IR (KBr) 3412, 2926, 1638, 1580,
1480, 1325, 1272 cm�1; 1H NMR (CDCl3, 200 MHz):
d (ppm) 8.75 (d, 2H, J = 6.1 Hz), 7.99 (d, 2H,
J = 7.9 Hz), 7.90 (d, 2H, J = 6.1 Hz), 7.51 (s, 1H), 7.44
(s, 1H), 7.30 (d, 2H, J = 7.9 Hz), 7.08 (d, 1H,
J = 4.9 Hz), 6.95 (d, 1H, J = 4.9 Hz), 5.51 (s, 1H, NH),
4.09 (t, 2H, J = 4.6 Hz), 3.60 (t, 2H, J = 4.6 Hz), 2.43
(s, 3H, Me), 2.19 (m, 2H). 13C NMR (CDCl3,
50 MHz): 166.8, 165.5, 163.5, 150.9, 145.6, 141.7,
137.5, 134.9, 131.8, 129.9, 127.4, 121.4, 119.3, 103.5,
44.9, 39.0, 31.6, 21.8. Anal. Calcd for C22H22N6: C,
71.33; H, 5.99; N, 22.69. Found: C, 71.52; H, 5.68; N,
22.34.


6.2.3. [4-(4-Methylsulfanyl-phenyl)-6-pyridin-4-yl-pyrimi-
din-2-yl]-(3-imidazol-1-yl-propyl)-amine (15). Yield: 74%;
mp 90–92 �C; MS: 403 (M+1); IR (KBr) 3420, 2948,
1636, 1584, 1486, 1325, 1265 cm�1; 1H NMR (CDCl3,
200 MHz): d (ppm) 8.77 (d, 2H, J = 6.0 Hz), 7.99 (d,
2H, J = 8.7 Hz), 7.89 (d, 2H, J = 6.0 Hz), 7.53 (s, 1H),
7.43 (s, 1H), 7.35 (d, 2H, J = 8.7 Hz), 7.09 (d, 1H,
J = 4.1 Hz), 6.96 (d, 1H, J = 4.2 Hz), 5.43 (s, 1H, NH),
4.11 (t, 2H, J = 4.9 Hz), 3.60 (t, 2H, J = 4.8 Hz), 2.54
(s, 3H, SMe), 2.20 (m, 2H). 13C NMR (CDCl3,
50 MHz): 166.7, 165.1, 163.7, 150.8, 145.8, 142.8,
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137.6, 134.4, 127.8, 126.4, 125.1, 121.4, 119.5, 103.6,
45.1, 39.2, 31.7, 18.7. Anal. Calcd for C22H22N6S: C,
65.65; H, 5.51; N, 20.88. Found: C, 65.22; H, 5.75; N,
20.54.


6.2.4. [4-(3,4-Dimethyl-phenyl)-6-pyridin-4-yl-pyrimidin-
2-yl]-(3-imidazol-1-yl-propyl)-amine (16). Yield: 65%;
mp 126–128 �C; MS: 385 (M+1); IR (KBr) 3426, 2924,
1648, 1576, 1486, 1328, 1284 cm�1; 1H NMR (CDCl3,
200 MHz): d (ppm) 8.75 (d, 2H, J = 6.0 Hz), 7.90 (d,
2H, J = 6.0 Hz), 7.83 (s, 1H), 7.77 (d, 1H, J = 6.9 Hz),
7.51 (s, 1H), 7.44 (s, 1H), 7.28 (d, 1H, J = 6.9 Hz),
7.07 (d, 1H, J = 4.2 Hz), 6.96 (d, 1H, J = 4.2 Hz), 5.43
(s, 1H, NH), 4.10 (t, 2H, J = 4.9 Hz), 3.62 (t, 2H,
J = 4.9 Hz), 2.37 (s, 3H), 2.34 (s, 3H), 2.19 (m, 2H).
13C NMR (CDCl3, 50 MHz): 167.0, 163.5, 163.3,
150.8, 145.7, 140.4, 137.5, 137.2, 135.2, 130.6, 129.9,
128.6, 125.0, 121.5, 119.3, 103.5, 44.9, 38.9, 31.6, 20.4,
20.2. Anal. Calcd for C23H24N6: C, 71.85; H, 6.29; N,
21.86. Found: C, 71.52; H, 6.55; N, 21.64.


6.2.5. (3-Imidazol-1-yl-propyl)-[4-(4-methoxy-phenyl)-6-
pyridin-4-yl-pyrimidin-2-yl]-amine (17). Yield: 72%; mp
140–142 �C; MS: 387 (M+1); IR (KBr) 3422, 2926,
1638, 1580, 1480, 1325, 1272 cm�1; 1H NMR (CDCl3,
200 MHz): d (ppm) 8.76 (d, 2H, J = 6.0 Hz), 8.05 (d,
2H, J = 8.8 Hz), 7.91 (d, 2H, J = 6.0 Hz), 7.53 (s, 1H),
7.41 (s, 1H), 7.08 (d, 1H, J = 4.2 Hz), 7.01 (d, 2H,
J = 8.8 Hz), 6.96 (d, 1H, J = 4.2 Hz), 4.12 (t, 2H,
J = 4.9 Hz), 3.88 (s, 3H, OMe), 3.60 (t, 2H,
J = 4.9 Hz), 2.19 (m, 2H). 13C NMR (CDCl3,
50 MHz): 166.8, 163.6, 162.9, 161.2, 150.4, 145.5,
137.6, 129.9, 128.6, 125.0, 121.0, 119.3, 114.0, 103.6,
55.4, 44.9, 38.9, 31.6. Anal. Calcd for C22H22N6O: C,
68.38; H, 5.74; N, 21.75. Found: C, 68.52; H, 5.98; N,
21.51.


6.2.6. [4-(2,5-Dimethoxy-phenyl)-6-pyridin-4-yl-pyrimi-
din-2-yl]-(3-imidazol-1-yl-propyl)-amine (18). Yield:
59%; mp 114–116 �C; MS: 417 (M+1); IR (KBr) 3439,
2993, 1652, 1575, 1509, 1462, 1465, 1350 cm�1; 1H
NMR (CDCl3, 200 MHz): d (ppm) 8.77 (d, 2H,
J = 5.9 Hz), 7.95 (d, 2H, J = 5.9 Hz), 7.56 (s, 1H), 7.38
(s, 1H), 7.32 (s, 1H), 7.22 (d, 1H, J = 6.8 Hz), 7.08 (d,
1H, J = 4.3 Hz), 6.95 (d, 1H, J = 4.3 Hz), 6.71 (d, 1H,
J = 6.8 Hz), 4.12 (t, 2H, J = 4.7 Hz), 3.87 (t, 2H,
J = 4.6 Hz), 3.84 (s, 3H, OMe), 3.82 (s, 3H, OMe),
2.21 (m, 2H). 13C NMR (CDCl3, 50 MHz): 164.9,
162.6, 162.2, 154.3, 152.9, 150.8, 146.1, 137.7, 128.3,
125.1, 121.6, 119.4, 116.9, 116.6, 113.7, 107.9, 56.9,
56.3, 44.9, 39.0, 31.6. Anal. Calcd for C23H24N6O2: C,
66.33; H, 5.81; N, 20.18. Found: C, 66.49; H, 5.62; N,
20.54.


6.2.7. (3-Imidazol-1-yl-propyl)-(4-pyridin-4-yl-6-(2,4,5-
trimethoxy-phenyl)-pyrimidin-2-yl)-amine (19). Yield:
60%; mp 129–131 �C; MS: 447 (M+1); IR (KBr) 3429,
2929, 2864, 1662, 1577, 1549, 1510, 1460, 1359 cm�1;
1H NMR (CDCl3, 200 MHz): d (ppm) 8.75 (d, 2H,
J = 6.1 Hz), 7.91 (d, 2H, J = 6.1 Hz), 7.81 (s, 1H), 7.65
(s, 1H), 7.52 (s, 1H), 7.07 (d, 1H, J = 4.2 Hz), 6.96 (d,
1H, J = 4.2 Hz), 6.62 (s, 1H), 4.12 (t, 2H, J = 4.6 Hz),
3.97 (s, 3H, OMe), 3.92 (s, 6H, 2OMe), 3.62 (t, 2H,

J = 4.6 Hz), 2.21 (m, 2H). 13C NMR (CDCl3,
50 MHz): 164.5, 162.6, 162.1, 154.1, 152.3, 150.8,
146.3, 143.9, 137.5, 125.0, 121.6, 119.3, 118.9, 114.2,
107.6, 98.3, 57.2, 57.0, 56.6, 44.9, 38.9, 31.5. Anal. Calcd
for C24H26N6O3: C, 64.56; H, 5.87; N, 18.82. Found: C,
64.35; H, 5.98; N, 18.57.


6.2.8. (3-Imidazol-1-yl-propyl)-(4-pyridin-4-yl-6-(3,4,5-
trimethoxy-phenyl)-pyrimidin-2-yl)-amine (20). Yield:
64%; mp 134–136 �C; MS: 447 (M+1); IR (KBr) 3427,
2930, 2864, 1658, 1591, 1513, 1442, 1356 cm�1; 1H
NMR (CDCl3, 200 MHz): d (ppm) 8.78 (d, 2H,
J = 5.9 Hz), 7.93 (d, 2H, J = 5.9 Hz), 7.53 (s, 1H), 7.35
(s, 1H), 7.30 (s, 2H), 7.08 (d, 1H, J = 4.2 Hz), 6.96 (d,
1H, J = 4.2 Hz), 4.12 (t, 2H, J = 4.8 Hz), 3.60 (t, 2H,
J = 4.8 Hz), 2.20 (m, 2H). 13C NMR (CDCl3,
50 MHz): 167.2, 162.8, 163.2, 154.1, 150.8, 145.4,
140.8, 137.6, 134.6, 125.1, 121.6, 119.3, 105.1, 102.7,
61.4, 56.8, 44.8, 39.0, 31.6. Anal. Calcd for
C24H26N6O3: C, 64.56; H, 5.87; N, 18.82. Found: C,
64.41; H, 5.65; N, 18.62.


6.2.9. [4-(4-Chloro-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-
(3-imidazol-1-yl-propyl)-amine (21). Yield: 67%; mp
decomposes at 170 �C; MS: 391 (M+1); IR (KBr)
3426, 2933, 2839, 1656, 1510, 1448, 1356 cm�1; 1H
NMR (CDCl3, 200 MHz): d (ppm) 8.77 (d, 2H,
J = 5.9 Hz), 8.06 (d, 2H, J = 7.9 Hz), 7.94 (d, 2H,
J = 5.9 Hz), 7.47 (d, 2H, J = 7.9 Hz), 7.53 (s, 1H), 7.40
(s, 1H), 7.07 (d, 1H, J = 4.5 Hz), 6.96 (d, 1H,
J = 4.5 Hz), 4.12 (t, 4H, J = 4.7 Hz), 3.60 (t, 4H,
J = 4.7 Hz), 2.22 (m, 2H). 13C NMR (CDCl3,
50 MHz): 165.6, 162.4, 161.9, 158.9, 145.6, 137.7,
135.2, 134.4, 130.2, 128.8, 125.1, 121.2, 119.4, 104.1,
44.9, 38.9, 31.7. Anal. Calcd for C21H19ClN6: C, 64.53;
H, 4.90; N, 21.50. Found: C, 64.34; H, 4.76; N, 21.65.


6.3. General procedure for the synthesis of compounds
24–32


The chalcones 2–10 were cyclized with N-(3-morpholin-
4-yl-propyl)-guanidine hydrochloride by a similar meth-
od as that of compounds 13–21.


6.3.1. (3-Morpholin-4-yl-propyl)-(4-phenyl-6-pyridin-4-
yl-pyrimidin-2-yl)-amine (24). Yield: 70%; mp 202–
204 �C; MS: 376 (M+1); IR (KBr) 3431, 2949, 1816,
1649, 1593, 1507, 1461, 1355 cm�1; 1H NMR (CDCl3,
200 MHz): d (ppm) 8.77 (d, 2H, J = 5.9 Hz), 8.11 (d,
2H, J = 7.8 Hz), 7.96 (d, 2H, J = 5.9 Hz), 7.52–7.49
(m, 3H), 7.42 (s, 1H), 3.79 (t, 4H, J = 4.6 Hz), 3.66 (t,
2H, J = 4.2 Hz), 2.63 (t, 2H, J = 4.5 Hz), 2.56 (t, 4H,
J = 4.6 Hz), 1.96–1.91 (m, 2H). 13C NMR (CDCl3,
50 MHz): 165.2, 162.1, 161.7, 150.3, 145.4, 137.2,
127.8, 129.6, 128.9, 120.8, 103.4, 66.5, 45.6, 44.1, 39.5,
31.5. Anal. Calcd for C22H25N5O: C, 70.38; H, 6.71;
N, 18.65. Found: C, 70.52; H, 6.43; N, 18.37.


6.3.2. (3-Morpholin-4-yl-propyl)-(4-pyridin-4-yl-6-p-tol-
yl-pyrimidin-2-yl)-amine (25). Yield: 77%; mp 123–
125 �C; MS: 390 (M+1); IR (KBr) 3429, 2934, 2872,
1638, 1579, 1510, 1468, 1356, 1278 cm�1; 1H NMR
(CDCl3, 200 MHz): d (ppm) 8.75 (d, 2H, J = 6.1 Hz),
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8.03 (d, 2H, J = 7.9 Hz), 7.94 (d, 2H, J = 6.1 Hz), 7.41
(s, 1H), 7.30 (d, 2H, J = 7.9 Hz), 3.78 (t, 4H,
J = 4.5 Hz), 3.63 (t, 2H, J = 4.3 Hz), 2.62 (t, 2H,
J = 4.1 Hz), 2.56 (t, 4H, J = 4.5 Hz), 2.43 (s, 3H, Me),
1.94–1.90 (m, 2H). 13C NMR (CDCl3, 50 MHz): 165.5,
162.5, 162.0, 150.2, 145.4, 138.1, 133.6, 130.1, 127.2,
121.2, 101.5, 66.6, 45.7, 44.2, 39.5, 31.5, 18.9. Anal.
Calcd for C23H27N5O: C, 70.92; H, 6.99; N, 17.98.
Found: C, 70.68; H, 6.74; N, 17.74.


6.3.3. [4-(4-Methylsulfanyl-phenyl)-6-pyridin-4-yl-pyrimi-
din-2-yl]-(3-morpholin-4-yl-propyl)-amine (26). Yield:
74%; mp 124–126 �C; MS: 422 (M+1); IR (KBr) 3427,
2930, 2864, 1654, 1591, 1513, 1442, 1345 cm�1; 1H
NMR (CDCl3, 200 MHz): d (ppm) 8.77 (d, 2H,
J = 6.2 Hz), 8.06 (d, 2H, J = 8.6 Hz), 7.95 (d, 2H,
J = 6.2 Hz), 7.40 (s, 1H), 7.36 (d, 2H, J = 8.6 Hz), 3.79
(t, 4H, J = 4.6 Hz), 3.66 (t, 2H, J = 4.2 Hz), 2.63 (t,
2H, J = 4.5 Hz), 2.56 (t, 4H, J = 4.6 Hz), 2.52 (s, 3H,
SMe), 1.96–1.91 (m, 2H). 13C NMR (CDCl3,
50 MHz): 165.7, 163.1, 162.7, 150.8, 145.8, 142.8,
134.4, 127.8, 126.4, 121.4, 102.2, 66.2, 45.5, 44.0, 39.5,
31.5, 18.4. Anal. Calcd for C23H27N5OS: C, 65.53; H,
6.46; N, 16.61. Found: C, 65.41; H, 6.32; N, 16.37.


6.3.4. [4-(3,4-Dimethyl-phenyl)-6-pyridin-4-yl-pyrimidin-
2-yl]-(3-morpholin-4-yl-propyl)-amine (27). Yield: 70%;
mp 92–94 �C; MS: 404 (M+1); IR (KBr) 3424, 2976,
2864, 1668, 1589, 1506, 1456, 1356 cm�1; 1H NMR
(CDCl3, 200 MHz): d (ppm) 8.77 (d, 2H, J = 6.1 Hz),
7.97 (d, 2H, J = 6.1 Hz), 7.87 (s, 1H), 7.82 (d, 1H,
J = 6.9 Hz), 7.42 (s, 1H), 7.23 (d, 1H, J = 6.9 Hz), 3.77
(t, 4H, J = 4.7 Hz), 3.62 (t, 2H, J = 4.4 Hz), 2.60 (t,
2H, J = 4.1 Hz), 2.56 (t, 4H, J = 4.7 Hz), 2.37 (s, 3H,
Me), 2.34 (s, 3H, Me), 1.94–1.90 (m, 2H). 13C NMR
(CDCl3, 50 MHz): 166.6, 162.9, 162.7, 150.8, 145.9,
140.2, 137.4, 135.6, 130.5, 128.6, 125.0, 121.5, 102.6,
66.4, 45.5, 44.1, 39.5, 31.5, 20.4, 20.2. Anal. Calcd for
C24H29N5O: C, 71.44; H, 7.24; N, 17.36. Found: C,
71.24; H, 7.36; N, 17.57.


6.3.5. [4-(4-Methoxy-phenyl)-6-pyridin-4-yl-pyrimidin-2-
yl]-(3-morpholin-4-yl-propyl)-amine (28). Yield: 68%;
mp 122–124 �C; MS: 406 (M+1); IR (KBr) 3439, 2934,
2865, 1673, 1575, 1510, 1462, 1350 cm�1; 1H NMR
(CDCl3, 200 MHz): d (ppm) 8.77 (d, 2H, J = 6.0 Hz),
8.11 (d, 2H, J = 8.8 Hz), 7.96 (d, 2H, J = 6.0 Hz), 7.39
(s, 1H), 7.03 (d, 2H, J = 8.8 Hz), 3.88 (s, 3H, OMe),
3.77 (t, 4H, J = 4.8 Hz), 3.65 (t, 2H, J = 4.7 Hz), 2.61
(t, 2H, J = 4.1 Hz), 2.56 (t, 4H, J = 4.8 Hz), 1.92–1.88
(m, 2H). 13C NMR (CDCl3, 50 MHz): 165.4, 162.4,
162.2, 161.9, 150.4, 145.5, 129.9, 128.6, 121.0, 114.0,
101.6, 66.5, 55.5, 45.6, 44.1, 39.5, 31.5. Anal. Calcd for
C23H27N5O2: C, 68.13; H, 6.71; N, 17.27. Found: C,
68.35; H, 6.65; N, 17.39.


6.3.6. [4-(2,5-Methoxy-phenyl)-6-pyridin-4-yl-pyrimidin-
2-yl]-(3-morpholin-4-yl-propyl)-amine (29). Yield: 66%;
mp 112–114 �C; MS: 436 (M+1); IR (KBr) 3409, 2943,
1645, 1574, 1484, 1319, 1280 cm�1; 1H NMR (CDCl3,
200 MHz): d (ppm) 8.77 (d, 2H, J = 6.0 Hz), 7.95 (d,
2H, J = 6.0 Hz), 7.40 (s, 1H), 7.33 (s, 1H), 7.22 (d, 1H,
J = 6.8 Hz), 6.74 (d, 1H, J = 6.8 Hz), 6.01 (s, 1H, NH),

3.84 (s, 3H, OMe), 3.82 (s, 3H, OMe), 3.77 (t, 4H,
J = 4.8 Hz), 3.65 (t, 2H, J = 4.6 Hz), 2.61 (t, 2H,
J = 4.4 Hz), 2.56 (t, 4H, J = 4.8 Hz), 1.92–1.88 (m,
2H). 13C NMR (CDCl3, 50 MHz): 164.9, 162.7, 162.3,
154.2, 152.9, 150.8, 146.1, 128.3, 121.6, 116.9, 116.5,
113.7, 107.8, 67.2, 56.9, 56.3, 45.5, 44.8, 39.5, 31.6. Anal.
Calcd for C24H29N6O3: C, 66.19; H, 6.71; N, 16.08.
Found: C, 66.42; H, 6.43; N, 16.37.


6.3.7. (3-Morpholin-4-yl-propyl)-(4-pyridin-4-yl-6-(2,4,5-
trimethoxy-phenyl)-pyrimidin-2-yl)-amine (30). Yield:
68%; mp 121–123 �C; MS: 466 (M+1); IR (KBr) 3402,
2926, 1638, 1580, 1480, 1325, 1272 cm�1; 1H NMR
(CDCl3, 200 MHz): d (ppm) 8.74 (d, 2H, J = 6.1 Hz),
7.93 (d, 2H, J = 6.1 Hz), 7.77 (s, 1H), 7.71 (s, 1H),
6.61 (s, 1H), 6.01(s, 1H, NH), 3.97 (s, 3H, OMe), 3.93
(s, 6H, 2OMe), 3.79 (t, 4H, J = 4.6 Hz), 3.66 (t, 2H,
J = 4.2 Hz), 2.63 (t, 2H, J = 4.5 Hz), 2.56 (t, 4H,
J = 4.6 Hz), 1.96–1.91 (m, 2H). 13C NMR (CDCl3,
50 MHz): 164.8, 162.6, 162.1, 154.3, 152.5, 150.7,
146.3, 143.9, 121.6, 118.9, 114.2, 107.6, 98.3, 67.3,
57.2, 57.0, 56.6, 45.6, 44.8, 39.5, 31.5. Anal. Calcd for
C25H31N5O4: C, 64.50; H, 6.71; N, 15.04. Found: C,
64.76; H, 6.54; N, 15.32.


6.3.8. (3-Morpholin-4-yl-propyl)-(4-pyridin-4-yl-6-(3,4,5-
trimethoxy-phenyl)-pyrimidin-2-yl)-amine (31). Yield:
65%; mp 137–139 �C; MS: 466 (M+1); IR (KBr) 3415,
2948, 1636, 1584, 1486, 1325, 1265 cm�1; 1H NMR
(CDCl3, 200 MHz): d (ppm) 8.76 (d, 2H, J = 6.1 Hz),
7.95 (d, 2H, J = 6.1 Hz), 7.35 (s, 1H), 7.32 (s, 2H),
3.97 (s, 6H, OMe), 3.92 (s, 3H, OMe), 3.77 (t, 4H,
J = 4.8 Hz), 3.65 (t, 2H, J = 4.7 Hz), 2.61 (t, 2H,
J = 4.1 Hz), 2.56 (t, 4H, J = 4.8 Hz), 1.92–1.88 (m,
2H). 13C NMR (CDCl3, 50 MHz): 167.2, 162.8, 163.2,
154.1, 150.8, 145.4, 140.8, 134.6, 121.6, 105.1, 102.7,
67.3, 61.4, 56.8, 45.6, 44.8, 39.5, 31.5. Anal. Calcd for
C25H31N5O4: C, 64.50; H, 6.71; N, 15.04. Found: C,
64.68; H, 6.54; N, 15.36.


6.3.9. [4-(4-Chloro-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-
(3-morpholin-4-yl-propyl)-amine (32). Yield: 70%; mp
116–118 �C; MS: 410 (M+1); IR (KBr) 3412, 2936,
1642, 1578, 1488, 1324, 1284 cm�1; 1H NMR (CDCl3,
200 MHz): d (ppm) 8.76 (d, 2H, J = 6.1 Hz), 8.04 (d,
2H, J = 8.4 Hz), 7.93 (d, 2H, J = 6.1 Hz), 7.47 (d, 2H,
J = 8.4 Hz), 7.37 (s, 1H), 6.1 (s, 1H, NH), 3.79 (t, 4H,
J = 4.8 Hz), 3.65 (t, 2H, J = 4.4 Hz), 2.60 (t, 2H,
J = 4.3 Hz), 2.52 (t, 4H, J = 4.8 Hz), 1.97–1.92 (m,
2H). 13C NMR (CDCl3, 50 MHz): 165.6, 162.4, 161.9,
158.9, 145.6, 135.2, 134.4, 130.2, 128.8, 121.2, 104.1,
66.5, 45.6, 44.1, 39.5, 31.5. Anal. Calcd for
C22H24ClN5O: C, 64.46; H, 5.90; N, 17.09. Found: C,
64.65; H, 5.68; N, 17.42.
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		(3-Imidazol-1-yl-propyl)-[4-(4-methoxy-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-amine (17)

		[4-(2,5-Dimethoxy-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-(3-imidazol-1-yl-propyl)-amine (18)

		(3-Imidazol-1-yl-propyl)-(4-pyridin-4-yl-6-(2,4,5-trimethoxy-phenyl)-pyrimidin-2-yl)-amine (19)

		(3-Imidazol-1-yl-propyl)-(4-pyridin-4-yl-6-(3,4,5-trimethoxy-phenyl)-pyrimidin-2-yl)-amine (20)

		[4-(4-Chloro-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-(3-imidazol-1-yl-propyl)-amine (21)



		General procedure for the synthesis of compounds 	24 ndash 32

		(3-Morpholin-4-yl-propyl)-(4-phenyl-6-pyridin-4-yl-pyrimidin-2-yl)-amine (24)

		(3-Morpholin-4-yl-propyl)-(4-pyridin-4-yl-6-p-tolyl-pyrimidin-2-yl)-amine (25)

		[4-(4-Methylsulfanyl-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-(3-morpholin-4-yl-propyl)-amine (26)

		[4-(3,4-Dimethyl-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-(3-morpholin-4-yl-propyl)-amine (27)

		[4-(4-Methoxy-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-(3-morpholin-4-yl-propyl)-amine (28)

		[4-(2,5-Methoxy-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-(3-morpholin-4-yl-propyl)-amine (29)

		(3-Morpholin-4-yl-propyl)-(4-pyridin-4-yl-6-(2,4,5-trimethoxy-phenyl)-pyrimidin-2-yl)-amine (30)

		(3-Morpholin-4-yl-propyl)-(4-pyridin-4-yl-6-(3,4,5-trimethoxy-phenyl)-pyrimidin-2-yl)-amine (31)

		[4-(4-Chloro-phenyl)-6-pyridin-4-yl-pyrimidin-2-yl]-(3-morpholin-4-yl-propyl)-amine (32)
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Abstract—The first inhibition study of the transmembrane carbonic anhydrase (CA, EC 4.2.1.1) isozymes hCA XIV with a library of
aromatic and heteroaromatic sulfonamides synthesized earlier is reported. Most of the inhibitors were sulfanilamide, homosulfanil-
amide and 4-aminoethyl-benzenesulfonamide derivatives, to which tails that would induce diverse physicochemical properties have
been attached at the amino moiety. Several of these compounds were metanilamide, benzene-1,3-disulfonamide or the 1,3,4-thi-
adiazole/thiadiazoline-2-sulfonamide derivatives. The tails incorporated in these molecules were of the alkyl/aryl-carboxamido/sul-
fonamido-, ureido- or thioureido-types. The sulfanilamides acylated at the 4-amino group with short aliphatic/aromatic moieties
incorporating 2-6 carbon atoms showed modest hCA XIV inhibitory activity (KI-s in the range of 1.25–4.2 lM) which were anyhow
better than that of sulfanilamide (KI of 5.4 lM). Better activity showed the homosulfanilamide and 4-aminoethyl-benzenesulfon-
amide derivatives bearing arylsulfonamido/ureido and thioureido moieties, with KI�s in the range of 203–935 nM. The best activity
was observed for the heteroaromatic compounds incorporating 1,3,4-thiadiazole/thiadiazoline-2-sulfonamide and 5-arylcarboxam-
ido/sulfonamido moieties, with KI�s in the range of 10–85 nM. All these compounds were generally also much better inhibitors of the
other two transmembrane CA isozyme, hCA IX and XII. Thus, highly potent hCA XIV inhibitors were detected, but isozyme-
specific inhibitors were not discovered for the moment.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Isozyme XIV of carbonic anhydrase (CA, EC 4.2.1.1)
was the last one to be discovered1 (together with iso-
zymes CA VB,2 and XIII3) among the 15 CA isoforms
of this widespread metalloprotein known up to now in
humans.4 By catalysing the reversible hydration of car-
bon dioxide to bicarbonate and a proton at neutral
pH, these enzymes play a host of physiological/patho-
logical roles in many processes in which these three
chemical species are involved.4–7 As carbon dioxide is
the main waste product in all metabolic processes and
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H+/HCO3
� ions are critical for the pH homeostasis,


electrolyte secretion in many tissues/organs, biosynthetic
reactions, transport of anions across membranes,
tumorigenesis, etc., to cite only some of the most impor-
tant ones, it starts to be even more obvious why evolu-
tion selected a rather large family of such proteins
(i.e., 15 isoforms in humans) to deal specifically with
these tasks. Similar to the isozymes CA IX and XII,
CA XIV is also a transmembrane protein with an extra-
cellular active site,1,8 but unlike the first two proteins,
isozyme XIV is not associated to cancerous tissues.9–15


Indeed, work followed in several laboratories showed
CA XIV to be a highly abundant protein in the brain,
kidney, colon, small intestine, urinary bladder, liver
and spinal cord.9–13 It has then been shown by Parkki-
la�s group that in kidneys, the luminal CA XIV is
involved in bicarbonate reabsorption (a function previ-
ously considered to be played by CA IV)11 whereas
the same group also showed that in hepatocytes plasma
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membranes CA XIV is involved in the control of pH
and ion transport processes between the hepatocytes,
sinusoids, and bile canaliculi.12 Finally, this extracelullar
CA isozyme is highly abundant in neurons and axons
in the murine and human brain, where it seems to play
an important role in modulating excitatory synaptic
transmission.13


The structure of the murine isoform XIV has been
reported by Christianson and co-workers,8 whereas very
recently our group16 reported the complete kinetic char-
acterization of the human isozyme (full length hCA
XIV). Similar to the isozymes CA XII (the most closely
related philogenetically)1 and CA I (a highly abundant
cytosolic blood isoform), hCA XIV shows a medium–
low catalytic activity for the CO2 hydration reaction,
with kcat = 3.12 · 105 s�1, and kcat/KM = 3.9 ·
107 M�1 s�1.16 In this work,16 for the first time the inhi-
bition of hCA XIV with a series of simple aromatic and
heteroaromatic sulfonamides (such as among others sul-
fanilamide SA, homosulfanilamide, and 4-aminoethyl-
benzenesulfonamide AEB), as well as with the clinically
used derivatives from this class of pharmacological
agents, among them acetazolamide AZA and ethoxzol-
amide EZA, were investigated. It was thus observed that
isozyme XIV shows a completely different inhibition
profile as compared to the other transmembrane iso-
forms CA IX and XII, which we showed earlier to be
important druggable targets, mainly in the design of
novel antitumor or antiglaucoma therapies.17–25


Considering the wide distribution of this isozyme
throughout the human body and its involvement in crit-
ical physiological processes, it is important to explore
the possibility of designing potent and possibly also
isozyme-specific hCA XIV inhibitors. Here, we report
an inhibition study of this new isozyme with a class of
aromatic/hetroaromatic sulfonamides.

2. Chemistry


Compounds 1–5 used in this assay were previously
reported by our group.25–31 Most of them are sulfanil-
amide SA, homosulfanilamide HSA and 4-aminoethyl-
benzenesulfonamide AEB derivatives (compounds 1a–
s), to which tails that should induce diverse physico-
chemical properties have been attached at the amino
moiety. However, several of these compounds are de-
rived from metanilamide (2), benzene-1,3-disulfonamide
(3), or the thiadiazole/thiadiazoline-2-sulfonamides (4a,

b, and 5). The compounds tested were selected to cover
a rather wide range of compounds to which acyl-, alkyl-/
arylsulfonyl-, ureido-, and thioureido- tails have been
attached to modulate some of the physicochemical prop-
erties important for a potential drug, such as hydrophi-
licity and lipophilicity among others.

3. Carbonic anhydrase inhibition


Inhibition data of three physiologically relevant CA iso-
zymes, that is, hCA IX, XII and XIV with sulfonamides
1–5 and standard, clinically used inhibitors are shown in
Table 1.32–34 The CA IX and XII inhibition data with
these sulfonamides have recently been reported32 and
are included here only for comparison reasons, because
these three transmembrane isozymes are quite similar
from the structural point of view (the structures of the
catalytic domains of hCA XII and mCA XIV were
reported)8 and philogenetically.1


The following should be noted regarding inhibition of
hCA XIV with this series of sulfonamides: (i) the three
aromatic lead molecules, sulfanilamide SA, homosulf-
anilamide HSA, and 4-aminoethyl-benzenesulfonamide
AEB show rather weak hCA XIV inhibitory activity,
with inhibition constants in the range of 2.9–5.4 lM,
and an increased inhibitory power with the length of
the spacer between the sulfamoylphenyl- and the amino
moiety from 0 to 2 methylene groups. Noteworthy, the
hCA IX and XII inhibitory properties of these three
compounds are much better (KI�s in the range of 33–
294 nM against hCA IX, and 0.3–37 nM against hCA
XII, respectively). A first group of the investigated sul-
fonamides, including 1a–i and 2, also showed modest
hCA XIV inhibitory effects, with KI�s in the range of
1250–4200 nM. It may be observed that all of them (ex-
cept the metanilamide derivative 2) are sulfanilamides
acylated or alkylsulfonylated at the 4-amino group.
Thus, all these compounds showed enhanced hCA
XIV inhibitory properties as compared to the lead SA,
and generally, their inhibitory properties increased with
the increase of the 4-acylating moiety from acetamido to
BuCONH and benzoylamido moiety. This increase is
not always linear; for example, the trifluoroacetamido
derivative 1b and the benzoyl derivative 1s showed quite
similar inhibition constants. Furthermore, it may be ob-
served that the secondary sulfonamide 1i is 3.36 times
more potent as hCA XIV inhibitor as compared to the
corresponding carboxamide 1a (Table 1); (ii) a second
group of derivatives, including 1j–q and 3 act as more







Table 1. hCA IX, XII, and XIV inhibition data with sulfonamides 1–5, acetazolamide (AZA), ethoxzolamide (EZA), sulfanilamide (SA),


homosulfanilamide (HSA) and 4-aminoethyl-benzenesulfonamide (AEB)


Compound n R KI (nM)*


hCA IXa hCA XIIa hCA XIVb


1a 0 CH3CO 135 49 4200


1b 0 CF3CO 112 31 1430


1c 0 EtCO 106 56 3700


1d 0 n-PrCO 83 85 2350


1e 0 i-PrCO 139 138 2400


1f 0 n-BuCO 79 147 2300


1g 0 t-BuCO 136 249 2650


1h 0 PhCO 73 21 1345


1i 0 MeSO2 113 33 1250


1j 0 PhSO2 52 68 935


1k 0 4-AcNHC6H4SO2 37 76 880


1m 1 PhSO2 40 83 465


1n 1 PhNH–C(@S) 26 18 237


1p 2 PhNH–C(@S) 21 24 203


1q 2 PhNH–C(@O) 18 13 260


1r 2 4-H2NO2SC6H4NH–C(@S) 3 79 85


1s 2 4-H2NO2SC6H4CO 12 13 79


2 — PhNH–C(@O) 14 10 1450


3 — PhNH–C(@O) 146 348 430


4a — 4-BrC6H4SO2 21 3.3 13


4b — 4-O2NC6H4SO2 16 1.9 10


5 — Furan-2-yl–CO 13 2.4 23


AZA — — 25 5.7 41


EZA — — 50 22 25


SA — — 294 37 5400


HSA — — 103 0.3 3200


AEB — — 33 3.2 2900


Data of hCA IX and XII are from Ref. 32.
a Catalytic domain of the human cloned isozyme.
bHuman, full length recombinant enzyme.
*Mean from three assays (errors in the range of 5–10% of the reported value).
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effective hCA XIV inhibitors, with KI�s in the range of
203–935 nM while at the same time being much more
effective as hCA IX/XII inhibitors. These are either
sulfanilamides arylsulfonylated at the 4-amino group
(1j and k), or acylated/arylsulfonylated and ureido/thio-
ureido derivatives of HSA and AEB (the only other
structural class includes the benzene-1,3-disulfonamide
derivative 3). Thus, hCA XIV inhibitory properties are
enhanced for derivatives showing these types of substi-
tution patterns over the previously discussed ones. Fur-
thermore, the AEB derivatives are better inhibitors than
the corresponding HSA derivatives which in turn seem
to be more effective inhibitors than the corresponding

SA derivatives, clearly showing that the spacer between
the benzenesulfonamide part and the tail part of the
molecule critically influence the biologic activity; (iii)
the most effective hCA XIV inhibitors in the series of
investigated sulfonamides were 1r, s, 4a, b, and 5, which
showed inhibition constants in the range of 10–85 nM,
of the same order of magnitude as the clinically used
drugs acetazolamide and ethoxzolamide (KI�s of 25–
41 nM). Thus, except the two bis-sulfonamides derived
from AEB, 1r, and s, the other potent hCA XIV inhib-
itors described here are heteroaromatic derivatives
incorporating the 1,3,4-thiadiazole-2-sulfonamide or
1,3,4-thiadiazoline-2-sulfonamide moieties, present in
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the clinically used CAIs. Particularly, potent inhibitors
were the two sulfonylated derivatives 4a and b, which
are 3.15–4.10 times more effective than the lead com-
pound acetazolamide. Thus, these substitution patterns
may lead to quite effective hCA XIV inhibitors, but all
these compounds also act as quite efficient inhibitors
of isozymes IX and XII (Table 1).

4. Conclusions


The inhibition of the transmembrane isozymes hCA
XIV has been investigated with a library of aromatic
and heteroaromatic sulfonamides synthesized earlier
by us. Most of them were sulfanilamide, homosulfanil-
amide and 4-aminoethyl-benzenesulfonamide derivatives,
to which tails that should induce different physicochem-
ical properties have been attached at the amino moiety,
whereas several of these compounds were derived from
metanilamide, benzene-1,3-disulfonamide or the 1,3,4-
thiadiazole/thiadiazoline-2-sulfonamides. The tails were
of the alkyl/aryl-carboxamido/sulfonamido-, ureido- or
thioureido-types. The sulfanilamides acylated at the
4-amino group with short aliphatic/aromatic moieties
incorporating 2–6 carbon atoms showed modest hCA
XIV inhibitory activity (KI�s in the range of 1.25–
4.2 lM) which were anyhow better than that of sulfanil-
amide itself (KI of 5.4 lM). Better activity showed the
homosulfanilamide and 4-aminoethyl-benzenesulfon-
amide derivatives bearing arylsulfonamido/ureido and
thioureido moieties, with KI�s in the range of 203–
935 nM. The best activity was observed for the hetero-
aromatic compounds incorporating 1,3,4-thiadiazole/
thiadiazoline-2-sulfonamide and 5-arylcarboxamido/sul-
fonamido moieties, with KI�s in the range of 10–85 nM.
All these compounds were generally much better inhib-
itors of the other two transmembrane CA isozyme, hCA
IX and XII. Thus, highly potent hCA XIV inhibitors
were detected, but isozyme-specific inhibitors were not
discovered for the moment.

5. Experimental


5.1. Chemistry


Acetazolamide (AZA), ethoxzolamide (EZA), sulfanil-
amide (SA), homosulfanilamide (HSA) and 4-aminoeth-
yl-benzenesulfonamide (AEB) were from Sigma-Aldrich
(Milan, Italy). Compounds 1–5 used in this assay were
previously reported by our group.25–31


5.2. The CA XIV-GST construct


A putative full-length cDNA of hCAXIV (accession No.
AB025904) was obtained by RT-PCR with poly(A)-
RNA from the human spinal cord (Clontech, Palo
Alto, CA) and the 5 0 and 3 0 rapid amplification of cDNA
ends (RACE) has been performed by the previously de-
scribed method.1,32 The cDNA fragment encoding the
open reading frame of hCA XIV was amplified by
PCR using adopter primers including EcoRI and SalI
recognition sequences (underlined in the following

sequences, respectively): 5 0-CCGAATTCGGACTG
CATGTTGTTCTCCGCCCTCCT-3 0 and 5 0-TTTGTC
GACTTATGCCTCAGTCGTGGCTT-3 0. The PCR
reaction was hot-started with incubation for 5 min at
94 �C and consisted of 35 cycles of 30 s at 94 �C, 30 s
at 55 �C and 30 s at 72 �C. The PCR products were
cleaved with the corresponding restriction enzymes,
purified and cloned in-frame into a modified pGEX-
4T2 vector using T4-ligase (Promega). The proper
cDNA sequence of the hCA XIV insert included in the
vector was reconfirmed by DNA sequencing. The con-
structs were then transfected into E. coli strain BL21
for production of the hCA XIV protein, similar to the
procedure already described for hCA IX.33 The protein
expression was induced by adding 1 mM isopropyl-b-DD-
thiogalactopyranoside, cells were harvested when the
OD600 arrived at 1.00 and lysed by sonication in PBS.
The cell homogenate was incubated at room tempera-
ture for 15 min and homogenized twice with a Polytron
(Brinkmann) for 30 s each at 4 �C. Centrifugation at
30,000g for 30 min afforded the supernatant containing
the soluble proteins. The obtained supernatant was then
applied to a prepacked Glutathione Sepharose 4B col-
umn (Amersham). The column was extensively washed
with buffer and then the fusion (GST–hCA XIV) protein
was eluted with a buffer consisting of 5 mM reduced glu-
tathione in 50 mM Tris–HCl pH 8.0. Finally the GST
part of the fusion protein was cleaved with thrombin.
The advantage of this method is that hCA XIV is puri-
fied quite easily and the procedure is quite simple. The
obtained hCA XIV was further purified by sulfonamide
affinity chromatography, the amount of enzyme being
determined by spectrophotometric measurements and
its activity by stopped-flow experiments, with CO2 as
substrate.34


5.3. CA inhibition assay


An SX.18MV-R Applied Photophysics stopped-flow
instrument has been used for assaying the CA catalyzed
CO2 hydration activity. Phenol red (at a concentration
of 0.2 mM) has been used as indicator, working at the
absorbance maximum of 557 nm, with 10 mM Hepes
(pH 7.5) as buffer, 0.1 M Na2SO4 (for maintaining con-
stant the ionic strength), following the CA-catalyzed
CO2 hydration reaction for a period of 10–100 s. The
CO2 concentrations ranged from 1.7 to 17 mM for the
determination of the kinetic parameters and inhibition
constants. For each inhibitor at least six traces of the ini-
tial 5–10% of the reaction have been used for determin-
ing the initial velocity. The uncatalyzed rates were
determined in the same manner and subtracted from
the total observed rates. Stock solutions of inhibitor
(1 mM) were prepared in distilled-deionized water with
10–20% (v/v) DMSO (which is not inhibitory at these
concentrations) and dilutions up to 0.01 nM were done
thereafter with distilled-deionized water. Inhibitor and
enzyme solutions were preincubated together for
15 min at room temperature prior to assay, in order to
allow for the formation of the E–I complex. The inhibi-
tion constants were obtained by nonlinear least-squares
methods using PRISM 3, from Lineweaver–Burk plots,
as reported earlier,16,25 and represent the mean from at
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least three different determinations. The other cloned
enzymes (hCA IX and hCA XII) were obtained as
reported earlier by this group.18–23
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Abstract—Interest in inhibitors of monoamine oxidase type B (MAO B) has grown in recent years, due to their therapeutic poten-
tial in aging-related neurodegenerative diseases, such as Parkinson�s disease and Alzheimer�s disease. This study is devoted to the
use of human recombinant MAO B obtained from a Baculovirus expression system (SupersomesTM MAO B, BD Gentest, MA,
USA) as reliable and efficient enzyme source for MAO B inhibitor screening. Comparison of inhibition potencies (pIC50 values)
determined with human cloned and human platelet MAO B for the two series of MAO B inhibitors, coumarin and 5H-inde-
no[1,2-c]pyridazin-5-one derivatives, showed that the difference between pIC50 values obtained with the two enzyme sources
was not significant (P > 0.05, Student�s t-test). Hence, recombinant enzyme is validated as convenient enzyme source for
MAO B inhibitor screening.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Monoamine oxidase B (MAOB, EC 1.4.3.4) is one of two
flavin-adenine dinucleotide-depending isozymes playing
a key role in the regulation of endogenous monoamine
neurotransmitters as dopamine and serotonin.


A number of studies have shown that MAO B is in-
volved in aging-related neurodegenerative diseases,1,2


resulting in an increased interest in this enzyme as a tar-
get in the search of neuroprotective agents. Ontogenetic
studies have demonstrated that MAO B activity stays
unchanged until the 60th year of life and then increases
nonlinearly. This is in contrast to what has been
observed for most enzymes, as generally their activities
decrease with advancing years.3,4


MAO B plays a double role in the pathophysiology of
Parkinson�s disease (PD). It is the main enzyme impli-
cated in the metabolism of dopamine and is also sup-
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posed to be involved in the formation of free radicals
and other neurotoxic species. In order to restore a suffi-
cient striatal dopamine level, MAO B inhibitors such as
l-deprenyl are currently coadministrated with LL-DOPA
in the symptomatic treatment of PD.


Increased levels of MAO B have also been observed in
plaque-associated astrocytes of brains of patients suffer-
ing from Alzheimer�s disease (AD).5 Studies have shown
that MAO B activity can increase up to 3-fold in the
temporal, parietal, and frontal cortex of AD patients
compared with controls. The increased MAO B activity
produces an elevation of hydroxyl radicals, which has
been correlated with the formation of Ab plaques. Cur-
rently, acetylcholinesterase inhibitors are the only drugs
approved for the treatment of cognitive dysfunction in
AD. Hence, MAO B inhibitors might offer an alterna-
tive in the therapy of AD.


These observations stress the need for new MAO B
inhibitors with antiapoptotic and neuroprotective prop-
erties for the therapy of neurodegenerative diseases.1 A
condition for the screening of new MAO B inhibitors
is a reliable screening system, that is easy to handle
and allows to obtain representative trustworthy inhibi-
tion values of human MAO B.



mailto:pierre-alain.carrupt@pharm.unige.ch





Table 1. Comparison of pIC50 values obtained with literature data for


three known MAO B inhibitors


Literature dataa SupersomesTM Platelets


Deprenyl 7.22 7.25 ± 0.05 7.44 ± 0.05


Pargyline 6.22b 6.33 ± 0.08 6.56 ± 0.09


Iproniazide 4.80 4.28 ± 0.11 4.69 ± 0.18


a pIC50 values reported by BD Gentest using SupersomesTM as MAO B


source (posted on BD Gentest website as poster, 2002).
b The value differs from the old published value (pIC50 = 7.4).11
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Since human platelets contain almost exclusively mono-
amine oxidase type B, they became, in recent years, one
of the most used biological markers in MAO B-related
psychiatric diseases.6,7 Platelet MAO B has the same
amino acid sequence as human brain MAO B.8 Thus,
human platelets offer an excellent peripheral model to
indirectly assess MAO B activity in the CNS. Platelet
MAO B activity can be measured in whole blood,9 plate-
let rich plasma (PRP),10 platelet homogenate,11,12 or
even purified platelet mitochondrial fraction.13 The
higher the purity of the enzyme preparation, the smaller
the risk of erroneous results due to contaminants.
Indeed, substrates of MAO B being generally also
substrates of plasma amine oxidases, such as semicar-
bazide-sensitive amine oxidase (SSAO, EC 1.4.3.6), the
screening of MAO B inhibitors on whole blood or
PRP may lead to unfounded values.14 On the other
hand, since MAO B is located in the outer mitochondri-
al membrane of cells, its activity depends on the micro-
environment where the protein is inserted. As a
consequence, purification procedures risk to provide al-
tered enzyme with a very low specific activity, if not
done carefully. Hence, the platelet MAO B isolation
method used in this work is based on the simple separa-
tion of platelets from plasma, avoiding further purifica-
tion procedures.


Recently, expression systems permitting the produc-
tion of large quantities of purified human MAO B
have been developed. MAO B has been expressed
from human MAO B-cDNA using different transfer
vectors (e.g., plasmids15 and Baculovirus16) and
expression systems (e.g., Pichia Pastoris15). Up to
now, the characterization of the catalytic behaviour
of recombinant MAO B was mainly performed by
studying its interaction with different substrates and
by comparing the kinetic constants obtained with
those found for MAO B extracted from tissue prepa-
rations.15 Yan et al. also reported the sensitivity of re-
combinant enzyme toward a few known MAO B
inhibitors such as deprenyl and tranylcypromine.17


As MAO B is a membrane bound enzyme, the mito-
chondrial microenvironment is important for enzyme
activity and inhibitor specificity. Hence, an evaluation
of the influence on inhibitor specificities of any differ-
ences in the mitochondrial microenvironment of hu-
man platelets and insect cells with larger series of
compounds is needed.


In this study, the use of human recombinant MAO B as
a reliable and easily accessible enzyme source for inhib-
itor screening was confirmed with two larger series of
compounds, namely coumarin (n = 19) and 5H-inde-
no[1,2-c]pyridazin-5-one (n = 13) derivatives.18,19 The
reliability of the recombinant enzyme was validated by
comparison of inhibition potencies (pIC50 values) deter-
mined on human platelet and human recombinant
MAO B obtained from Baculovirus-infected insect cells
(SupersomesTM MAO B, BD Gentest, MA, USA) for
both the series of compounds. Convenience for inhibitor
screening and advantages of recombinant enzyme over
more traditional enzyme sources, as human platelets,
are discussed.

2. Results


2.1. Characterization of the enzymatic activity of Super-
somesTM MAO B and human platelet MAO B


To characterize the enzymatic activity of the twoMAOB
sources used, Km values of kynuramine and pIC50 values
of three well-known MAO B inhibitors were determined
and compared with literature data.


The Km value of kynuramine, calculated by curve fitting
according to the classical Michaelis–Menten equation,
was 29 ± 2 lM for SupersomesTM MAO B and 30 ± 4 lM
for human platelet MAO B. The results obtained for
both the enzyme sources were in good agreement with
the Km values reported by Bembenek et al. (MAO B:
34 lM) on human liver mitochondria20 and McEntire
et al. (MAO B: 30 lM) on pooled platelet-rich plasma.10


Inhibition of SupersomesTM and blood platelet MAO B
by three-well known MAO B inhibitors, namely depre-
nyl, pargyline, and iproniazid, was determined (Table
1). The pIC50 values obtained corresponded well with
literature data.


2.2. Comparison of pIC50 values obtained with Super-
somesTM MAO B and human platelet homogenate for two
classes of inhibitors


To evaluate the reliability in using the cloned enzyme to
screen MAO B inhibitors, pIC50 values of the two series
of compounds, coumarin and 5H-indeno[1,2-c]pyrid-
azin-5-one derivatives, were determined for human
recombinant and human platelet MAO B.


pIC50 values determined for both the enzyme sources, as
well as DpIC50 values (difference between pIC50 Super-
somesTM and pIC50 human platelets), are reported in
Tables 2 and 3 for coumarin 5H-indeno[1,2-c]pyrida-
zin-5-one derivatives, respectively. As shown in Figures
1 and 2, for both the series of compounds, the correla-
tion between the inhibitory potencies determined with
the two MAO B sources, demonstrates a linear relation-
ship. Eqs. 1 and 2 describe this linear dependence for
coumarin and 5H-indeno[1,2-c]pyridazin-5-one deriva-
tives, respectively:


pIC50platelets ¼ 1.023ð�0.054ÞpIC50Supersomese�0.20ð�0.45Þ
n¼ 19; r2 ¼ 0.99; s¼ 0.10; F ¼ 1550 ð1Þ

pIC50 platelets ¼ 1.12ð�0.18ÞpIC50 Supersomese � 0.92ð�1.35Þ
n ¼ 13; r2 ¼ 0.94; s ¼ 0.21; F ¼ 188 ð2Þ







Table 2. MAO B inhibitory activities of coumarin derivatives towards SupersomesTM and human blood platelets


Compound R3 R4 R7 pIC50 human blood platelets pIC50 SupersomesTM DpIC50
a


C-2 H H OCH2C6H5 8.77 ± 0.10 8.77 ± 0.04 0.00


C-4 H H CH2NHC6H5 7.20 ± 0.04 7.24 ± 0.06 0.04


C-10 H CH3 OCH2C6H5 8.96 ± 0.05 8.80 ± 0.06 �0.16


C-12 H C6H5 OCH2C6H5 6.48 ± 0.14 6.59 ± 0.05 0.11


C-15 CH3 CH3 OCH2C6H5 8.90 ± 0.20 8.97 ± 0.13 0.07


C-16 CH3 CH3 NHCH2C6H5 8.69 ± 0.09 8.86 ± 0.08 0.17


C-21 (ACH@CHA)2 OCH2C6H5 9.03 ± 0.13 8.95 ± 0.09 �0.08


C-23 CH3 CH3 NHCOC6H5 8.18 ± 0.02 8.06 ± 0.03 �0.12


C-24 CH3 CH3 OSO2C6H5 7.74 ± 0.11 7.80 ± 0.11 0.06


C-26 CH3 CH3 OSO2C6H4A40AOCH3 6.60 ± 0.16 6.70 ± 0.05 0.10


C-30b CH3 CH3 OCH2C6H5 8.59 ± 0.08 8.41 ± 0.05 �0.18


C-50 CH3 CH3 OCH2C6H4A20ACN 8.62 ± 0.08 8.71 ± 0.06 0.09


C-54 CH3 CH3 OCH2C6H4A30AOCF3 8.52 ± 0.10 8.44 ± 0.07 �0.08


C-56 CH3 CH3 OCH2C6H4 3
0ANHCOCH3 8.06 ± 0.17 8.10 ± 0.16 0.04


C-60 CH3 CH3 OCH2C6H4A30ACN 8.83 ± 0.07 8.85 ± 0.02 0.02


C-61 CH3 CH3 OCH2C6H4A30ANO2 8.76 ± 0.05 8.96 ± 0.07 0.20


C-71 CH3 CH3 OCH2C6F5 8.84 ± 0.03 8.79 ± 0.07 �0.05


C-75 H H OSO2C6H5 5.60 ± 0.06 5.65 ± 0.06 0.05


C-85 CH3 CH3 OCH2C(@O)C6H5 8.69 ± 0.06 8.63 ± 0.04 �0.06


a pIC50SupersomesTM-pIC50human blood platelets.
b 6-Hydroxycoumarin derivative.


Table 3. MAO B inhibition data for 5H-indeno[1,2-c]pyridazin-5-one derivatives towards SupersomesTM and human blood platelets


Compound R pIC50 human blood platelets pIC50 SupersomesTM Dp IC50
a


IP-12 CH2C6H5 5.81 ± 0.15 6.12 ± 0.12 0.31


IP-15 t-CH@CHC6H5 7.57 ± 0.12 7.58 ± 0.06 0.01


IP-17 20-Naphthyl 7.89 ± 0.22 8.20 ± 0.03 0.31


IP-33 C6H4A30AOCH3 7.68 ± 0.11 7.37 ± 0.04 �0.31


IP-34 C6H4A40AOCH3 7.02 ± 0.14 7.13 ± 0.13 0.11


IP-40 C6H4A30AF 7.31 ± 0.17 7.37 ± 0.07 0.06


IP-43 C6H4A20ACl 6.75 ± 0.13 6.72 ± 0.13 �0.03


IP-47 C6H4A30ABr 8.64 ± 0.21 8.25 ± 0.16 �0.39


IP-48 C6H4A40ABr 8.35 ± 0.29 8.09 ± 0.04 �0.26


IP-51 C6H4A40ACF3 8.26 ± 0.10 8.27 ± 0.13 0.01


IP-53 C6H4A30ACN 7.57 ± 0.12 7.48 ± 0.11 �0.09


IP-55 C6H4A20ANO2 6.09 ± 0.13 6.28 ± 0.22 0.19


IP-57 C6H4A40ANO2 7.98 ± 0.14 8.08 ± 0.05 0.10


a pIC50 SupersomesTM-pIC50 human blood platelets.
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where n is the number of compounds investigated, r2 the
squared correlation coefficient, s the standard deviation
of the residuals, and F the Fischer test for significance of
the equation. 95% confidence limits are given in
parentheses.


A closer look at Eqs. 1 and 2 shows that identical inhib-
itor specificity of the two MAO B sources can be as-
sumed. In fact, for both the series of compounds, the
slope is one and y-intercepts are zero within the limits
of experimental error.

The mean of the differences between the pIC50 values
obtained for SupersomesTM and those determined for
human platelets (DpIC50) is 0.01 (±0.11) for the couma-
rin series and 0.002 (±0.220) for 5H-indeno[1,2-c]-
pyridazin-5-one derivatives; 95% confidence limits are
given in parentheses. Statistical analysis (paired two-
tailed Student�s t-test) corroborates the assumption of
an identical inhibitor specificity of human recombinant
and human platelet MAO B. Indeed, the difference be-
tween the pIC50 values obtained for the two enzyme
sources resulted to be not significant (P > 0.05).







Figure 1. Linear relationship between inhibition potencies (pIC50) of


coumarin derivatives determined with human recombinant and human


platelet MAO B.


Figure 2. Linear relationship between inhibition potencies (pIC50) of


5H-indeno[1,2-c]pyridazin-5-one derivatives determined with human


recombinant and human platelet MAO B.
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3. Discussion


The present results provide unequivocal evidence that
human recombinant and human platelet MAO B show
the same inhibitor specificity. Within experimental
errors, the same inhibition potencies (pIC50 values)
were obtained with human cloned and human platelet
MAO B for the two series of MAO B inhibitors covering
IC50 values of more than three orders of magnitude
(pIC50 values of 5.6–9). Hence, any differences in the
mitochondrial microenvironment of human platelets
and insect cells have an insignificant influence on the
catalytic properties and inhibitor specificities of recom-
binant and natural MAO B.


Human recombinant MAO B is not only a reliable but
also an efficient human enzyme source for medium-
and high-throughput inhibitor screening, presenting
notable advantages over blood platelets and mitochon-
drial fractions of tissue homogenates. Principal demands
on an enzyme source for medium- and high-throughput
inhibitor screening are (i) prompt availability of suffi-
cient quantities for several hundreds of enzyme assays
per day, and (ii) well-defined, pure enzyme systems with
reproducible substrate and inhibitor specificities. In-
deed, the analyses of inhibition data from well-defined
systems such as recombinant enzymes, rather than crude
tissue homogenates, allow for a more detailed descrip-
tion of inhibitor binding.21 Human recombinant MAO B

satisfies both of these requirements. Subsequent to the
isolation and publication of its gene sequence, expres-
sion systems permitting the production of large quanti-
ties of purified human MAO B have been developed.22


Human recombinant MAO B is now also commercially
available. On the other hand, the use of human blood
platelets or mitochondrial fractions of human tissue
homogenates as an enzyme source for medium- and
high-throughput inhibitor screening involves some
drawbacks; above all, the limited accessibility to outdat-
ed human platelet-rich plasma or human tissue.


Since MAO B is an integral protein of the outer mito-
chondrial membrane, tedious experimental procedures
are required to obtain purified enzyme with an intact
mitochondrial microenvironment. Therefore, the plate-
let MAO B isolation method used in this study was
based on a careful separation of platelets from plasma,
avoiding further purification procedures. An enzyme
fraction with unaffected specific activity was obtained,
the Km value of kynuramine being identical with liter-
ature data.10 However, the platelet homogenate ob-
tained was about 33 times less pure than the human
recombinant enzyme used, as can be illustrated by
the final protein concentration required in the assay
mixture, that was set to 0.5 mg/mL for human platelet
homogenate and to 0.015 mg/mL for human recombi-
nant MAO B.


In summary, human recombinant MAO B was shown to
be a reliable enzyme source, easy to handle, with repro-
ducible substrate and inhibitor specificities, suitable for
medium- and high-throughput inhibitor screening.

4. Experimental


4.1. Materials


Kynuramine, deprenyl, and iproniazide were obtained
from Sigma–Aldrich Chemical (St. Louis, MA, USA).
DMSO (microselect for molecular biology), 4-hydroxy-
quinolin, pargyline, potassium phosphate salts, potassi-
um chloride, and sodium hydroxide were obtained from
Fluka AG (Buchs, CH, Switzerland). The synthesis of
all compounds not commercially available was per-
formed in the Dipartimento Farmaco-Chimico (Univer-
sità di Bari, Bari, Italy). The details of the synthesis of
coumarin derivatives have been reported in Gnerre
et al.,18 except for compounds 75 and 85 whose prepara-
tion is described below. The synthesis of 5H-indeno[1,2-
c]pyridazin-5-one derivatives has been described by
Carotti et al.23 for compounds 17, 53 and 55, and by
Kneubühler and co-workers19,24 for compounds 12, 15,
33, 34, 40, 43, 47, 48, 51 and 57.


4.2. Synthesis of coumarin derivatives 75 and 85


Chemicals and reagents were obtained from Sigma–
Aldrich Chemical. The purity of compounds was
checked by microanalysis (±0.40% of theoretical values
for C, H and N) and 1H NMR. IR and 1H NMR data
are listed below. For the former, only the most signifi-
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cant absorption bands (per cm) are reported, and for the
latter, chemical shifts are expressed in parts per millions
(d) and the coupling constants (J) in Hertz. Classical
abbreviations are used for the multiplicities.


4.2.1. 7-Benzensulfonyloxy-2H-chromen-2-one (75). 7-
Hydroxycoumarin (1.0 mmol) was dissolved in 5 mL
of anhydrous pyridine and 3.0 mmol of benzenesulfonyl
chloride were added. The mixture was refluxed for
30 min, then cooled, poured onto ice and acidified with
diluted HCl. A solid precipitate was formed. It was col-
lected by filtration and recrystallized (98% yield). Mp
134–135 �C from ethanol. IR (per cm) 1734, 1378,
1193. 7.85 (d, 2H, H(2 0), H(6 0), Jo = 7.4), 7.70 (t, 1H,
H(4 0), Jo = 7.4), 7.64 (d, 1H, H(4), Jo = 9.5), 7.55 (t,
2H, H(3 0), H(5 0), Jo = 7.8), 7.42 (d, 1H, H(5),
Jo = 8.4), 7.03 (dd, 1H, H(6), Jo = 8.4, Jm = 2.2), 6.86
(d, 1H, H(8), Jm = 2.2), 6.39 (d, 1H, H(3), Jo = 9.5).


4.2.2. 7-Benzoylmethyloxy-3,4-dimethyl-2H-chromen-2-
one (85). Ten millimoles of 7-hydroxy-3,4-dimethyl-
coumarin, a-bromoacetophenone, and potassium car-
bonate were heated in 10 mL of anhydrous
dimethylformamide at 120 �C for 3 h. After cooling,
the mixture was poured onto ice, and the formed precip-
itate was collected by filtration and recrystallized (51%
yield). Mp 188–189 �C from ethanol. IR (per cm)
1695, 1615, 1235. 1H NMR 7.99–7.95 (m, 2H, H(2 0),
H(6 0)), 7.63 (tt, 1H, H(4 0), Jo = 7.4, Jm = 0.9), 7.53–
7.48 (m, 3H, H(5) + H(3 0) + H(5 0)), 6.92 (dd, 1H, H(6),
Jo = 8.9, Jm = 2.6), 6.76 (d, 1H, H(8), Jm = 2.6), 5.34
(s, 2H, CH2), 2.34 (s, 3H, CH3(4)), 2.16 (s, 3H, CH3(3)).


4.3. Biological assay


4.3.1. SupersomesTM.HumanMAO B SupersomesTM, pur-
chased fromBDGentest (Woburn,MA,USA), are mem-
brane fractions of insect cells containing human
recombinant MAO B. SupersomesTM were stored at
�80 �C. After initial thawing, small aliquots were
refrozen.


To determine pIC50 values, a fluorescence-based screen-
ing method (end point lecture) was adapted from a stan-
dard BD Gentest protocol. The substrate used for the
assay was kynuramine, which is nonfluorescent until
undergoing oxidative deamination by MAO B resulting
in the fluorescent metabolite 4-hydroxyquinolin
(kEx = 310 nm, kEm = 400 nm). Product formation was
quantified by comparing the fluorescence emission of
the samples to that of known amounts of authentic
metabolite 4-hydroxyquinolin.


Reactions were performed in black, flat-bottomed poly-
styrene 96-well microtiter plates with enhanced assay
surface (FluoroNunc/LumiNunc, MaxiSorpTM Surface,
NUNCTM, Roskild, Denmark) using a final volume of
200 lL. The wells, containing 140 lL of potassium
phosphate buffer (0.1 M, pH 7.4, made isotonic with
KCl), 8 lL of an aqueous stock solution of kynuramine
(0.75 mM to get a final concentration corresponding to
its Km value), and 2 lL of a DMSO inhibitor solution

(final DMSO concentration of 1% v/v), were preincubat-
ed at pH 7.4, 37 �C for 10 min. As positive control, 2 lL
of pure DMSO were used at the place of the inhibitor
solution. Diluted human recombinant enzyme (50 lL)
was then delivered to obtain a final protein concentra-
tion of 0.015 mg/mL in the assay mixture. Incubation
was carried out at 37 �C and the reaction was stopped
after 20 min by addition of 75 lL of NaOH (2 N).
Fluorescence emission at 400 nm was measured with
a 96-well microplate fluorescent reader (FLx 800,
Bio-Tek Instruments, Inc., Winooski, VT, USA).


Data analysis was performed with Prism V4.0 (Graph-
Pad Software Inc., CA, USA). The kinetic parameters
Km and Vmax were obtained by curve fitting according
to the classical Michaelis–Menten equation and the
degree of inhibition pIC50 (�logIC50) was assessed by
a sigmoidal dose–response curve. DpIC50 is the differ-
ence between the pIC50 values found for the same com-
pound using two MAO B sources.


4.3.2. Human platelets.Different batches of outdated hu-
man platelet-rich plasma (PRP) preparations were kind-
ly donated by the Laboratoire Central d�Hématologie,
Centre Hopitalier Universitaire Vaudois, Lausanne,
Switzerland. Each batch had an approximate volume
of 200 mL. Platelets were separated from PRP by centri-
fugation at 6000g for 5 min at 5–15 �C. Plasma was dis-
carded and the platelets were suspended in 0.1 M
potassium phosphate buffer, pH 7.4, made isotonic with
KCl. This platelet suspension was kept frozen at �20 �C
overnight. Samples were thawed by addition of a
volume of distilled water equal to half of the original
volume of PRP. Afterward, the platelets were homoge-
nized in a glass homogenizer with a Teflon pestle for
1 min at 600 rpm. The homogenate was separated in ali-
quots (1 mL) and kept frozen until use.


The protein concentration of each batch was determined
according to Lowry et al., with bovine serum albumin as
standard.25 In the assay mixture, the final protein
concentration of the platelet homogenate was set to
0.5 mg/mL. To determine pIC50 values, the same fluores-
cent inhibitor-screening assay developed for human
recombinant enzyme was employed.

References and notes


1. Magyar, K.; Szende, B. NeuroToxicology 2004, 25, 233.
2. Castagnoli, N., Jr.; Petzer, J. P.; Steyn, S.; Castagnoli, K.;


Chen, J.; Schwarzschild, M. A.; Van der Schyf, C. J.
Neurology 2003, 61, S62–S68.
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Abstract—A non-stochastic quadratic fingerprints-based approach is introduced to classify and design, in a rational way, new anti-
trypanosomal compounds. A data set of 153 organic chemicals, 62 with antitrypanosomal activity and 91 having other clinical uses,
was processed by a k-means cluster analysis to design training and predicting data sets. Afterwards, a linear classification function
was derived allowing the discrimination between active and inactive compounds. The model classifies correctly more than 93% of
chemicals in both training and external prediction groups. The predictability of this discriminant function was also assessed by a
leave-group-out experiment, in which 10% of the compounds were removed at random at each time and their activity predicted
a posteriori. In addition, a comparison with models generated using four well-known families of 2D molecular descriptors was car-
ried out. As an experiment of virtual lead generation, the present TOMOCOMD approach was finally satisfactorily applied on the
virtual evaluation of 10 already synthesized compounds. The in vitro antitrypanosomal activity of this series against epimastigotes
forms of Trypanosomal cruzi was assayed. The model was able to predict correctly the behaviour of these compounds in 90% of the
cases.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Once an almost exclusively rural disease in Latin Amer-
ica, Chagas� disease is now undergoing a change in its
epidemiological profile due to rising levels of urbaniza-
tion and migration. The latest data from the WHO indi-
cate that over 24 million people are infected, or are at
least serologically positive for Trypanosoma cruzi, which
is the causative agent of such infection. This quantity
roughly represents 8% of the total Latin American pop-
ulation. Another factor, blood transfusion, is considered
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the second most frequent route of transmission in
endemic countries, given that parasites may survive in
whole blood stored for more than 21 days at 4 �C and
detection techniques are not always strictly applied.1


Medication for Chagas� disease is usually effective when
it is given during the acute stage of infection. No medi-
cation has been proven to be effective once the disease
has progressed to later stages. Moreover, synthetic
drugs such as nifurtimox and benznidazole have severe
side effects, including cardiac and/or renal toxicity. This
explains the need for discovering new effective chemo-
therapeutic and chemoprophylactic agents against T.
cruzi.2,3 In this sense, medicinal chemists need to find
new effective drugs in a fast and inexpensive way. In
the last few decades, computer-aided drug design
approaches have emerged as promising tools for solving
this problem.4–10 With the use of such design strategies,



mailto:amontero@uclv.edu.cu

mailto:alinamontero@gmail.com





A. Montero-Torres et al. / Bioorg. Med. Chem. 13 (2005) 6264–6275 6265

the handling and screening of large databases to find re-
duced sets of potential new drug candidates is possi-
ble.11,12 Thus, the development of computational
approaches based on discrimination functions plays an
important role, allowing the identification from large
chemical libraries of structural subsystems responsible
for a property or biological activity, and in this way,
the classification of active compounds from inactive ones.


In this context, our research group has recently devel-
oped a novel scheme to generate molecular fingerprints
based on the application of discrete mathematics and
linear algebra theory. The approach (known as TOMO-
COMD acronym of Topological Molecular Computer
Design),13–16 allows us to perform rational in silico
molecular design (selection/identification) and QSAR/
QSPR studies. In this sense, this scheme has been ap-
plied to the prediction of several physical, physicochem-
ical, chemical, pharmacokinetical as well as biological
properties.17–19 It was, for instance, successfully used
in the virtual screening of novel antihelminthic com-
pounds, which were then synthesized and evaluated in vi-
vo on Fasciola hepatica.20,21 Other studies for the
rational discovery of novel paramphistomicides,22 anti-
malarial 23 and antibacterial 24 compounds were also
conducted with the TOMOCOMD approach. This
method has been extended to consider three-dimension-
al (3D) features of small/medium-sized molecules on the
basis of the application of a trigonometric 3D-chirality
correction factor.25


In the present study, TOMOCOMD strategy is used to
find a classification model that allows the discrimination
of antitrypanosomal compounds from inactive ones. It
is also an objective of the present work to assess the
model robustness and predictive power by using external
and internal cross-validation techniques. The in silico
evaluation of 10 new heterocyclic compounds is finally
performed, and their in vitro antitrypanosomal activity
against epimastigotes forms of T. cruzi investigated.
The results of the current study are presented as a start-
ing point for the development of new inexpensive
antitrypanosomals.

2. Results and discussion


2.1. Computing non-stochastic quadratic molecular
fingerprints


To obtain quantitative structure–property or structure–
activity relationships (abbreviated QSPR and QSAR,
respectively), it is necessary to convert the molecular
structures into numbers that could be later processed
statistically; this means that a structural parameteriza-
tion is required. Such a problem is overcome by means
of the computation of molecular descriptors.26 In the
last few decades, a great number of molecular finger-
prints have been presented in the literature.27,28 Atomic,
atom-type and total non-stochastic quadratic indices
have shown a great ability to encode chemical informa-
tion, which can be used for the development of
QSARs. The theoretical scaffold of this TOMOCOMD�s

molecular fingerprints has been presented in detail in
earlier papers.14–25 Here just a short overview will be
given.


Atomic, atom-type and total molecular quadratic indices
have been defined in analogy to the quadratic mathemat-
ical maps.14,16 After constructing the molecular pseudog-
raph�s atom adjacency matrix M(G) and the molecular
vector (X), whose components x1, . . . ,xn are numeric val-
ues or weights (atom-labels or atom-properties) for the
vertices of the pseudograph, kth total quadratic indices,
qk(x), can be computed for a given molecule composed
of n atoms as shown in Eq. 1,


qkðxÞ ¼
Xn


i¼1


Xn


j¼1


kaijxixj ð1Þ


where, kaij are the elements of the kth power of the sym-
metrical square matrix M(G) of the molecular pseudog-
raph (G), and are defined as follows:


kaij ¼ P ij if i 6¼ j and 9ek 2 EðGÞ ð2Þ
¼ Lii if i ¼ j


¼ 0 otherwise


where E(G) represents the set of edges (bonds) of G, Pij


is the number of edges between vertices (atoms) vi and vj,
and Lii is the number of loops in vi.


Eq. 1 for qk(x) can also be written as a single matrix
equation:


qkðxÞ ¼ XtMkX ð3Þ
where X is a column vector (a n · 1 matrix), Xt the trans-
pose of X (a 1 · n matrix) and Mk the kth power of the
matrix M of the molecular pseudograph G.


In a similar way, local fragment (atomic and atom-type)
formalisms can be developed. The local quadratic indi-
ces, qkL(x)


14,16 for a fragment containing m atoms can
be computed as follows:


qkLðxÞ ¼
Xm


i¼1


Xm


j¼1


kaijLxixj ð4Þ


where kaijL is the element of the row �i� and column �j� of
the matrix Mk


L and is defined as follows:


kaijL ¼ kaij if both vi and vj are atoms contained


within the molecular fragment


¼ 1=2kaij if vi or vj is an atom contained


within the molecular fragment but not both


¼ 0 otherwise


These local analogues can also be expressed in matrix
form:


qkLðxÞ ¼ XtMk
LX ð6Þ


For every partition of a molecule into Z molecular frag-
ments there will be Z local molecular fragment matrices
Mk


L. The kth power of the matrix M is exactly the sum of
the kth power of the local Z matrices and in this way,
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the total quadratic indices are the sum of the quadratic
indices of the Z molecular fragments:


qkðxÞ ¼
XZ


L¼1


qkLðxÞ ð7Þ


Atom and atom-type quadratic fingerprints are specific
cases of local quadratic indices. In the atom-type qua-
dratic indices formalism, each atom in the molecule is
classified into an atom-type (fragment), such as heteroa-
toms, hydrogen bonding (H-bonding) to heteroatoms
(O, N and S), halogen atoms, etc. It has been proved
that for all data sets, considering those with a common
molecular scaffold as well as those with diverse ones, the
kth atom-type quadratic indices contain important
structural information.


In the current work, the kth total quadratic indices
[qk(x) and qHk ðxÞ] and the kth local ones (atom-
type = heteroatoms: S, N, O) [qkL(xE) and qHkLðxEÞ] with-
out and with consideration of H-atoms, respectively,
were computed.


2.2. Training and test sets design


To obtain mathematical expressions capable of discrim-
inating between active and inactive compounds, the
chemical information contained in a great number of
compounds with and without the desired biological
activity must be statistically processed. Taking into ac-
count that the most critical aspect in the construction
of a training data set is the molecular diversity of the
included compounds, we selected a group of 153 organic
chemicals having as much structural variability as possi-
ble. The antitrypanosomals considered in this study are
representatives of families with diverse structural pat-
terns.29–38 Figure 1 shows the whole active set collected
from the literature for this work.


The selected inactive group included antivirals, sedative/
hypnotics, diuretics, anticonvulsivants, hemostatics, oral
hypoglycemics, antihypertensives, antihelminthics, anti-
cancer compounds as well as some other kinds of drugs,
guaranteeing at the same time a great structural
variability.39


To split the whole group into two data sets (training and
predicting ones), two k-MCA40,41 were performed for
antitrypanosomal and inactive compounds. In this
sense, a partition of either active or inactive series of
chemicals in several statistically representative classes
of compounds is performed. This process ensures that
any chemical class identified by the k-MCA will be rep-
resented in both, training and test sets.


A first k-MCA (I) split antitrypanosomals into six clus-
ters with 12, 3, 2, 13, 13, and 19 members. The inactive
compound series was also partitioned by a second k-
MCA (II) into six clusters with 17, 12, 14, 19, 18, and
11 compounds in each case.


Afterwards, the selection of the training and prediction
sets was performed by taking compounds belonging to

each cluster at random. From these 153 chemicals, 101
were chosen to form the training set, of which 40 were
actives and 61 were inactive ones. The remaining group,
consisting of 22 antitrypanosomals and 30 compounds
with other different biological properties, was prepared
as a test set for the external model validation process.
These 52 compounds were not used in the development
of the classification model. Figure 2 graphically illus-
trates the above-described procedure.


An inspection of the standard deviation between and
within each cluster, the Fisher ratios and the p-levels
of significance for each variable, permits us to ensure
that the data partition into the respective clusters can
be considered as a statistically acceptable process. The
kth total and atom-type non-stochastic quadratic indices
were used in this analysis, with all variables showing p-
levels <0.05 for the Fisher test. The main results are
depicted in Table 1.


In this sense, it can be concluded that the data set of
antitrypanosomal compounds considered in this study
encompasses compounds of six general structural pat-
terns codified by TOMOCOMD descriptors and recog-
nized by a k-means cluster analysis.

2.3. Developing a discriminant function


Linear discriminant analysis (LDA) has become an
important tool for the prediction of chemicals proper-
ties. On the basis of the simplicity of this method many
useful discriminant models have been developed and
presented by different authors in the literature.7–10,20–24


As LDA was also the technique used in the generation
of a discriminant function in the current work. The
principle of parsimony (Occam�s razor) was taken into
account as the strategy for model selection.42


This means that the model with higher statistical signifi-
cation but having as few parameters (ak) as possible, is
selected.


Making use of the LDA technique implemented in the
STATISTICA software,43 the following linear model
was obtained:


Class ¼ �5.18þ 2.36� 10�4q7ðxÞ � 1.30


� 10�4q8ðxÞ þ 2.08� 10�5q9ðxÞ þ 0.97


� 10�7q14LðxEÞ � 2.92� 10�8q15LðxEÞ
� 3.28� 10�4qH4 ðxÞ ð8Þ


N = 101, k = 0.36, D2 = 7.10, F (6,94) = 27.16,
p < 0.0001. where, N is the number of compounds, k is
Wilk�s coefficient, F is the Fisher ratio, D2 is the squared
Mahalanobis distance and p-value is the significance le-
vel. The antitrypanosomal activity was codified by a
dummy variable �Class�, which indicates either the pres-
ence of an active compound (Class = 1) or an inactive
one (Class = �1). The classification of cases was per-
formed by means of the posterior classification probabil-
ities, which is the probability that the respective case
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belongs to a particular group (active or inactive). By
using the models, each compound can be then either
classified as active, if DP% > 0, where DP% = [P(active)
� P(inactive)] · 100, or as inactive otherwise. Com-
pounds with DP% < 5% were considered as non-
classified. Table 2 shows these results.
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Figure 1. Structures of active compounds in training and test groups.

As can be computed from the results showed in Table 2,
model 8 correctly classified 93.02% of the whole training
data set (accuracy). This model showed a high Mat-
thews� correlation coefficient (MCC) of 0.87. MCC is a
measure that may provide a much more balanced evalu-
ation of the prediction than the percentages of good
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Figure 2. Training and test data sets design throughout k-means cluster analysis.
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Table 1. Main results of the k-means cluster analysis, for antitrypanosomal and inactive compounds


Analysis of variance


Total and atom-type quadratic indices Between SSa Within SSb Fisher ratio (F) p-levelc


Antitrypanosomal agents clusters (k-MCA I)


q6(x) 29.27 3.03 108.10 0.00


q7(x) 32.78 3.25 112.91 0.00


q8(x) 35.06 3.34 117.24 0.00


q9(x) 38.80 4.01 108.24 0.00


q10(x) 41.12 4.37 105.37 0.00


q13L(xE) 21.07 4.90 48.10 0.00


q14L(xE) 19.53 4.81 45.38 0.00


q15L(xE) 21.38 4.60 51.96 0.00


qH4 ðxÞ 27.35 6.92 44.23 0.00


qH8 ðxÞ 34.81 3.82 102.06 0.00


qH9 ðxÞ 37.28 3.60 115.76 0.00


qH10ðxÞ 39.06 3.47 126.07 0.00


qH11ðxÞ 41.68 3.52 132.52 0.00


qH12ðxÞ 43.61 3.58 136.16 0.00


Non-antitrypanosomal agents clusters (k-MCA II)


q6(x) 60.14 9.33 109.57 0.00


q7(x) 53.57 9.60 94.82 0.00


q8(x) 56.86 9.70 99.64 0.00


q9(x) 52.16 10.34 85.73 0.00


q10(x) 55.78 10.44 90.76 0.00


q13L(xE) 121.32 11.01 187.23 0.00


q14L(xE) 126.71 10.94 196.72 0.00


q15L(xE) 123.22 14.02 149.32 0.00


qH4 ðxÞ 77.20 16.76 78.27 0.00


qH8 ðxÞ 58.04 11.25 87.66 0.00


qH9 ðxÞ 53.15 11.47 78.74 0.00


qH10ðxÞ 52.98 11.46 78.57 0.00


qH11ðxÞ 49.55 11.96 70.39 0.00


qH12ðxÞ 50.01 12.18 69.75 0.00


a Variability between groups.
b Variability within groups.
c Level of significance.
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classification, because it uses all four numbers (true po-
sitive, true negative, false positive and false negatives).44


In addition, the probability of correctly predicting a po-
sitive example (sensitivity or hit rate) and the probability
that a positive prediction will be correct (specificity)
were computed for the model. In both cases, 92.31%
was the value obtained. While these two latter measures
provide some information on the predictivity for posi-
tive observations, the negative predictive value (sensitiv-
ity of the negative category) gives a criterion of good
classification for the inactive group. In this case, a value
of 95.08% was observed.44 These results, as well as the
false positive rate (false alarm rate) are given in Table 3.


Every statistical model that is generated based on a pre-
viously selected data set of observations, includes infor-
mation of just a portion of the universe and has an error
range, which the researcher tries to minimize during the
modeling process. In this sense, the false positive rate, as
well as the false negative rate, are used as measures of
the error range and the confiability of the model. A cor-
rect selection of a training data sets can reduce the mag-
nitude of both measures. We took this aspect into
consideration and built a training data set choosing
chemicals with so much structural variability as possi-
ble. Despite the previous precaution, it can so happen
that the combinations of some structural patterns of a

positive case, for instance, results in mathematical val-
ues, which are closer to those obtained from the combi-
nation of structural fragments in a negative observation.
In such a case the model will not recognize the true class
of the observation. In the present study, three active and
three inactive compounds were mis-classified. Here it is
also important to note that the declaration of each
non-antitrypanosomal compound as inactive does not
mean that antitrypanosomal side effects do not exist.
This can include organic drugs for which antitrypanoso-
mal activity has been left undetected so far. In this sense,
any discriminant model can be continuously trans-
formed and improved, taking into consideration
unavailable information at the time of the model�s devel-
opment. This problem can affect, to some degree, the re-
sults of further classification. It is possible to ensure the
absence of antitrypanosomal effects just by testing the
biological activity. In this sense, we recommend carrying
out the biological assays for previously declared inactive
compounds, for which the model gives a positive
classification.


Considering that a discriminant model could be accept-
ed or rejected depending on its predictive power, it is
clear to see that validation processes constitute obligato-
ry steps for the assessment of any structure–activity rela-
tionship. As Golbraikh and Tropsha emphasized, the







Table 2. Classification of active and inactive compounds included in the training set using Model 8


Compound DP%a Class Compound DP%a Class


Training active group


1 0.99 + 21 0.80 +


2 0.98 + 22 1.00 +


3 (Mecaprine) 0.99 + 23 1.00 +


4 0.98 + 24 0.43 +


5 0.87 + 25 0.84 +


6 (Chlorotacrine) 0.94 + 26 0.42 +


7 1.00 + 27 0.50 +


8 (Formycin B) 0.89 + 28 0.03 NC


9 (Tubercidin) 0.68 + 29 0.62 +


10 (Megazol) 0.95 + 30 �0.73 �
11 (Allopurinol) 0.93 + 31 �0.27 �
12 0.98 + 32 0.53 +


13 1.00 + 33 0.99 +


14 0.76 + 34 �0.31 �
15 0.77 + 35 0.63 +


16 0.78 + 36 0.68 +


17 0.65 + 37 0.52 +


18 0.60 + 38 1.00 +


19 0.75 + 39 1.00 +


20 0.77 + 40 1.00 +


Training inactive group


3-Episiostatin B �1.00 � Ganglefene �0.92 �
Thiacetazone �0.68 � Metadiphenil bromidum �0.68 �
TBHQ �0.74 � Quateron �0.94 �
Cloral betaine �0.99 � Pancuronium �1.00 �
Vernelan �0.99 � Ethylene �0.99 �
Cetohexazine �0.81 � Dioxychlorane �0.99 �
Carbavin �0.97 � Aliflurane �0.90 �
Phenacemide �0.97 � Vinyl ether �0.99 �
Tetharbital �0.37 � Tiouracilo �0.55 �
Brofoxine �0.46 � Thiamazol methyl iodide �0.86 �
Norantoin �0.54 � Diclofutime mesilate 0.95 +


Orotonsan Fe �0.69 � Percloroetane �0.98 �
Ferrocholinate �1.00 � Lindane �0.99 �
Ferrosi ascorbas �0.74 � Nitrodan 0.92 +


Arecoline �0.96 � Ascaridole �1.00 �
Butanolum �1.00 � Pyrantel tartrate �0.80 �
Etamsylate �0.99 � Fentanilo �0.81 �
Sango-Stop �0.99 � Tenalidine tartrate �0.98 �
Besunide �0.96 � Dioxoprometazine �1.00 �
Spironolactone �0.97 � N-hidroxymetil-N-metilurea �0.99 �
Glycerol �0.99 � 2,4,5-triclofenol �0.19 �
Propamin’’soviet �0.99 � Norgamem �0.99 �
Cystamine �1.00 � Furtrethonium iodide �0.99 �
Amifostine �1.00 � Isofenefrine �0.93 �
Adeturon �1.00 � Phenylethanolamine �0.96 �
Glisolamide �0.38 � Cefalexin 0.54 +


Glibutimine �0.81 � Streptomycin �0.99 �
Ag 307 �0.93 � Azirinomycin �0.95 �
Bromcholine �1.00 � Gentamicin A1 �1.00 �
Mebetide �0.99 � (2-Hidroxypropyl trimetilamonium hydroxide) �1.00 �
Minoxidil �0.78 �


a Results of the classification of compounds obtained from Eq. 8 (using non-stochastic quadratic indices): DP% = [P(active) � P(inactive)] · 100,


NC = not classified.


Table 3. Overall measures of accuracy obtained in the training and prediction sets for the model 8


Matthews corr.


coefficient


Accuracy (%) Sensitivity (hit rate%) Specificity (%) False alarm rate (%) Predictive value (�) (%)


Training set 0.87 93.06 92.31 92.31 4.92 95.08


Test set 0.88 94.23 90.91 95.24 3.33 96.67
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Table 5. Predictability based on the use of 10 randomly selected


subsets (LGO cross-validation) of the LDA Model


% global good classification


Test set (10%) Remaining training set


Group


1 100.00 93.40


2 100.00 93.40


3 100.00 93.40


4 100.00 93.40


5 80.00 92.30


6 90.00 93.40


7 90.00 94.50


8 80.00 95.60


9 90.00 92.30


10 90.90 93.33


Overall mean 91.38 93.50


Standard deviation (%) 7.86 0.96
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predictive ability of a QSAR model can only be estimat-
ed using an external test set of compounds which were
never used for the development of the model.45 In this
sense, it is important to ensure, that the prediction algo-
rithm is able to perform well on novel data from the
same data domain. In our case, an external prediction
data set was evaluated as the first validation experiment.
The computation of some performance measures such as
Matthews� correlation coefficient, percentage of global
good classification (accuracy), sensitivity, specificity,
false alarm rate and negative predictive value (sensitivity
of the negative category) permitted us to carry out the
assessment of the model. The results for this validation
process are given in Table 3.


The classification�s results using model 8 for active and
inactive compounds in the selected test set are shown
in Table 4.


A second validation experiment was also developed on
the basis of a leave-group-out internal cross-validation
strategy.46 In this case, groups of compounds including
10% of the training data set are left out and predicted
later for the model obtained with the remaining 90%.
This process was repeated 10 times for each one of the
10 unique subsets selected at random and each observa-
tion predicted once (in its group of left-out observa-
tions). The overall mean for this process (10% full
leave-out cross-validation) was used as a good indica-
tion of robustness and stability of the obtained model.

Table 4. Classification of active and inactive compounds included in test ser


Compound DP%a Class


Test active set


41 1.00 +


42 1.00 +


43 0.98 +


44 0.99 +


45 0.99 +


46 (Nifurtimox) �0.95 �
47 (Benznidazol) 0.42 +


48 0.91 +


49 0.76 +


50 0.77 +


51 0.43 +


Test inactive set


Amantadine �1.00 �
Mizoribine �0.16 �
Triclofos �1.00 �
Nitroinosite �0.92 �
Methenamine �0.99 �
Cobalti glutamas �1.00 �
Cobalti besilas �1.00 �
Canrenone �0.92 �
Urea �1.00 �
Pallirad �0.99 �
Quimbosan �0.99 �
Glicondamide 0.65 +


RMI 11894 �1.00 �
Barbismetylii iodidum �0.59 �
Frigen 113 �0.98 �


a Results of the classification of compounds obtained from Eq. 8 (using no


NC = not classified.

In Table 5, the results of classification for each 10%-
group, as well as the classification for the remaining
training set leaving out each one of those groups are pre-
sented. From these results we can conclude that this
experiment also shows that our model had a robust
and stable behaviour.


No previous reports related to the application of pattern
recognition techniques to the selection of antitrypanoso-
mal compounds from a heterogeneous series of com-
pounds were found in the literature. In this sense, the

ies using the model 8


Compound DP%a Class


52 0.79 +


53 0.97 +


54 �0.07 �
55 0.99 +


56 (Brazilizone A) 1.00 +


57 0.58 +


58 0.22 +


59 0.29 +


60 0.59 +


61 0.41 +


62 1.00 +


Cyclopropane �0.99 �
Basedol �0.95 �
Mipimazole �0.99 �
Didym levulinate �1.00 �
Metriponate �1.00 �
Prasterone �0.98 �
Febensamin �1.00 �
Guanazole �0.99 �
Fluorembichin �1.00 �
Mitoguazone �0.99 �
Acetylcholine �1.00 �
Methacholine chloride �1.00 �
Dopamine �0.78 �
Ampicillin �0.42 �
Kanamycin A �1.00 �


n-stochastic quadratic indices): DP% = [P(active) � P(inactive)] · 100,
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present algorithm constitutes a step forward in the
search of efficient ways to discover new antitrypanoso-
mal drugs.


With the aim of evaluating the applicability of the pres-
ent TOMOCOMD methodology, four families of 2D
molecular descriptors were computed with the DRAG-
ON software47 and the respective models were generat-
ed. The statistical parameters are shown in Table 6. As
can be seen, in no case are the classification results better
than those obtained using model 8. These results are a
proof of the usefulness of the TOMOCOMD strategy
in the study of this biological property.


2.4. An experiment of rational search of novel antitry-
panosomal compounds


The importance and usefulness of QSAR models can
only be assessed, first by predicting the activity of new
compounds not used in the process of constructing the
classification algorithm, and later by, carrying out the
biological corroboration of such predictions. With the
aim of testing the ability of our model to detect new lead
compounds, we design a simulated virtual screening
experiment using model 8. To avoid the manipulation
of large databases of chemicals, and just as an example
of applicability of our approach, we selected a series of
10 newly synthesized heterocyclic compounds obtained
by one of our research groups.48–51

Table 6. Comparison between model 8 and four models obtained using diffe


Models Matthews corr. coefficient


Training set Test set


Model 8 0.87 0.88


Topological descriptors 0.80 0.68


Molecular walk counts 0.45 0.42


BCUT descriptors 0.64 0.60


2D autocorrelations 0.86 0.85
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Figure 3. Structures of 10 synthesized compounds evaluated using model 8.

As first step of this virtual screening, all structures were
drawn using the drawing mode implemented in the
TOMOCOMD software. Next, the kth total quadratic
indices [qk(x) and qHk ðxÞ] and the kth local ones (atom-
type = heteroatoms: S, N, O) [qkL(xE) and qHkLðxEÞ] with-
out and with consideration of H-atoms, respectively,
were computed. Each compound was evaluated using
model 8 and finally assayed in vitro against epimastig-
otes forms of T. cruzi. Epimastigotes are the extracellu-
lar multiplying forms of the mentioned parasite which
are relatively sensitive to a drug action. They can be eas-
ily cultured and are therefore, an excellent platform for
preliminary in vitro screening of antitrypanosomal
activity.52 However, once this first assays have been per-
formed, more selective methods are required to deter-
mine the activity of novel compounds. In the current
work, the preliminary screening on epimastigotes forms
was the election way to evaluate the activity of the pre-
dicted compounds, whose structures are shown in
Figure 3.


The results of the prediction process using model 8, as
well as the anti-epimastigotes percentage for each
assayed compound, are summarized in Table 7. In this
case, nifurtimox was employed as the reference drug.


As predicted, five compounds (compounds 1s–5s)
showed trypanocidal activity (%AE > 70). Compounds
2s, 3s and 5s are only active against epimatigotes at

rent kinds of 2D descriptors


Accuracy (%) Number of variables


Training set Test set


93.06 94.23 6


85.14 84.61 6


69.31 69.23 4


81.19 78.85 6


91.09 92.31 6
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Table 7. Compounds which were evaluated in the present study, their classification (DP%) according to the TOMOCOMD approach, their


antitrypanosomal activity at three different concentrations (100, 10, and 1 lg/ml) and antitrypanosomal activity of nifurtimox (reference)


Compound DP%a Classb Obsdc %AE (SS)d


100(lg/ml) 10(lg/ml) 1(lg/ml)


1s 1.00 + + 79.90 (1.60) 73.50 (0.70) 29.30 (0.80)


2s 1.00 + + 99.68 (0.15) 36.78 (0.28) 36.62 (3.11)


3s 0.97 + + 83.87 (0.40) 23.13 (1.56) 16.41 (0.74)


4s 0.97 + + 89.60 (0.61) 84.60 (1.50) 82.80 (0.50)


5s 0.99 + + 100.00 (0.60) 56.82 (0.25) 10.94 (1.70)


6s �0.04 NC � 49.78 (0.40) 35.84 (0.50) 29.21 (0.64)


7s �0.34 � � 0.00 (1.16) 0.00 (0.84) 0.00 (1.63)


8s �0.26 � � 6.90 (4.19) 0.00 (4.22) 0.00 (6.01)


9s �0.28 � � 37.56 (1.11) 20.10 (0.40) 9.56 (2.61)


10s �0.10 � � 58.65 (3.70) 10.11 (4.98) 4.38 (2.42)


Nifurtimox 98.73 (0.56) 90.05 (1.80) 75.50 (3.89)


a Results of the classification of compounds obtained from Model 8, DP% = [P(active) � P(inactive)] · 100.
b Classification.
c Observed activity.
d Anti-epimastigotes percentage and standard deviation (SS), NC = not classified.
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100 lg/ml. Two compounds, 1s and 4s, showed appre-
ciable activity at a concentration of 10 lg/ml. Specifical-
ly, compound 4s gave a very interesting result by
showing inhibition percentages (%AE) higher than
80% at 100, 10, and 1 lg/ml. Further research will be re-
quired to investigate the mechanism of action of these
compounds and to evaluate their cytotoxicity at the as-
sayed concentrations. The remaining five compounds
which were classified as inactive for the model, showed
very low inhibition percentages. For compounds 7s
and 8s, for instance, 0.0 and 6.9% of inhibition were
determined at 100 lg/ml and 0.0 % at other concentra-
tions. According to the model, these are two of the com-
pounds with greater probability of being inactive ones.


This first virtual screening demonstrates the ability of
the present TOMOCOMD approach to be used for dis-
criminating compounds with potential antitrypanoso-
mal activity from those without this action. These
results open, at the same time, a door for the study of
several families of heterocyclic compound which appear
to be promising sources of antitrypanosomal drugs.
Current investigations are being developed in this direc-
tion by our research groups.

3. Concluding remarks


The search for effective and rational methodologies for
the discovery of new drugs has become a first-line objec-
tive in pharmaceutical research. In spite of some criti-
cism, topological indices-based approaches have
demonstrated their usefulness in drug discovery process-
es. TOMOCOMD methodology has become an attrac-
tive tool to be used in chemical and bioinformatics
research. This strategy allowed us to generate a mathe-
matical model with the ability to discriminate antitry-
panosomal compounds from inactive ones and to
predict, in a rational way, the activity of novel heterocy-
clic compounds against T. cruzi. This family constitutes
a starting point for the design and synthesis of more
effective and less toxic antitrypanosomal agents.

The current approach can be used in further computa-
tional screenings of larger chemical libraries to discover
new candidates for antitrypanosomal drugs using a min-
imum of resources. The interactive and flexible character
of the TOMOCOMD scheme permits the posterior
inclusion of other active and inactive compounds in
the training set and the generation, at each step, of more
refinished models capable of identifying structural pat-
terns not considered in the present study.


On the basis of the current results we can conclude that
the TOMOCOMD strategy can be successfully used in
the rational search for novel antitrypanosomal
compounds.

4. Experimental section


4.1. Computational approach


Calculations were carried out on a PC Pentium-4
2.0 GHz. The CARDD-module implemented in the
TOMOCOMD Software13 was used in the calculation
of total and local non-stochastic quadratic indices. Paul-
ing electronegativities53 were used as atomic weights
(molecular vector�s components).


Topological descriptors, molecular walk counts, BCUT
descriptors and 2D autocorrelations were calculated by
using the DRAGON Software.47 The molecular struc-
ture of each compound was drawn by using the CHEM-
DRAW software54 and saved as a mol file. After
optimization with the MOPAC software55 the structures
were saved as a hin file and then processed by the
DRAGON Software.


4.2. Chemometric method


Linear discriminant analysis (LDA) was performed as
implemented in the STATISTICA 5.5 for Windows
package.43 Forward stepwise was fixed as the strategy
for variable selection. The quality of the models was
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determined by examining Wilk�s k parameter (U-statis-
tic), square Mahalanobis distance (D2), Fisher ratio
(F) and the corresponding p-level (p (F)) as well as the
percentage in training and test sets of global good clas-
sification, Matthews� correlation coefficient (MCC), sen-
sitivity, specificity, negative predictive value (sensitivity
of the negative category) and false positive rate (false
alarm rate). Models with a proportion between the num-
ber of cases and variables in the equation lower than 4
were rejected. The statistical robustness and predictive
power of the obtained model was assessed using an
external prediction (test) set. A leave-group out (10%)
cross-validation procedure was also carried out for this
propose.


4.3. Parasites and culture procedure


CL strain parasites (clone CL-B5) stably transfected
with the Escherichia coli b-galactosidase gene (LacZ)
were used for the assays. Epimastigotes were grown at
28 �C in liver infusion tryptone broth (LIT) with 10%
foetal bovine serum (FBS), penicillin and streptomycin.


4.4. Antiepimastigote assay52


The screening assay was performed in 96-well micro-
plates with culture that had not reached the stationary
phase. Epimastigotes forms, CL strain, were seeded at
concentration of 1 · 105 per ml in 200 ll. The plates
were then incubated at 28 �C for 72 h with different con-
centrations of the drugs (100, 10, and 1 lg/ml), at which
time 50 ll of CPRG solution was added to give a final
concentration of 200 lM. The plates were incubated at
37 �C for 6 h and were then read at 595 nm. Each con-
centration was assayed three times. In order to avoid
drawback, medium, negative and drug controls were
used in each test. The anti-epimastigotes percentage
(%AE) was calculated as follows: %AE = [(AE-AEB)/
(AC-ACB)] · 100, where AE = absorbance of experi-
mental group; AEB = blank of compounds;
AC = absorbance of control group; ACB = blank of
culture medium. Stock solutions of the compounds to
be assayed were prepared in DMSO, with the final
concentration in a mixture water/DMSO never exceed-
ing 0.2% of the last solvent.
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Abstract—Seven diarylheptylamine (12a–g) and four diarylheptanoid analogs (3–5, 9), structurally related to the natural anti-
inflammatory agent oregonin (1), have been prepared from curcumin (2) for evaluation of their activity against the expression of
iNOS and COX-2. Diarylheptylamine 12b and diarylheptanoid analogs can inhibit iNOS and COX-2 responses of LPS, although
less potently than 1. These compounds, however, possess stronger potency than 1 against COX-2-derived PGE2 formation, of which
hexahydrocurcumin (4) is the most potent one with an IC50 value of 0.7 lM.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Chronic inflammation leads to destruction of normal
tissue integrity. Production of inflammatory mediators
through up-regulation of several inducible gene prod-
ucts, such as inducible nitric oxide (iNOS) and cyclo-
oxygenase-2 (COX-2), contributes to inflammatory
responses and tissue damage.1–3 Studies have indicated
the role of iNOS-derived NO and COX-2-derived
PGE2 in the amplification of inflammatory response.
Based on these recent findings, a lot of effort has been
bestowed on the development of anti-inflammatory
agents with regard to interference with the transcription-
al induction or inhibition of the enzymatic activities of
COX-2 and iNOS.4 On exposure to lipopolysaccharide
(LPS), macrophages undergo co-induction of iNOS
and COX-2 gene expression, leading to the formation
of two multifunctional inflammatory mediators, nitric
oxide (NO) and PGE2.


5 Recently, oregonin (1), a
diarylheptanoid glycoside containing 3-carbonyl and
5-xylosyloxy groups, has been reported to have anti-in-
flammatory activity. It can inhibit COX-2 protein
expression in immortalized human mammary epithelial
MCF-10A cells.6 In addition, the presence of oregonin
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(1) could inhibit stimulation of murine macrophages
by LPS, iNOS mRNA expression, and NO synthesis.7


These studies indicate oregonin (1) to be a lead drug
against inflammation. Recent studies in our laboratory
have found that Alnus formosana also contains oregonin
(1).8 Curcumin (2), a naturally abundant diarylhepta-
noid containing two a,b-conjugated carbonyl functions,
also possesses strong anti-inflammatory activity.9–11


Various structures were derived from modification of
these two conjugated systems.12,13 Being interested in
exploration of anti-inflammatory agents, we used 2 as
starting material and applied the isosterism theory, i.e.,
converting the 5-hydroxy or 3-carbonyl function in the
aglycon of 1 into 3-alkylamino groups, which will enable
the preparation of organic salts and might help to im-
prove the pharmacokinetic profile. Based on this, four
diarylheptanoid analogs and a series of new diarylhep-
tylamine analogs were prepared. Using LPS-stimulated
macrophages for induction of iNOS and COX-2 as a
model system, the anti-inflammatory activity of the
prepared compounds was evaluated. In the following
section, the outcome of these efforts is described.

2. Results and discussions


Starting from curcumin (2), various kinds of reductive
state products 3–5 have been described previously in
the literature.14 Further improvement with different
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conditions of Pt/C-catalyzed hydrogenations was
attempted (Scheme 1, Table 1), providing the opti-
mum yield of hexahydrocurcumin (4) (30%) from 2
and octahydrocurcumin (5) (91.8%) under higher pres-
sure and longer reaction time. Although 4 and 5 could
also be obtained from 3 by NaBH4 reduction, the
yields were low. Structure 4, possessing an asymmetri-
cal skeleton, has more potential for further structural
modification. Thus, direct reductive amination of 4
with propylamine yielded 6, though the yields (16%)
were not satisfactory. This could be due to intramolec-
ular hydrogen bonding between 3-carbonyl and 5-hy-
droxy in 4, reducing the possibility of Schiff base
formation.


A synthetic scheme to improve the yield of diarylheptyl-
amine analogs was developed as shown in Scheme 2, in
which the 5-OH group was removed, followed by the
protection of two phenolic groups. The reaction of cur-
cumin (2) with Boc anhydride yielded 7. Catalytic
hydrogenation of 7 under neutral conditions (EtOAc)

Scheme 1. Preparation of compounds 3–6 from curcumin (2). Reagents and c


5 (19%); (c) H+, propylamine, NaBH3CN, MeOH, rt, 4 days, 16%. *Reactio

yielded 8 (92.1%), a 1,7-diarylheptan-5-ol-3-one. Since
the Boc- and secondary alcoholic groups are labile un-
der stronger acidic conditions, we attempted to develop
facile reaction conditions to achieve deprotection, dehy-
dration, and hydrogenation in sequence to give 9. The
conditions for such a purpose were found to be de-
Boc- and dehydration under high concentrations of
TFA for a longer time (26.5 h), followed by catalytic
hydrogenation, which yielded 9 (51.5%), a key interme-
diate for the preparation of 1,7-diaryl-3-heptylamines. 9
was O,O-dibenzylated by BnCl/K2CO3 via a rapid
microwave reaction to give dibenzylmonoketone 10
(99%). Reductive amination of 10 with six primary
amines afforded the respective N-alkyl dibenzyldiaryl-
heptylamines, 11a–f, in yields of 43.3–67.5%, which
upon catalytic hydrogenation yielded the corresponding
N-alkyl diarylheptylamines, 12a–f, in yields of 61.8–
99.0%. Compound 12g, possessing a cyclopropylamine
moiety, which is labile to catalytic hydrogenation, was
prepared directly from 9 through reductive amination
(56.4% yield).

onditions: (a) Pt/C, H2, MeOH, rt*; (b) NaBH4 MeOH, rt, 6 h, 4 (7%),


n conditions and yields see Table 1.







Table 1. Hydrogenation conditions for curcumin (2) and yields of 3–5


Reaction condition Product (yields)


H2 (1 atm), Pt/C, MeOH, rt, 1 h 3 (71.6%)


H2 (200 psi), Pt/C, MeOH, rt, 16 h 4 (30.2%), 5 (66.8%)


H2 (200 psi), Pt/C, MeOH, rt, 27 h 5 (91.8%)
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3. Bioactivity


Compounds 1, 3–5, 9, and 12a–g were tested in LPS
(1 lg/mL)-stimulated RAW264.7 macrophages pertain-
ing to: (1) inhibition of iNOS expression; (2) inhibition

Scheme 2. Preparation of diarylheptylamine 12a–g from curcumin (2). Reag


200 psi, EtOAc, rt, 60 h; (c) TFA-CH2Cl2 (2–3), rt, 26.5 h; (d) Pd/C, H2, MeO


NaBH3CN, MeOH–CH2Cl2, rt; (g) Pd/C, H2, MeOH, rt, 1 h; (h) (i) H+, NH2


cyclopropyl.

of NO production; (3) inhibition of biosynthesis of
COX-2 downstream product PGE2; and (4) cytotoxicity.


MTT assay as an index of cell viability indicated that at
concentrations up to 100 lM, oregonin (1) and com-
pounds 3–5, 9, and 12b had no significant effect on cell
viability. However, a significant reduction of MTT val-
ues, cell toxicity, was observed for the other compounds
at 100 lM. The cytotoxic IC50 values are given in Table
2. In the measurement of NO production by LPS, we
found that, compared to oregonin (1), all these com-
pounds showed less potency (Table 2). As NO reduction
of 100 lM compounds 12a, 12c, 12d, 12e, 12f, and 12g

ents and conditions: (a) (Boc)2O, NaOH, MeOH, rt, 3 h; (b) Pd/C, H2


H, rt, 1 h; (e) BnCl, K2CO3, DMF, microwave, 20 min; (f) H+/NH2-R,


–CH(CH2)2, toluene, n, 2 h; (ii) NaBH3CN, toluene, 40 �C, 18 h *c-Pr,
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Figure 2. Inhibitory effects of diarylheptanoid compounds (100 lM)


on LPS (1 lg/ml)-stimulated iNOS protein expression. Immunoblot-


ting of iNOS was performed from cell lysates (A) and immunoreac-


tivity quantified by densitometer is presented as percentages of control


LPS response without treatment with diarylheptanoid compounds.


P value: a < 0.005, b < 0.05, and c < 0.00005.


Table 2. IC50 values (lM) of oregonin (1) and diarylheptanoid


compounds on cytotoxicity and inhibition of NO and PGE2


production


Compound Inhibition


of cell


viability


Inhibition of LPS


(1 lg/ml)-induced


NO production


Inhibition of LPS


(1 lg/ml)-induced


PGE2 production


Oregonin (1) >100 18 6.1


3 >100 77 4.5


4 >100 100 0.7


5 >100 42 2.3


9 >100 72 1.4


12a 95 61 ND


12b >100 100 1.0


12c 73 68 7.4


12d 73 62 16


12e 78 61 6.6


12f 69 67 ND


12g 86 58 ND


ND, not determined.
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was accompanied by displaying cell toxicity, NO re-
sponse had conceivably resulted from a toxic event. In
Figures 1 and 2, reduction of LPS-stimulated iNOS pro-
moter activity and protein expression by nontoxic com-
pounds, respectively, at 30 and 100 lM are given, which
implies that iNOS inhibition takes place primarily oc-
curs at the transcriptional level. In contrast to moderate
inhibition of NO, these compounds showed significant
activities inhibiting the biosynthesis of PGE2 (Table 2).
It should be pointed out that compounds 4 and 5 existed
as mixtures of enantiomeric and diastereomeric isomers,
respectively, which still await further resolution, and all
comparisons were made to a presumed active isomer in
the mixture.


From the scant information of these bioassays, it is still
too early for us to deduce meaningful SAR of this series
of compounds. However, most of them exhibit marked
inhibition of COX-2-derived PGE2 formation and have
the potential to develop as anti-inflammatory agents.
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Figure 1. Inhibitory effect of diarylheptanoid compounds (30 lm) on


LPS-induced iNOS promoter activity. P value: a < 0.005, b < 0.05,


c < 0.01, and d < 0.001.

4. Experimental


4.1. General experimental conditions


The physical data of the prepared compounds were
obtained from the following instruments: Melting
points: Fisher–Johns melting apparatus (uncorrected);
IR (KBr): JASCO FT/IR-410 spectrometer; UV
(MeOH): Hitachi U-2000 spectrophotometer; NMR:
Brucker DPX-200 and Avance-400 in deuterated sol-
vent, using the residual solvent peak as internal stan-
dard (CDCl3: dH 7.24 and dC 77.0; methanol-d4:
dH 3.30, dC 49.0); Mass: Finnigan Mat TSQ-7000
Mass spectrometer (ESIMS), VG 70-250S GC/MS
(HFABMS). Chromatographic system: 230–400 mesh
silica gel for column.


4.2. 1,7-Bis(4-hydroxy-3-methoxyphenyl)-heptane-3,5-
dione (tetrahydrocurcumin, 3)


To a solution of curcumin (2) (1.00 g, 2.7 mmol) in
MeOH (100 mL) was added 10% Pt/C (100 mg). After
degassing, the mixture was hydrogenated (H2, 1 atm)
at rt for 1 h, filtered though a Celite pad, and concen-
trated. The residue (1.05 g) was purified via a silica gel
column (40 g, CHCl3) to give 3 (724.3 mg, 71.6%) as a
white powder.


Compound 3: mp 95–97 �C; Rf 0.53 (1% MeOH–CHCl3);
key 1H NMR (CDCl3, 400 MHz) d 2.85 (4H, t, J = 7.4,
8.2 Hz, H-1, 7), 2.76 (2H, m, H-4), 2.53 (4H, t, J = 7.4,
8.2 Hz, H-2, 6); key 13C NMR (CDCl3) d 203.4 (s,
C-3, 5).
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4.3. 1,7-Bis(4-hydroxy-3-methoxyphenyl)-5-hydroxy-3-hep-
tanone (Hexahydrocurcumin, 4) and 1,7-Bis(4-hydroxy-3-
methoxyphenyl)-3,5-heptanediol (octahydrocurcumin, 5)


The mixture of 2 (1.64 g, 4.4 mmol), MeOH (175 mL),
and Pt/C (10%, 163 mg) in a stainless steel autoclave
was hydrogenated (H2, 200 psi) at rt for 16 h. The resi-
due obtained (1.65 g) after a similar workup procedure
as above was chomatographed over a silica gel column
(50 g, CHCl3) to give 5 (1.12 g, 66.8 %) and 4 (502 mg,
30.2%). While prolonging the reaction time to 27 h
yielded 5 exclusively (91.8%).


Compound 4. Greenish crystal, mp 80–82 �C; Rf 0.42
(3% MeOH–CHCl3); key 1H NMR (CDCl3,
400 MHz) d 4.02 (1H, m, H-5), 3.84 and 3.83 (6H,
s, 3 0,300-OMe), 2.84–2.50 (8H, m, H-1, 2, 4, 7), 1.78–
1.58 (2H, m, H-6).


Compound 5. Yellowish viscous liquid, Rf 0.36 (5%
MeOH–CHCl3); key 1H NMR (CDCl3, 400 MHz) d
3.84 (2H, m, H-3, 5), 3.79 (6H, s, 3 0-,300-OMe); key 13C
NMR (CDCl3) d 72.4 (d, C-3, 5), 55.9 (q, 3 0, 300-OMe),
42.9 (t, C-4), 40.0 (t, C-2, 6), 31.4 (t, C-1,7).


4.4. 1,7-Bis(4-hydroxy-3-methoxyphenyl) 5-(propylamino)-
3-heptanol (6)


The mixture of 4 (100 mg, 0.3 mmol), MeOH (15 mL),
12 N HCl (5 drops), and propylamine (115 mg,
1.9 mmol) was stirred at rt for 1 h. Then, NaBH3CN
(82 mg, 1.3 mmol) and molecular sieve (4 Å) were added
and the reaction mixture was stirred for 4 days. After the
removal of molecular sieve by filtration, the filtrate was
concentrated and the residue suspended in 1 N HCl
(50 mL) was extracted with CH2Cl2 (50 mL) to remove
unreacted 4. The aqueous layer after neutralization with
ammonia water was partitioned with CH2Cl2
(50 mL · 3). The combined CH2Cl2 layers were dried
over Na2SO4 and concentrated to give a crude product
(42 mg), which was purified via a silica gel column
(5 g, 3–10% MeOH in CHCl3) to give 6 (18 mg, 16%)
as a yellowish solid.


Compound 6. Rf 0.10 (3% MeOH–CHCl3); UV kmax (log
e) 227.2 (3.92), 280.2 (3.59) nm; key 1H NMR (CDCl3,
200 MHz) d 3.83 (1H, m, H-3), 2.85–2.45 (7H, m, H-5,
1, 7, NCH2C2H5), 1.73–1.23 (8H, m, H-2, 4, 6,
NCH2CH2CH3), 0.89 (3H, t, J = 7.2 Hz, NC2H4CH3);
key 13C NMR (CDCl3) d 72.0 (d, C-3), 58.5 (d, C-5),
46.8 (t, NCH2C2H5), 40.3 (t, C-4), 38.5 (t, C-2),
35.1 (t, C-6), 31.7 (t, C-7), 31.4 (t, C-1), 22.4
(t, NCH2CH2CH3), 11.5 (q, NC2H4CH3); ESIMS:
m/z [M+H]+ 418.2.


4.5. O,O-Di-tbutyloxycarbonylcurcumin (7)


The mixture of 2 (5.00 g, 13.6 mmol), MeOH
(200 mL), NaOH (1.60 g, 40.7 mmol), and (Boc)2O
(11.8 g, 54.3 mmol) was stirred under N2 at rt for
3 h and then filtered. The residue was washed with
water and dried to give 7 (6.84 g, 88.7%) as a yellow
powder.

Compound 7. mp 139.5–142 �C; Rf 0.4 (50% hexane–
CHCl3);


1H NMR (CDCl3, 200 MHz) d 7.59 (2H, d,
J = 15.8 Hz, H-1, 7), 7.12 (4H, br s, H-5 0,500,6 0,600), 7.10
(2H, br s, H-2 0,200), 6.53 (2H, d, J = 15.8, H-2,6), 5.84
(1H, s, H-4), 3.88 (6H, s, 3 0,300-OCH3), 1.54 (18H, s,
Boc-CH3); ESIMS m/z (rel. int. %) [M+Na]+ 591.2
(100), [M+H]+ 569.1 (37).


4.6. O,O-Di-tbutyloxycarbonyl-hexahydrocurcumin (8)


To a stainless steel autoclave were added 7 (3.20 g,
5.6 mmol), EtOAc (150 mL), and 10% Pd/C (600 mg)
in sequence. After degassing, the mixture was hydroge-
nated (H2, 200 psi) at rt for 60 h. The usual workup pro-
cedure gave a crude product (3.39 g), which was purified
via a silica gel column (100 g, CHCl3) to yield 8 as a
colorless solid (2.98 g, 92.1%).


Compound 8. Rf 0.34 (1% MeOH–CHCl3); key
1H NMR


(CDCl3, 400 MHz) d 4.02 (1H, m, H-5), 1.52 (18H, s,
Boc-CH3); key 13C NMR (CDCl3) d 209.6 (s, C-3),
83.1 and 83.0 (s, Boc-OCMe3), 66.5 (d, C-5); ESIMS
m/z [M+Na]+ 597.3.


4.7. 1,7-Bis(4-hydroxy-3-methoxyphenyl)-3-heptanone (9)


The mixture of 8 (2.39 g, 4.1 mmol), CH2Cl2 (15 mL),
and TFA (10 mL) was stirred under N2 at rt for 14 h
and then concentrated to give an oily residue, which
was partitioned between water (100 mL) and CH2Cl2
(100 mL · 3). The combined CH2Cl2 layers were con-
centrated to give a viscous residue (1.65 g), which with-
out further purification was catalytically hydrogenated
(MeOH, 40 mL; 10% Pd/C, 146 mg; H2, 1 atm; 1 h).
After the usual workup procedure, the crude residue
(1.39 g) was separated over a silica gel column (40 g,
25% hexane–CHCl3) to give 4 (532 mg, 34.4%) and 9
(761 mg, two steps 51.5%).


Compound 9. Colorless liquid, Rf 0.60 (2% MeOH–
CHCl3); UV kmax (log e) 228.4 (4.11), 281.2 (3.82) nm;
1H NMR (CDCl3, 400 MHz) d 6.80 (2H, d,
J = 7.9 Hz, H-5 0,500), 6.66–6.61 (4H, m, H-2 0,200,6 0,600),
5.47 (1H, s) and 5.45 (1H, s) (OH), 3.85 and 3.83 (6H,
s, 3 0,300-OMe), 2.80 (2H, t, J = 7.4 Hz, H-1), 2.66 (2H,
t, J = 7.6 Hz, H-2), 2.51 (2H, t, J = 7.3 Hz, H-7), 2.37
(2H, t, J = 6.7 Hz, H-4), 1.58–1.53 (4H, m, H-6, 5);
13C NMR (CDCl3) d 210.4 (s, C-3), 146.3 (s, C-3 0,300),
143.8 and 143.5 (s, C-4 0,400), 133.0 and 134.1 (s, C-
1 0,100), 120.7 and 120.8 (d, C-6 0, 600), 110.9, 111.0 and
114.1, 114.3 (each d) (C-2 0,200,5 0,500), 55.8 (q, 3 0,300-
OMe), 44.6 (t, C-2), 42.8 (t, C-4), 35.3 (t, C-7), 31.2 (t,
C-6), 29.5 (t, C-1), 23.3 (t, C-5); HRFABMS m/z
358.1779 (Calcd for C21H26O5, 358.1780).


4.8. 1,7-Bis(4-benzyloxy-3-methoxyphenyl)-3-heptanone
(10)


The mixture of 9 (1.07 g, 3.0 mmol), DMF (15 mL),
BnCl (3.16 g, 24.9 mmol), and K2CO3 (1.22 g, 8.9 mmol)
was reacted for 15 min in a microwave digester (Prolabo
Maxidigest MX350) with 60% power. After cooling, the
reaction mixture was concentrated and the residue
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dissolved in CH2Cl2 (80 mL) was washed with water
(80 mL · 3). The CH2Cl2 layer was dried over Na2SO4


and concentrated to give a solid residue (1.68 g), which
upon treatment with acetone gave pure 10 (1.59 g, 99
%) as a white powder: Rf 0.60 (0.5% MeOH–CHCl3);
key 1H NMR (CDCl3) d 7.43–7.24 (10H, m,
OCH2C6H5), 5.09 (4H, s, OCH2C6H5).


4.9. N-Alkyl-1,7-bis(4-benzyloxy-3-methoxyphenyl)-3-hep-
tylamines (11a: N-Bn; 11b: N-Me; 11c: N-Et; 11d: N-nPr;
11e: N-iBu; 11f: N-nBu)


The mixture of 10 (436 mg, 0.8 mmol), MeOH–CH2Cl2
(5:4, 18 mL), benzylamine (893 mg, 8.3 mmol, 10.3
equiv), and 12 N HCl (3 drops) was stirred at rt under
N2 for 30 min and then NaBH3CN (524 mg, 8.3 mmol,
10.3 equiv) was added. The reaction took place for
89 h. The reaction mixture was concentrated and the res-
idue was partitioned between CH2Cl2 (200 mL) and
water (50 mL · 3). The CH2Cl2 layer was dried over
Na2SO4 and concentrated to give a residue (1.10 g),
which was purified via two silica gel columns (20 g,
50–100% CHCl3–hexane, satd with NH4OH; 10 g 0–
3% MeOH–CHCl3) to give compound 11a as colorless
oil (211 mg, 43.3%).


Under similar reaction conditions and workup proce-
dures for the preparation of 11a, compounds 11b
(253 mg, 61.8%), 11c (288 mg, 67.5%), 11d (327 mg,
64.1%), 11e (233 mg, 65.9%), and 11f (197 mg, 62.9%)
were produced from five batches of 10 (398 mg,
0.7 mmol for 11b; 406 mg, 0.8 mmol for 11c; 473 mg,
0.9 mmol for 11d; 320 mg, 0.6 mmol for 11e; 283 mg,
0.5 mmol for 11f) by reacting with methylamine solution
(25%, 922 mg, 7.4 mmol, 10 equiv for 11b), ethylamine
(491 mg, 7.6 mmol, 10 equiv for 11c), propylamine
(591 mg, 11.0 mmol, 12 equiv for 11d), isobutylamine
(382 mg, 5.2 mmol, 9 equiv for 11e), and butylamine
(412 mg, 5.6 mmol, 11 equiv for 11f), respectively.


Compound 11a. Rf 0.33 (CHCl3, satd with NH3(aq)); key
1H NMR (CDCl3, 400 MHz) d 7.44–7.29 (15H, m, 2·
OCH2C6H5, NCH2C6H5), 3.74 (2H, s, NCH2C6H5);
key 13C NMR (CDCl3) d 56.2 (d, C-3), 53.0 (t,
NCH2C6H5).


Compound 11b. Rf 0.51 (3% MeOH–CHCl3, satd with
NH3(aq)); key


1H NMR (CDCl3, 200 MHz) d 2.54 (4H,
t, J = 7.7 Hz, H-1 and H-7), 2.43 (1H, m, H-3), 2.37
(3H, s, NMe); key 13C NMR (CDCl3) d 58.6 (d, C-3),
33.5 (q, N-Me).


Compound 11c. Rf 0.40 (1% MeOH–CHCl3, satd with
NH3(aq)); key


1H NMR (CDCl3, 400 MHz) d 2.62–2.52
(7H, m, H-1, 3, 7, NCH2CH3), 1.07 (3H, t, J = 7.1 Hz,
NCH2CH3); key 13C NMR (CDCl3) d 57.0 (d, C-3),
41.2 (t, NCH2CH3), 15.6 (q, NCH2CH3).


Compound 11d. Rf 0.36 (3% MeOH–CHCl3); key 1H
NMR (CDCl3, 200 MHz) d 2.56–2.47 (7H, m, H-1, 3,
7, NCH2C2H5), 1.51–1.36 (6H, m, H-4, 5,
NCH2CH2CH3), 0.89 (3H, t, J = 7.3 Hz, NC2H4CH3);
key 13C NMR (CDCl3) d 57.0 (d, C-3), 48.9 (t,

NCH2C2H5), 23.5 (t, NCH2CH2CH3), 11.9 (q,
NC2H4CH3).


Compound 11e. Rf 0.31 (CHCl3, satd with NH3(aq)); key
1H NMR (CDCl3, 200 MHz) d 2.53 (6H, m, H-1, 3, 7
and NH), 2.37 (2H, d, J = 6.7 Hz, NCH2


iPr), 0.87
(6H, d, J = 6.6 Hz, NCH2CH(CH3)2); key 13C NMR
(CDCl3) d 57.1 (d, C-3), 54.4 (t, NCH2


iPr), 28.1 (d,
NCH2CH(CH3)2), 20.7 (q, NCH2CH(CH3)2).


Compound 11f. Rf 0.33 (CHCl3, satd with NH3(aq),
develop twice); key 1H NMR (CDCl3, 400 MHz) d
2.65 (4H, m, H-1 and H-7), 2.59 (1H, m, H-3), 2.53
(2H, t, J = 7.7 Hz, NCH2C3H7), 1.59 (6H, m, H-2, 6,
NCH2CH2C2H5), 0.87 (3H, t, J = 7.4 Hz, NC3H6CH3);
key 13C NMR (CDCl3) d 57.2 (d, C-3), 45.8 (t,
NCH2C3H7), 20.4 (t, NC2H4CH2CH3), 13.7 (q,
NC3H6CH3).


4.10. 1,7-Bis(4-hydroxy-3-methoxyphenyl)-3-heptylamine
(12a)


To a stainless steel autoclave were added 11a (129 mg
0.2 mmol), MeOH (10 mL), and 10% Pd/C (29 mg) in
sequence. After degassing, the mixture was hydrogenat-
ed (H2, 200 psi) for 17 h. The usual workup procedure
gave the product 12a (48 mg, 61.8%) as a greenish
liquid.


Compound 12a. Rf 0.22 (3% MeOH–CHCl3, satd with
NH3(aq)); IR mmax: 3445, 2929, 1519 cm�1; UV kmax


(log e) 226.6 (3.87), 280.6 (3.53) nm; 1H NMR (CD3OD,
200 MHz) d 6.47 (2H, m, H-5 0,500), 6.70 (2H, m, H-2 0,200),
6.62 (2H, m, H-6 0,600), 3.80 (6H, s, 3 0,300-OCH3), 2.58–
2.54 (5H, m, H-1, 3, 7), 1.64–1.61, 1.35–1.13 (8H, m,
H-2, 4, 5, 6); HRFABMS m/z [M+H]+ 360.2173 (Calcd
for C21H30O4N, 360.2175).


4.11. N-Alkyl-1,7-bis-(4-hydroxy-3-methoxyphenyl)-3-hep-
tylamines (12b: N-Me; 12c: N-Et; 12d: N-nPr; 12e: N-iBu;
12f: N-nBu)


To a solution of 11b (137 mg 0.3 mmol) in MeOH
(10 mL) was added 10% Pd/C (12 mg). After degassing,
the mixture was hydrogenated (H2, 1 atm) for 1 h. After
the usual workup procedure, the product 12b (91 mg,
99%) was obtained as a brownish liquid. Compound
12b tartrate was prepared by evaporating the methanolic
solution of 12b and LL-(+)-tartaric acid (1 equiv).


Under similar reaction conditions and workup proce-
dures for the preparation of 12b, compounds 12c
(140 mg, 99%), 12d (139 mg, 98%), 12e (144 mg, 99%),
and 12f (103 mg, 99%) were produced from 11c
(209 mg, 0.4 mmol), 11d (201 mg, 0.4 mmol), 11e
(207 mg, 0.4 mmol), and 11f (150 mg, 0.3 mmol),
respectively.


Common physical data for 12b–f. UV kmax (log e) 228 (ca.
3.9), 281 (ca. 3.5) nm; 1H NMR d (CDCl3) 6.79 (2H, d,
J = 7.7 Hz, H-5 0,500), 6.64 (4H, d, J = 8.1 Hz, H-
2 0,200,6 0,600), 3.84 and 3.83 (6H, s, 3 0,300-OMe); 13C
NMR d (CDCl3) 146.5 and 146.4 (s, C-3 0,300), 143.7
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and 143.6 (s, C-4 0,400), 134.5 and 134.3 (s, C-1 0,100), 120.8
and 120.7 (d, C-6 0,600), 114.3 and 111.0 (d, C-2 0,200,5 0,500),
55.8 (q, 3 0,300-OMe).


Compound 12b tartrate. Rf 0.38 (7% MeOH–CHCl3,
satd with NH3(aq)); IR mmax 3123, 1519, 1683 cm�1; key
1H NMR (CD3OD, 400 MHz) d 2.64 (3H, s, NCH3);
key 13C NMR (CD3OD) d 60.0 (d, C-3), 30.8 (q,
NCH3); HRFABMS m/z [M+H]+ 374.2334 (Calcd for
C22H32O4N, 374.2331).


Compound 12c. Rf 0.18 (3% MeOH–CHCl3, satd with
NH3(aq)); IR mmax 3318, 1558, 1134 cm�1; key 1H
NMR (CDCl3) d 2.61 (2H, q, J = 7.1 Hz, NCH2CH3),
1.07 (3H, t, J = 7.1 Hz, NCH2CH3); key 13C NMR
(CDCl3) d 57.0 (d, C-3), 41.2 (t, NCH2CH3), 15.5 (q,
NCH2CH3); HRFABMS m/z [M+H]+ 388.2486 (Calcd
for C23H34O4N, 388.2488).


Compound 12d. Rf 0.27 (3% MeOH/CHCl3, satd with
NH3(aq)); IR mmax 2934, 1698, 1508 cm�1; key 1H
NMR (CDCl3, 400 MHz) d 2.56–2.49 (7H, m, H-1, 3,
7, NCH2C2H5), 1.49–1.43 (4H, m, H-4, 10), 0.89 (3H,
t, J = 7.4 Hz, NC2H4CH3); key 13C NMR (CDCl3) d
57.1 (d, C-3), 49.0 (t, NCH2C2H5), 23.5 (t,
NCH2CH2CH3), 11.9 (q, NC2H4CH3); HRFABMS
m/z [M+H]+ 402.2645 (Calcd for C24H36O4N, 402.2644).


Compound 12e. Rf 0.42 (3% MeOH–CHCl3, satd with
NH3(aq)); IR mmax 3324, 1518, 1732, 1698, 1263 cm�1;
key 1H NMR (CD3OD, 200 MHz) d 2.54 (5H, m, H-1,
3, 7), 2.38 (2H, d, J = 6.8 Hz, NCH2


iPr), 0.887 (3H, d,
J = 6.6 Hz) and 0.880 (3H, d, J = 6.6 Hz)
(NCH2CH(CH3)2); key


13CNMR (CD3OD) d 58.4 (d,
C-3), 55.5 (t, NCH2


iPr), 28.8 (d, NCH2CH(CH3)2),
21.0 (q, NCH2CH(CH3)2); HRFABMS m/z [M+H]+


416.2803 (Calcd for C25H38O4N, 416.2801).


Compound 12f. Rf 0.13 (3% MeOH–CHCl3, satd with
NH3(aq)); IR mmax 3225, 1716, 1698, 1507 cm�1; key 1H
NMR (CD3OD, 400 MHz) d 2.52 (7H, m, H-1, 3, 7,
NCH2C3H7), 1.67 (2H, m), 1.59 (2H, m), 1.47 (2H, m),
1.39 (2H, m), 1.30 (4H, m), 0.90 (3H, t, J = 7.2 Hz,
NC3H6CH3); key


13C NMR (CD3OD) d 58.1 (d, C-3),
47.6 (t, C-9), 21.6 (t, NC2H4CH2CH3), 14.4 (q,
NC3H6CH3); HRFABMS m/z [M+H]+ 416.2799 (Calcd
for C25H38O4N, 416.2801).


4.12.N-Cyclopropyl-1,7-bis(4-hydroxy-3-methoxyphenyl)-3-
heptylamine (12g)


The mixture of 9 (203.5 mg, 0.57 mmol), toluene (7 mL),
cyclopropylamine (269 mg, 4.7 mmol) and 12 N HCl (4
drops) was stirred at 100 �C under N2 for 2 h and then
NaBH3CN (199 mg, 3.2 mmol) was added and stirred
at 40 �C for additional 13 h. After a similar workup
as that for the preparation of 11a, the crude product
obtained (199 mg) was purified via a flash column
(silica gel, 10 g, 0–1% MeOH–CHCl3, saturated with
NH4OH) to give 12g as a bluish liquid (129 mg, 56%).


Compound 12g. Rf 0.42 (7% MeOH–CHCl3); IR mmax


3322, 2938, 1601, 1517, 1269 cm�1; key 1H NMR

(CD3OD, 400 MHz) d 2.60 (1H, m, H-3), 2.04 (1H, m,
NCH(CH2)2), 0.43 (2H, m) and 0.31 (2H, m)
(NCH(CH2)2); key


13C NMR (CD3OD) d 58.7 (d, C-
3), 29.5 (d, NCH(CH2)2), 6.5 (t, NCH(CH2)2);
HRFABMS m/z [M+H]+ 400.2488 (Calcd for
C24H34O4N, 400.2488).


4.13. Biological assay


The samples tested were dissolved in DMSO and the fi-
nal concentration of DMSO for each assay was 0.1%.
Measurements of nitrite production, as an assay of
NO release, and PGE2 production were carried out, as
we have previously described.15 Immunoblotting was
performed to assess the protein level of iNOS. Promoter
activity of the iNOS gene as reflected by the reporter
gene assay was performed, as we have previously de-
scribed.15 Cells were co-transfected with iNOS promot-
er–luciferase reporter and b-galactosidase expression
vector. After compounds� treatment, luciferase activity
was determined and normalized to transfection efficien-
cy, as indicated by the expressed b-galactosidase
activity.
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Abstract—The synthesis and in vitro cytotoxicity toward various tumor cell lines of (±)-tridemethylisovelleral, an analogue of the
bioactive fungal sesquiterpene (+)-isovelleral retaining the bicyclo[4,1,0]hept-2-en-1,2-dicarbaldehyde system but lacking the three
methyl groups, is reported. The cytotoxicity of tridemethylisovelleral toward several tumor cell lines was found to be comparable
with those of established antitumor drugs, and significantly higher than that of isovelleral.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1.

1. Introduction


(+)-Isovelleral (2) (see Fig. 1) is an extremely pungent
marasmane sesquiterpene with potent cytotoxic and
antimicrobial activities1 that was originally isolated
from the fruit bodies of Lactarius vellereus. It is
formed enzymatically in seconds from an inactive
precursor (stearoylvelutinal) as a response to injury
to the fruit body (Scheme 1), and is the active princi-
ple in a binary chemical defense system developed by
evolution to protect the fruit bodies from parasites
and predators.2


The biological activities of isovelleral (2) depend on the
electrophilic unsaturated 1,4-dialdehyde moiety, present
in numerous other terpenoids claimed to be part of the
natural defense systems,3 as the transformation of either
of the aldehyde functions to an alcohol or keto group or
the reduction of the carbon–carbon double bond is asso-
ciated with loss of activity.4 Also the cyclopropane ring
and its environment appears to be important for the bio-
logical activity of 2, as suggested by the difference in
antimicrobial activity and cytotoxicity toward mamma-
lian cells of the two bicyclic analogues 3 and 4;5 3 is at
least 10 times more potent than 4.6 The reason for this
difference is believed to be that a nucleophilic attack
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on the cyclopropane ring is involved in the biological
effects,6 and there is less steric hindrance for such an
attack in 3.7 In addition, the cyclopentane ring of
isovelleral (2) seems to play a role, as 2 is considerably
more potent than 4.6 In order to confirm these sugges-
tions, and to prepare a more potent analogue of the
natural product, tridemethylisovelleral (1) was synthe-
sized and assayed.

2. Results and discussion


Although the original goal was to prepare the analogue
of 2 lacking only the methyl attached to the cyclopro-
pane ring, we decided to omit also the geminal methyls
of the cyclopentane ring as it is unlikely that they
will moderate the reactivity of the dialdehyde moiety.
However, it should be remembered that the geminal
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Scheme 1. Conversion of stearoylvelutinal to isovelleral (2) as a


response to injury.
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methyl groups may provide for some increase in steric
hindrance for reagents that have to react with the cyclo-
propane ring and in that way cause even a decrease in
activity. The strategy selected was to start from commer-
cially available 5-indanol (5), and to introduce the two
aldehyde groups and the cyclopropane ring later. a,b-
Unsaturated ketones can easily be made from aromatic
methyl ethers through Birch reduction followed by
acidic hydrolysis.8

Scheme 2. Reagents and conditions: (a) i—MeI, K2CO3, DMF, 55 �C; ii—
indanol; (b) i—DIPA, n-BuLi, ethylcyanoformate, THF, �78 �C 90%; (c) HC


THF, �78 �C ii—35% H2O2, CH2Cl2, 86%; (e) NaH (oil free), Me3SOI, DMF


MeOH, Et3N, DMF, 20 �C, 90%; (h) DIBAL-H, THF, 65%; (i) oxalyl chlor

Commercially available 5-indanol was converted into its
methyl ether and was immediately reduced with lithium
in ammonia to the bicyclic ketone 6 (Scheme 2). The
introduction of the ester group of 7 was achieved by
the reaction of the enolate ion of 6 with ethylcyanofor-
mate,9 yielding the b-keto ester as a 3:1 diastereomeric
mixture of epimeric esters. No migration of the double
bond was observed. The cis bicyclic framework of tri-
demethylisovelleral (1) was obtained by hydrogenation
of the bicyclic enone, a reaction that, as expected,10


was stereoselective. Both epimers of 7 gave the same
product 8, and the reaction was run with the 3:1 dia-
stereomeric mixture obtained in the preceding step.
The introduction of the conjugated double bond in 9
was accomplished by treatment of the enol ester 8 with
phenylselenyl chloride in the presence of pyridine fol-
lowed by oxidation with hydrogen peroxide and subse-
quent pyrolysis.11 Using the Corey–Chaykovsky
reagent (methylsulfoxonium ylid),12 the cyclopropane
ring was introduced in a stereoselective manner giving
only one cyclopropane diastereomer. From this point,
Heathcock�s route to racemic isovelleral (2)13 was essen-
tially followed. b-Keto ester (10) was deprotonated with
LDA and the enolate was trapped as the corresponding
enol triflate (11). Carbonylation with palladium acetate
under a carbon monoxide14 atmosphere gave the diester
12. Subsequently, the ester groups were reduced to diol
13 and then reoxidized using Swern conditions15 to give
the desired dialdehyde 1 in racemic form.

Li, NH3, EtOH, THF, �78 �C; iii—10% HCl, MeOH, 85% from 5-


O2NH4, 10% Pd/C, MeOH, reflux, 76%; (d) i—DIPA, n-BuLi, PhSeCl,


, �15 �C, 69%; (f) LDA, PhNTf2, THF, 85%; (g) Pd(OAc)2, PPh3, CO,


ide, DMSO, Et3N, CH2Cl2, �78 �C, 80%.
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The cytotoxic activity of tridemethylisovelleral (1) was
tested against a series of tumor cell lines,16 and the
IC50 values obtained are given in Table 1. For compar-
ison, the activities of isovelleral (2) as well as of several
established antitumor drugs are also given. The cells
were plated in 96-wells flat bottom microtiter plates
and preincubated in RPMI 1640 medium supplemented
with 10% FCS for 48 h at 37 �C. The test compounds
were dissolved in DMSO and a dilution series in the
medium was prepared and added to the cells. After 5
days, the incubation was terminated by washing the
plate twice with PBS and fixing the cells with 10% tri-
chloroacetic acid in PBS, whereafter the cells were
stained and the result was recorded in an automated
microplate reader. A detailed description of the test
procedure is published elsewhere.16


It is noteworthy that 1 is very potent toward all cell
lines, also those that are considered less sensitive to
chemotherapy (e.g., the lung cancer cell line H226),
and the concentrations required for inhibition are
approximately 0.1 nmol/ml. Although the lack of selec-
tivity makes 1 useless as a drug by itself, but the pos-
sibility to disguise it as a prodrug that is activated
selectively by tumor cells is attractive. Such efforts
are currently in progress. Both enantiomers of isovell-
eral (2) have previously been shown to possess similar
antimicrobial and cytotoxic activities,17 and it is there-
fore relevant to compare with racemic tridemethyliso-
velleral (1). In comparison with the natural product
2, the cytotoxicity of 1 is between 4 and 11 times

Table 1. Cytotoxicity of tridemethylisovelleral (1), isovelleral (2) and severa


Compound MCF7 EVSA-T WiDr


1 0.17 0.07 0.18


2 0.56 0.28 1.08


DOXc 0.02 0.01 0.02


CPTc 2.21 1.34 3.06


5-FUc 5.77 3.65 1.73


MTXc 0.04 0.01 <0.01


ETOc 4.41 0.54 0.25


a IC50 values of test compounds (nmol/ml) in vitro using SRB as a cell viabi
b Tumor cell line: human breast adenocarcinoma (MCF-7), human breast ca


human ovary carcinoma (IGROV-1), human skin melanoma (M19-MEL,
c Established cytotoxic drugs: doxorubicin (DOX), cisplatin (CPT), 5-fluorou


Figure 2. The lowest energy conformations of tridemethylisovelleral (1) (left

higher in these assays. Assuming that the effect of the
geminal methyls of the cyclopentane ring of 2 is insig-
nificant, this would confirm that the cyclopentane ring
is important for the biological activities of the isovell-
eraloids. The cyclopentane ring increases the rigidity
of 1 and 2 compared to 3 and 4, thereby altering the
dihedral angle between the two aldehyde groups. In
addition, the methyl adjacent to the cyclopropane ring
in isovelleral (2) will also affect the conformation
slightly, by its steric interaction with the cyclopentane
ring. This can be observed in Figure 2, where the low-
est energy conformers of 1 and 2 are shown. The dihe-
dral angle between the two aldehyde groups is 52� in 1
and 36� in 2. As the aldehyde groups are anticipated to
take part in the events that lead to the biological activ-
ity, conformational effects on the dialdehyde moiety
may be important.18

3. Conclusions


The demethylated analogue 1 of the potent fungal unsat-
urated dialdehyde isovelleral (2) was shown to inhibit
the growth of different tumor cell lines at around
0.1 nmol/ml. Although the lack of selectivity of 2 ren-
ders it useless for direct pharmaceutical applications,
the unsaturated 1,4-dialdehyde functionality can be
disguised chemically in ways that are (a) chemically
relatively stable and (b) transformed back to the unsat-
urated dialdehyde in the presence of certain chemical or
enzymatic conditions. This makes tridemethylisovelleral

l antitumor drugs towards seven tumor cell linesa


Cell lineb


IGROV M19 A498 H226


0.06 0.17 0.21 0.23


0.66 0.66 1.87 1.78


0.11 0.03 0.17 0.37


0.54 1.77 7.13 10.35


2.28 3.40 1.10 2.61


0.02 0.05 0.08 5.03


0.99 0.86 2.23 6.68


lity test.16


rcinoma (EVSA-T), human colon colorectal adenocarcinoma (WiDr),


human kidney carcinoma (A498), and human lung mesothelioma.


racil (5-FU), methotrexate (MTX), and etoposide (ETO).


) and isovelleral (2) (right).
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(1) a suitable base for a prodrug that for example is
liberated in a tumor tissue that overexpresses a certain
enzyme, or that is specifically activated in an insect or
another pest. Such work is currently in progress in our
laboratory.

4. Experimental


Materials were obtained from commercial suppliers and
were used without further purification unless otherwise
noted. THF was dried by refluxing over sodium/benzo-
phenone ketyl immediately prior to use. CH2Cl2 and tri-
ethylamine were distilled from calcium hydride prior to
use. DMF and DMSO were distilled under reduced pres-
sure and kept over 4Å MS. MeOH was dried by distilling
from magnesium/iodine. All moisture and air-sensitive
reactions were carried out under an atmosphere of dry
nitrogen using oven-dried glassware. HRESIMS spectra
were recorded with a Micromass Q-TOF Micro spec-
trometer and HREIMS spectra (direct inlet, 70 eV) were
recorded with a JEOL SX102 spectrometer. NMR spec-
tra (in CDCl3) were recorded with a Bruker DRX 400
spectrometer at 400 MHz (1H) and at 100 MHz (13C)
and with a Bruker DRX 500 spectrometer at 500 MHz
(1H) and at 125 MHz (13C). Chemical shifts are given in
ppm relative to TMS using the residual CHCl3 peak in
CDCl3 solution as internal standard (7.26 and
77.0 ppm, respectively, relative toTMS).Organic extracts
were dried over MgSO4. All flash chromatography was
performed on 60 Å 35–70 lm Matrex silica gel (Grace
Amicon). TLC analyses were made on silica gel 60 F254


(Merck) plates and visualized with anisaldehyde/sulfuric
acid and heating. The cytotoxicity was assayed according
to Ref. 16. Calculations were performed using Macro-
Model v8.6 (Force field: MMFFs; solvent: water (using
the analytical gereralized born/surface area (GB/SA)
model); minimization method: TNCG; conformational
search: MonteCarlo (MCMM); steps: 2000).


4.1. 1,2,3,6,7,7a-Hexahydroinden-5-one (6)


To a solution of 12.6 g (0.09 mol) of 5-indanol (5) in
70 ml of DMF was added 9.0 ml (0.14 mol) of MeI
and 21.0 g (0.15 mol) of anhydrous K2CO3. The result-
ing solution was stirred at 55 �C for 4 h under a nitrogen
atmosphere. The mixture was cooled to room tempera-
ture, diluted with 70 ml of ether and 110 ml of water
and extracted with ether. The organic layers were
washed with 5% aqueous NaOH, dried over K2CO3


and concentrated. The methyl ether was obtained as
an orange oil (13.9 g). To a stirred solution of 13.9 g
of the crude methyl ether in 80 ml of THF, 80 ml of
EtOH and 500 ml of liquid ammonia, 2.8 g (0.4 mol)
lithium in small pieces was carefully added at �78 �C
under an inert atmosphere. The stirring was continued
at �78 �C until the blue color had disappeared where-
after the ammonia was allowed to evaporate. Water
was added to dissolve lithium salts and the aqueous
layer was extracted three times with ether. The com-
bined extracts were washed with brine, dried, and con-
centrated. The residue, obtained as a yellow oil, was
dissolved in a mixture of 400 ml of MeOH and 120 ml

of 10% aqueous HCl, and stirred for 3 h at room tem-
perature. The solution was concentrated and the residue
was diluted with water and extracted with CH2Cl2. The
combined organic layers were washed with brine and
dried. Evaporation of the solvent afforded an oil, which
was purified by distillation (88–90 �C, 1 mmHg). Ketone
6 was obtained as 10.9 g (85% from 5-indanol (5)) of a
pale yellow oil: 1H NMR (CDCl3) d 1.23 (1H, dq,
J = 11.8 and 7.2 Hz), 1.59 (1H, m), 1.69 (1H, m), 1.89
(1H, m), 2.06 (1H, J = 13.2, 6.7 Hz), 2.22 (1H, m),
2.31 (1H, dd, J = 14.3 and 4.8 Hz), 2.40–2.55 (3H, m),
2.63 (1H, dd, J = 19.3 and 9.1 Hz), 5.86 (1H, s); 13C
NMR (CDCl3) d 24.3, 29.7, 32.3, 33.2, 37.9, 43.5,
122.7, 176.1, 200.5; HRMS (EI) [M]+ calcd for
C9H12O, 136.0888; found, 136.0889.


4.2. 6-Oxo-2,3,3a,5,7-hexahydroindene-5-carboxylic acid
ethyl ester (7)


A measure of 3.36 ml (2.5 M in hexanes) of n-BuLi was
added at �78 �C to a solution of 1.23 ml (8.8 mmol) of
dry diisopropylamine in 20 ml of THF. The mixture
was stirred at �78 �C for 30 min. A solution of 1.09 g
(8.0 mmol) of 6 in 4 ml of THF was added over 20 min
at �78 �C. The resulting mixture was stirred at �78 �C
for 1 h whereafter 800 lL (8.0 mmol) of ethylcyanofor-
mate was added in one aliquot. After 1 h at �78 �C the
reaction was quenched with water. The mixture was al-
lowed to warm to room temperature and extracted with
Et2O. The combined organic layers were dried over
MgSO4, filtered and concentrated to afford an oil which
was purified by flash chromatography (petroleum ether/
ethyl acetate 8:2) to give 1.50 g of 7 (90%) as a 3:1 dia-
stereomeric mixture of epimeric esters (NMR data are
given for the major isomer): 1H NMR (CDCl3) d 1.30
(3H, t, J = 7.1 Hz), 1.33 (1H, q, J = 7.3 Hz), 1.72 (1H,
m), 1.95 (1H, m), 2.03 (1H, ddd, J = 12.8 and 1.2,
1.1 Hz), 2.13 (1H, m), 2.41 (1H, dt, J = 12.8 and
4.4 Hz), 2.45–2.73 (3H, m), 3.35 (1H, dd, J = 14.1 and
4.6 Hz), 4.22 (2H, dq, J1 = 7.1 and 1.7 Hz), 5.95 (1H,
m); 13C NMR d 14.6, 24.0, 32.3, 32.8, 33.1, 42.6, 54.4,
61.5, 122.1, 171.3, 176.0, 194.7; HRMS (EI) [M]+ calcd
for C12H16O3, 208.1099; found, 208.1101.


4.3. 6-Oxo-2,3,3a,5,7,7a,8-octahydroindane-5-carboxylic
acid ethyl ester (8)


A measure of 1.89 g (30.0 mmol) of ammonium formate
was added to a mixture of 1.26 g (6.0 mmol) of 7 and
63 mg of 10% Pd/C in 60 ml of dry MeOH at room tem-
perature under a nitrogen atmosphere. The resulting
solution was refluxed for 10 min. The reaction mixture
was filtered through celite and washed with MeOH.
The solvent was removed under reduced pressure and
the residue was dissolved in a mixture of water and
ether. The layers were separated and the aqueous layer
was extracted with ether. The combined organic layers
were dried and concentrated. Flash chromatography
(heptane/ethyl acetate 98:2) of the residue yielded
946 mg 8 (75%) as a colorless oil: 1H NMR (CDCl3) d
1.31 (3H, t, J = 7.1 Hz), 1.39 (2H, m), 1.54 (1H, m),
1.75 (3H, m), 2.05–2.17 (4H, m), 2.40 (2H, m), 4.21
(2H, dq, J = 7.1 and 0.9 Hz), 12.21 (1H, s); 13C NMR
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d 14.7, 22.7, 25.0, 31.3, 31.8, 31.9, 36.8, 37.0, 60.6, 96.5,
172.4, 172.9; HRMS (EI) [M�H]+ calcd for C12H17O3,
209.1178; found, 209.1174.


4.4. 6-Oxo-2,3,7,7a,8-hexahydroindene-5-carboxylic acid
ethyl ester (9)


A measure of 2.20 ml (2.5 M in hexanes) of n-BuLi was
added at �78 �C to a solution of 0.77 ml (5.5 mmol) of
dry diisopropylamine in 20 ml of THF. The mixture
was stirred at �78 �C for 30 min. A solution of 1.01 g
(5.0 mmol) of 8 in 5 ml of dry THF was added over
5 min. The resulting mixture was stirred at �78 �C for
40 min, then a solution of 920 mg (5.0 mmol) of phenyl-
selenyl chloride in 5 ml of THF was added in one ali-
quot. The ice bath was removed, and the solution was
washed with aqueous 1 M HCl, water, aqueous saturat-
ed NaHCO3 solution, and then dried on Na2SO4. After
filtration and evaporation of the solvent, the afforded oil
was diluted in CH2Cl2 (40 ml) and the solution was
cooled to 0 �C, at which time 0.33 ml of 35% aqueous
H2O2 was slowly added. An additional 0.33 ml of 35%
aqueous H2O2 was added after 10 min, and again after
20 min. After an additional 10 min, H2O was added
and the organic layer was separated, washed with satu-
rated NaHCO3, dried over MgSO4, and evaporated. The
crude oil was purified by flash chromatography on silica
gel (petroleum ether/ethyl acetate 7:3) to give 854 mg
of 6 (86%) as a pale yellow oil: 1H NMR (CDCl3) d
1.30 (3 H, dt, J = 7.1, 0.5 Hz), 1.40 (1H, m), 1.65–1.75
(3H, m), 1.85 (1H, m), 2.05 (1H, m), 2.48 (1H, t,
J = 8.6 Hz), 5.57 (1H, m), 2.61 (1H, t, J = 5.6 Hz),
2.92 (1H, m), 4.24 (2H, q, J = 7.1 Hz), 7.43 (1H, d,
J = 3.8 Hz); 13C NMR d 14.6, 24.7, 31.1, 31.5, 38.3,
40.6, 41.9, 61.5, 131.8, 158.5, 165.0, 195.4; HRMS (EI)
[M]+ calcd for C12H16O3, 208.1099; found, 208.1097.


4.5. 7-Oxo-2,3,8,8a-octahydro-cyclopropindene-6-
carboxylic acid ethyl ester (10)


A flask containing 0.40 g (16.5 mmol, oil free) of fresh
NaH and 3.37 g (16.5 mmol) of trimethylsulfoxonium
iodide followed by 50 ml of dry DMF, which was added
slowly via a syringe and the hydrogen generated was
ventilated. The mixture was stirred at room temperature
until it became clear and all hydride was consumed. The
flask was cooled in an acetone-ice bath to �15 �C and a
solution 3.26 g (15.7 mmol) of 9 in 5 ml of DMF was
added in one portion to the flask via a syringe and the
solution turned orange. After 7 min TLC indicated com-
plete consumption of starting material 9, and the reac-
tion was quenched by addition of 150 ml of H2O. The
mixture was extracted with 3 · 100 ml Et2O, and the
combined extracts were washed with large amounts of
water, dried, and concentrated. After purification by
flash chromatography (heptane/ethyl acetate), 10 was
obtained as 2.4 g (69%) of a pale yellow oil: 1H NMR
(CDCl3) d 1.20 (1H, d, J = 1.7 Hz), 1.27 (3H, t,
J = 7.1 Hz), 1.43 (1H, m), 1.60–1.80 (5H, m), 1.89
(1H, m), 1.99 (1H, m), 2.06 (1H, dd, J1 = 9.5 Hz,
J2 = 15.72 Hz), 2.17 (1H, m), 2.27 (1H, q, J = 15.6 and
5.0 Hz), 2.38 (1H, m), 4.18 (2H, q, J = 7.2 Hz); 13C
NMR d 14.5, 20.3, 22.5, 31.2, 31.4, 31.8, 35.4, 36.3,

37.7, 40.4, 61.8, 170.7, 208.3; HRMS (EI) [M]+ calcd
for C13H18O3, 222.1256; found, 222.1254.


4.6. 2-Trifluoromethanesulfonyloxy-3a,4,5,6,6a,6b-hexa-
hydro-1H-cyclprop[e]indene-1a-carboxylic acid ethyl
ester (11)


To an ice cold solution of 240 ll (1.69 mmol) of diiso-
propylamine in 1.25 ml of THF was added dropwise
800 ll (1.9 M in cyclohexane) of n-BuLi under a nitro-
gen atmosphere. After 10 min the solution was cooled
to �78 �C and 311 mg (1.40 mmol) of 10 dissolved in
0.63 ml of THF was added dropwise. The reaction
mixture was stirred for 40 min at �78 �C when 536 mg
(1.50 mmol) of N-phenyltrifluoromethanesulfonimide
in 1.5 ml of THF was added. The resulting solution
was allowed to reach room temperature and stirred for
1 h. The reaction mixture was then diluted with 10 ml
saturated aqueous NaHCO3 and extracted with 10 ml
of ether. The organic phase was washed with water,
brine, dried and concentrated. The crude product was
purified with flash chromatography (heptane/ethyl ace-
tate 4:1, 1% EtOH) to give 468 mg (94%) of 11: 1H
NMR (CDCl3) d 1.17 (1H, dd, J = 7.5 and 4.5 Hz),
1.29 (3H, t, J = 7.1 Hz), 1.45–1.65 (4H, m), 1.77 (1H,
m), 1.86 (1H, dt, J = 9.3 and 1.9 Hz), 1.93 (1H, m),
1.99 (1H, dd, J = 9.3 and 4.5 Hz), 2.43 (1H, dq,
J = 8.5 and 2.0 Hz), 2.57 (1H, m), 4.21 (1H, dq,
J = 10.8 and 7.1 Hz), 4.23 (1H, dq, J = 10.8 and
7.1 Hz), 5.42 (1H, d, J = 3.6); HRMS (EI) [M]+ calcd
for C14H17F3O5S, 354.0749; found, 354.0761.


4.7. 3a,4,5,6,6a,6b-Hexahydro-1H-cycloprop[e]indene-
1a,2-dicarboxylic acid 1a-ethyl ester 2-methyl ester (12)


A measure of 468 mg (1.32 mmol) of 11, 400 ll
(2.91 mmol) of triethylamine, 2.5 ml (55 mmol) of
MeOH, 15 mg (0.066 mmol) of palladium acetate, and
21 mg (0.079 mmol) of triphenylphosphine were dis-
solved in 6 ml of DMF. CO was bubbled through the
solution and the reaction mixture was stirred for 2 h un-
der a CO atmosphere at room temperature. The mixture
was diluted with 60 ml of ether, washed with 60 ml of
water and 60 ml brine, dried, and concentrated. Flash
chromatography (heptane/ethyl acetate 4:1, 1% EtOH)
gave 314 mg (1.19 mmol, 90 %) of 12: 1H NMR (CDCl3)
d 0.72 (1H, dd, J = 7.1 and 4.3 Hz), 1.21 (3H, t,
J = 7.1 Hz), 1.45 (1H, dt, J = 8.6 and 12.6 Hz), 1.43–
1.55 (3H, m), 1.65 (1H, m), 1.74 (1H, m), 1.83 (1H,
dd, J = 9.3 and 4.3 Hz), 1.87 (1H, m), 2.42 (2H, m),
3.75 (3H, s), 4.07 (1H, dq, J = 10.8 and 7.1 Hz), 4.18
(1H, dq, J1 = 10.8 and 7.1 Hz), 6.46 (1H, d,
J = 3.3 Hz); 13C NMR d 13.9, 22.9, 23.0, 23.9, 27.6,
32.0, 32.8, 36.2, 37.2, 51.3, 60.4, 129.8, 138.8, 167.2,
173.1; HRMS (ESI) [M]+ calcd for C15H20O4,
264.1362; found, 264.1369.


4.8. (2-Hydroxymethyl-3a,4,5,6,6a,6b-hexahydro-1H-
cycloprop[e]inden-1a-yl)-methanol (13)


A measure of 1 ml (1 mmol) of DIBAL-H (1 M in
hexane) was added dropwise to a solution of 53 mg
(0.21 mmol) of 12 in 2 ml of THF at �78 �C. The
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reaction mixture was allowed to warm to room temper-
ature and stirred for 30 min. The solution was then
cooled with an ice-bath to 0 �C and quenched with a
saturated aqueous potassium sodium tartrate solution.
The mixture was extracted with ether and the ether
extract was washed with brine, dried, and concentrated.
Flash chromatography (heptane/ethyl acetate 4:1) affor-
ded 25.2 mg (0.13 mmol, 65%) of the diol 13 as a color-
less oil: 1H NMR (CDCl3) d 0.64 (1H, dd, J = 5.7 and
4.6 Hz), 0.89 (1H, dd, J = 8.7 and 4.3 Hz), 1.19 (1H,
m), 1.32 (2H, m), 1.45 (1H, m), 1.55 (1H, m), 1.64
(1H, m), 1.81 (1H, m), 2.35 (2H, m), 3.45 (1H, d,
J = 11.9 Hz), 3.50 (2H, br s), 3.72 (1H, dd, J = 11.9
and 2.7 Hz), 4.25 (2H, m), 5.17 (1H, m); 13C NMR
(CDCl3) d 19.9, 24.2, 24.9, 30.7, 32.3, 33.4, 36.6, 37.4,
67.2, 6.3, 128.7, 139.2; HRMS (ESI) [M+Na]+ calcd
for C12H18O2Na, 217.1191; found, 217.1204.


4.9. 3a,4,5,6,6a,6b-Hexahydro-1H-cycloprop[e]indene-
1a,2-dicarbaldehyde (1)


To a solution of 92 ll (6.33 mmol) of DMSO in 2 ml of
CH2Cl2 was added 218 ll (2.54 mmol) of oxalyl chloride
at �78 �C. The solution was stirred for 15 min before a
solution of 123 mg (0.63 mmol) of 13 in 2 ml of CH2Cl2
was added dropwise during 5 min. After stirring for
45 min at �78 �C, 2.12 ml (0.64 mmol) of triethylamine
was added. The solution was stirred for an additional
30 min at �78 �C before equilibrating to room tempera-
ture. After 30 min stirring at room temperature the reac-
tion mixture was diluted with 20 ml of water and 20 ml
of ether. The phases were separated and the aqueous
phase was extracted with an additional 10 ml of ether.
The combined ether extracts were dried and concentrat-
ed. Flash chromatography (heptane/ethyl acetate 8:1)
gave 96 mg (0.50 mmol, 80%) of the dialdehyde 1 as a
colorless oil: 1H NMR (CDCl3) d 0.88 (1H, dd, J = 7.0
and 4.1 Hz), 1.28 (1H, m), 1.60–1.72 (4H, m), 1.92
(1H, m), 1.98 (1H, m), 2.08 (1H, dd, J = 9.2 and
4.1 Hz), 2.53 (1H, dq, J = 8.2 and 1.7 Hz), 2.63 (1H,
tt, J = 8.6 and 3.0 Hz), 6.50 (1H, d, J = 2.9 Hz), 9.51
(1H, s), 9.78 (1H, s); 13C NMR (CDCl3) d 24.6, 24.6,
29.5, 31.9, 32.6, 33.0, 36.8, 38.4, 139.7, 153.6, 193.0,
199.9. HRMS (CI) [M+H]+ calcd for C12H15O2,
191.1072; found, 191.1071.
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Abstract—Novel water-soluble isopeptides of Ab1–42 mutants, �26-O-acyl isoAb1–42 (26-AIAb42) mutants�, which were efficiently
converted to intact Ab1–42 mutants with no byproduct formation under physiological conditions, were synthesized. These isopep-
tides provide a new system useful for investigating the biological function of Ab1–42 mutants.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Amyloid b peptides (Abs) are the main proteinaceous
component of amyloid plaques found in the brain as a
pathognomonic feature of Alzheimer�s disease (AD),1


and have been found to be neurotoxic in vivo and in vi-
tro.2 Although the predominant forms of Ab mainly
consist of 40- and 42-residue peptides, designated Abl–
40 and Abl–42, respectively, Abl–42 is thought to play
a more critical role in amyloid formation and the path-
ogenesis of AD than Abl–40.3 In addition, not only
wild-type Abl–42 (D1AEFRHDSGY10EVHHQKLVF-
F20AEDVGSNKGA30IIGLMVGGVV40IA) observed
in AD, but missense mutations inside the Ab-coding re-
gion in the amyloid precursor protein (APP) gene are
also well-known. These mutations, known as Flemish-
(A21G),4 Arctic-(E22G),5 Dutch-(E22Q),6 Italian-
(E22K),7 and Iowa-type (D23N)8 are found at positions
21–23 of Ab. All result in cerebral amyloid angiopathy
(CAA) and/or cerebral parenchymal amyloidosis, lead-
ing to AD-like diseases. Recently, a Japanese-Tottori-
type (D7N) mutation was also reported.9 Recent studies
have discussed several differences among Ab mutants in
amyloid formation, metabolism, and elimination, which
are related to the progression of AD-like diseases.10
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Hence, more detailed studies comparing these features
among Ab mutants would afford crucial information
for understanding the mechanism of the diseases. A suf-
ficient supply of synthetic Ab mutants would be key to
this research.


Numerous studies have supported the hypothesis that
neurotoxicity and the kinetics of Ab1–42 aggregation
are directly related to the assembly state in solution.How-
ever, the pathological self-assembly ofAb1–42 in amyloid
plaque formation, a currently unexplained process, is very
difficult to demonstrate in vitro due to its uncontrolled
polymerization. For example, synthesized Ab1–42 al-
ready contains variable oligomeric forms,3d,11 as Ab1–
42 undergoes time- and concentration-dependent aggre-
gation in an aqueous TFA–acetonitrile solution used in
HPLC purification.12 Moreover, the Ab1–42 monomer
easily forms an aggregate even in a standard storage solu-
tion such as dimethylsulfoxide (DMSO).13 Uncontrolled
self-assembly in an in vitro experiment might cause con-
siderable discrepancy in the biological data.3d,11 There-
fore, this highly agglutinative feature of Ab1–42 is a
significant obstacle for establishing a reliable in vitro
biological experiment system to investigate the major
causative agents of AD-like diseases.


The highly agglutinative property of Abl–42 in various
media also results in synthetic difficulties with this
peptide,12,14 a so-called �difficult sequence-containing
peptide�.15 In particular, in conventional reverse-phase
HPLC purification of synthesized Abl–42 with the
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aqueous TFA–acetonitrile system, it is too laborious to
remove impurities accumulated during solid-phase pep-
tide synthesis (SPPS) due to its low solubility and broad
elution under either acidic or neutral conditions.


An �in situ� system that prepares an intact monomer
Ab1–42 under physiological experimental conditions
while suppressing the spontaneous self-assembly of
Abl–42 under storage conditions would be advanta-
geous in understanding the inherent pathological func-
tions of agglutinative Abl–42 in AD-like diseases. For
this purpose, based on the �O-acyl isopeptide method�,16


we developed a novel water-soluble isopeptide of wild-
type Abl–42, �26-O-acyl isoAbl–42� (26-AIAb42, 8,
Fig. 1).17 This isopeptide exhibited higher water solubil-
ity than Abl–42 (1), and O–N intramolecular acyl migra-
tion reaction18,19 to the original 1 occurred quickly with
no side reaction under physiological conditions (pH
7.4), while 8 was stable under storage conditions.


We herein expand the �O-acyl isopeptide method� to the
synthesis of novel water-soluble O-acyl isopeptides

26-O-acyl isoA


Xaa7


11 (Arctic)


Entry


8 (wild) AspGlu


Xbb21 Xcc22 Xdd23


9 (Japanese-Tottori)


10 (Flemish)


Asp Ala


Asn AspGluAla


Asp AspGluGly


Asp AspGlyAla


Aβ1–42 


Xaa7


4 (Arctic)


Entry


1 (wild) AspGlu


Xbb21 Xcc22 Xdd23


2 (Japanese-Tottori)


3 (Flemish)


Asp Ala


Asn AspGluAla


Asp AspGluGly


Asp AspGlyAla


Asp Ala Glu Phe Arg His Ser Gly Tyr Glu Val


GlyValValIleAlaHO


H


1 10


40


Xaa


Asp Ala Glu Phe Arg His Xaa Ser Gly Tyr Glu Val His His GlH


1 10


GlyGlyValValIleAlaHO


40


Figure 1. �O-Acyl isopeptide method� for the efficient preparation of Ab1–4
migration of 26-O-acyl isoAb1–42 (8–14).

(9–14) of Abl–42 mutants, such as Japanese-Tottori-
(D7N, 2), Flemish-(A21G, 3), Arctic-(E22G, 4), Dutch-
(E22Q, 5), Italian-(E22K, 6), and Iowa-type (D23N, 7).
These synthesized isopeptides afforded each Abl–42 mu-
tant under physiological conditions (Fig. 1) via O–N
intramoleculor acyl migration, providing a useful new
system for investigating the biological function of Abl–
42 mutants.

2. Chemistry


The synthetic scheme of Dutch-type 26-AIAb42 (E22Q,
12), based on the O-acyl isopeptide method, is depicted
in Scheme 1 as a representative example. Fmoc-Ala-O-
chlorotrityl resin (15) was employed according to our
previous study.17c Fmoc-protected amino acids were
sequentially coupled using theDIPCDI (1,3 -diisopropyl-
carbodiimide)–HOBt (1-hydroxybenzotriazole) method
(2 h) after removing each Fmoc group with 20% piperi-
dine–DMF (20 min) to give peptide resin 16. Then, Boc-
Ser-OH was introduced to 16 by the DIPCDI—HOBt
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Figure 2. HPLC profiles of (A) crude and (B) purified Dutch-type 26-


Scheme 1. Reagents and conditions: (i) 20% piperidine/DMF, 20 min; (ii) Fmoc-AA-OH (2.5 equiv), DIPCDI (2.5 equiv), HOBt (2.5 equiv), DMF,


2 h; (iii) Boc-Ser-OH (2.5 equiv), DIPCDI (2.5 equiv), HOBt (2.5 equiv), DMF, 2 h; (iv) Fmoc-Gly-OH (15.0 equiv), DIPCDI (15.0 equiv), DMAP


(0.3 equiv), CH2C12, 4 h · 2; (v) Boc-Asp (OtBu)-OH (2.5 equiv), DIPCDI (2.5 equiv), HOBt (2.5 equiv), DMF, 2 h; (vi) TFA/m-cresol/thioanisole/


H2O (92.5:2.5:2.5:2.5), 90 min; (vii) NH4I (20 equiv), dimethylsulfide (20 equiv), TFA/H2O (2:1), 60 min, 0 �C; (viii) preparative HPLC (the linear


gradient of CH3CN in 0.1% aqueous TFA).
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method (2 h) to obtain 17, which was coupled with Fmoc-
Gly-OH at the b-hydroxy group of Ser using the DIP-
CDI–DMAP method18b in CH2Cl2 to obtain ester 18. A
protected Dutch-type 26-AIAb42 resin (19) was obtained
through the subsequent coupling of amino acid residues
using the conventional manner. Finally, Dutch-type 26-
AIAb42 (12) was obtained as a major product (Fig. 2A)
by treating 19 with TFA/m-cresol/thioanisole/H2O
(92.5:2.5:2.5:2.5) for 90 min followed by reduction with
NH4I–dimethylsulfide for 60 min in TFA/H2O (2:1).
Other 26-AIAb42mutants (9–11, 13, and 14) were synthe-
sized in a similar manner to that described in 12.

AIAb42 (12). Analytical HPLC was performed using a C18 reverse-


phase column (4.6 · 150 mm; YMC Pack ODS AM302) with a binary


solvent system: the linear gradient of CH3CN (0–100% CH3CN for


40 min) in 0.1% aqueous TFA at a flow rate of 0.9 mL min�1


(temperature: 40 �C), detected at 230 nm.


Figure 3. HPLC profiles of pure (A) Dutch-type 26-AIAb42 (12) and


(B) Dutch-type Ab1–42 (5). The same quantity (2.3 nmol) of both


peptides was applied to the HPLC column as a DMSO solution.


Analytical HPLC was performed using a C18 reverse-phase column


(4.6 mm · 150 mm; YMC Pack ODS AM302) with a binary solvent


system: the linear gradient of CH3CN (25–55% CH3CN for 60 min) in


0.1% aqueous TFA at a flow rate of 0.9 mL min�1 (temperature:


40 �C), detected at 230 nm.

3. Results and discussion


In the HPLC analysis of crude Dutch-type isopeptide 12
(Fig. 2A), truncated peptide Ab1–25 (DAEFRHDSG
YEVHHQKLVFFAQDVG) was not detected as a by-
product, although a small amount (1.8%, HPLC yield)
of Ab26–42 (SNKGAIIGLMVGGVVIA) was observed.
This result indicates that the formed ester bond between
Gly25 and Ser26 was almost stable in both 20% piperidine
andTFA treatments, comparable to the synthesis of wild-
type 26-AIAb42 (8), in which 1.6% of Ab26–42 was
detected in a crude sample.17 The slight formation of
Ab26–42observed in crude 12might be attributed to dike-
topiperazine formation during Fmoc group deprotection
of Val24 with 20% piperidine. Additionally, in the previ-
ous synthesis of 8 using the O-acyl isopeptide method,
we confirmed that no side reaction occurred in the Boc-
Ser-OH insertion (step (iii) in Scheme 1) or esterification
(step (iv) in Scheme 1).17c The crude HPLC profiles of
other 26-AIAb42 mutants (9–11, 13, and 14) were similar
to that of 12.


The crude Dutch-type O-acyl isopeptide 12 was dis-
solved in DMSO, applied to preparative HPLC and
eluted using 0.1% aqueous TFA–CH3CN. Since 12
was eluted as a sharp single peak (Figs. 2 and 3A), it
was easily purified to give pure 12 (Figs. 2B and 3A)
as a TFA salt with a total synthetic yield of 20.0%, cal-
culated from the original loading onto the chlorotrityl
resin. In addition, during the synthesis and purification

of 12, no conversion to Dutch-type Abl–42 (5) was
observed. Similarly, the synthesis of other isopeptides
9–11, 13, and 14 was performed efficiently with a syn-
thetic yield of 21.3–34.0% (see Section 5). These yields
were higher than those obtained in the synthesis of
Abl–42 mutants 2–7 by standard Fmoc-based SPPS
(see Section 5). Since each 2–7 was eluted as a broad







Table 1. Water solubility of 26-AIAb42 (8–14) and Ab1–42 (1–7)


26-AIAb42 Ab1–42 Water solubility


26-AIAb42 (mg mL�1) Ab1–42 (mg mL�1) ratiob


8a 1a(wild-type) 15.0 0.14 107


9 2 (Japanese-Tottori-type) 4.4 0.15 29.3


10 3 (Flemish-type) 18.3 0.95 19.3


11 4 (Arctic-type) 5.1 0.40 12.8


12 5 (Dutch-type) 14.5 0.93 15.6


13 6 (Italian-type) 16.2 8.7 1.9


14 7 (Iowa-type) 8.1 2.2 3.7


a Data from Ref. 17.
b Ratio = solubility of 26-AIAb42/solubility of Ab1–42.


Figure 4. HPLC profiles of the conversion of Dutch-type 26-AIAb42
(12) to corresponding Ab1–42 (5) in PBS (pH 7.4) at 37 �C. Analytical


HPLC was performed using a C18 reverse-phase column


(4.6 mm · 150 mm; YMC Pack ODS AM302) with a binary solvent


system: the linear gradient of CH3CN (0–100% CH3CN for 40 min) in


0.1% aqueous TFA at a flow rate of 0.9 mL min�1 (temperature:


40 �C), detected at 230 nm.
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Figure 5. Time course of Ab1–42 production in (A) wild-, Japanese-


Tottori-, Flemish-, and Arctic-type isopeptides (B) Dutch-, Italian-,


and Iowa-type isopeptides in PBS (pH 7.4) at 37 �C.
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peak in preparative scale HPLC purification, it was
laborious to separate the impurities and evaluate the
purity as wild-type Abl–42 (1).14,17


The water solubility of mutant 26-AIAb42s (TFA salt)
was 15.0 mg mL�1 (8),17 4.4 mg mL�1 (9), 18.3 mg
mL�1 (10), 5.1 mg mL�1 (11), 14.5 mg mL�1 (12),
16.2 mg mL�1 (13), and 8.1 mg mL�1 (14), higher than
those in the corresponding mutant Abl–42s (1: 0.14,17


2: 0.15, 3: 0.95, 4: 0.40, 5: 0.93, 6: 8.7, and 7:
2.2 mg mL�1) (Table 1). The water solubility ratios of
isopeptides compared to the corresponding Abl–42s
were in a relatively wide range (1.9- to 107-fold), but
the observed water solubility of each isopeptide was sim-
ilar over the range of 4.4–18.3 mg mL�1 (Table 1). This
observation corresponds to our previous study regard-
ing �O–N intramolecular acyl/acyloxy migration�-type
water-soluble prodrugs of taxoids.19i It is suggested that
the solubility of isopeptides is related much more to the
isopeptide structure than to the amino acid substitution
in each mutant, while the solubility of each Abl–42 is
highly dependent on the nature of the mutated amino
acid. In addition, the HPLC analysis of Dutch-type iso-
peptide 12 exhibited quite a sharp peak even in the slow
gradient system (25–55% CH3CN, 60 min, Fig. 3A),
while the corresponding Abl–42 5 was eluted as a broad
peak under the same elution conditions (Fig. 3B) as
wild-type Abl–42 1.14,17 These results indicate that the
highly insoluble and agglutinative nature of Abl–42
based on its secondary structure was suppressed by only
one insertion of the isopeptide structure with a branched
ester bond. A similar result was demonstrated in the case
of wild-type Abl–42 1 in our previous study.17 There-
fore, the O-acyl isopeptide method is a common strategy
for increasing water-solubility. Recent reports by Carpi-
no et al.14l and Mutter et al.20 have supported our data
that O-acyl isopeptide structures have attractive solubi-
lizing efficacy.


On the other hand, as shown in Figures 4 and 5B,
Dutch-type 26-AIAb42 12 was quantitatively converted
to the corresponding Abl–42 5 in phosphate-buffered
saline (PBS, pH 7.4) at 37 �C with a half-life of
�1 min with no side reaction such as hydrolysis of the
ester bond, and migration was completed after 30 min.
An HPLC retention time (0–100% CH3CN for 40 min,
230 nm) of the newly appeared peak (Fig. 4) was identi-
cal to that of an independently synthesized Dutch-type
Abl–42 5 by a conventional method. Moreover, the
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mass spectrometry analysis of this peak was identical to
5 (Mcalcd: 4513.1; M+Hfound: 4514.0). The rapid migra-
tion in 12 may be attributed to the lower steric hin-
drance of the Gly25 residue. In contrast, the TFA salt
of 12 was stable at 4 �C for at least 1 month in either
the solid state or DMSO solution. Moreover, other mu-
tant isopeptides (9–11, 13, and 14) were quantitatively
converted to each Abl–42 mutant (for 2; Mcalcd:
4513.1; M+Hfound 4514.1; for 3: Mcalcd: 4500.0;
M+Hfound: 4501.4; for 4: Mcalcd: 4442.0; M+Hfound:
4443.0; for 6: Mcalcd: 4513.1; M+Hfound: 4513.9; for 7:
Mcalcd: 4513.1; M+Hfound: 4514.2) at pH 7.4 (37 �C) in
a short time with no significant difference in the half-life
values (Fig. 5), indicating that amino acid substitutions
at positions 21, 22, and 23, which are relatively far from
position 26, do not significantly affect the migration rate
at Gly25-Ser26. These rapid migrations under physiolog-
ical conditions would enable the production of intact
monomer Abl–42 mutants �in situ� to investigate the
inherent biological functions of Abl–42 mutants in
AD-like diseases.

4. Conclusion


The �O-acyl isopeptide method� was successful in the effi-
cient preparation of 26-O-acyl isopeptides of six Abl–42
mutants. Namely, the isopeptides (1) suppressed the
unfavorable nature of Abl–42 mutants with only one
insertion of the isopeptide structure into the whole se-
quence of the 42-residue peptide, and (2) could migrate
to the corresponding Abl–42 mutants in a short time
with no side reaction under physiological conditions
(pH 7.4), while being stable under storage conditions.
It is noteworthy that this method does not cause any
negative effects by water-solubilizing auxiliaries in the
biological experiment system, since no additional auxil-
iaries are released during conversion to Abl–42. These
results suggest that this method provides a new system
in AD-related research, in which 26-O-acyl isoAbl–42
(26-AIAb42) can be stored in a solubilized form and
rapidly produce intact Abl–42 in situ during biological
experiments, which is useful for investigating the biolog-
ical function of Ab1–42 mutants.

5. Experimental


5.1. General


All protected amino acids and resinswere purchased from
Calbiochem–Novabiochem Japan Ltd (Tokyo). Other
chemicals were mainly purchased from commercial sup-
pliers, Wako Pure Chemical Ind. Ltd (Osaka, Japan),
Nacalai Tesque (Kyoto, Japan), and Aldrich Chemical
Co. Inc. (Milwaukee, WI) and were used without further
purification. MALDI-TOFMASS spectra were recorded
on Voyager DE-RP using a-cyano-4-hydroxycinnamic
acid as a matrix. Analytical HPLC was performed using
a C18 reverse-phase column (4.6 mm · 150 mm; YMC
Pack ODS AM302) with a binary solvent system: a linear
gradient ofCH3CN in 0.1%aqueousTFAat a flow rate of
0.9 mL min�1 (temperature: 40 �C), detected at 230 nm.

Preparative HPLC was carried out on a C18 reverse-
phase column (20 mm · 250 mm; YMC Pack ODS
SH343-5) with a binary solvent system: a linear gradient
of CH3CN in 0.1% aqueous TFA at a flow rate of
5.0 mL min�1 (temperature: 40 �C), detected at 230 nm.
Solvents used for HPLC were of HPLC grade.


5.2. Solid-phase peptide synthesis


The Fmoc-amino acid side-chain protections were
selected as follows: tBu (Asp, Glu, Ser, Thr, Tyr), Boc
(Lys), Pmc (Arg), Trt (Asn, Gln, His). Generally, the
peptide chains were assembled by the sequential cou-
pling of activated Na-Fmoc-amino acid (2.5 equiv) in
DMF (1.5–2 mL) in the presence of DIPCDI (2.5 equiv)
and HOBt (2.5 equiv) with a reaction time of 2 h at
room temperature. The resins were then washed with
DMF (1.5 mL, 5·) and the completeness of each cou-
pling was verified by the Keiser test. Na-Fmoc deprotec-
tion was carried out by treatment with piperidine (20%
v/v in DMF) (2 mL, 1 min · 1 and 20 min · 1), followed
by washing with DMF (1.5 mL, 10·) and chloroform
(1.5 mL, 5·). If necessary, these coupling and deprotec-
tion cycles were repeated. After complete elongation of
the peptide chains, the peptide resins were washed with
methanol (1.5 mL, 5·) and dried for at least 2 h in vac-
uo. The peptides were then cleaved from the resin with
TFA in the presence of thioanisole, m-cresol, and dis-
tilled water (92.5:2.5:2.5:2.5) for 90 min at room temper-
ature, concentrated in vacuo, and precipitated with
diethyl ether (4–8 mL) at 0 �C followed by centrifuga-
tion at 3000 rpm for 5 min (3·). The resultant peptides
were dissolved or suspended in water and lyophilized
for at least 12 h. The peptides were reduced using
NH4I–dimethylsulfide in TFA/H2O (2:1) for 60 min at
0 �C, followed by concentration in vacuo. The crude
products were purified by preparative reverse-phase
HPLC with a 0.1% aqueous TFA–CH3CN system as
an eluant, immediately frozen at �78 �C and lyophilized
for at least 12 h. Purified peptides were stored dry at
�20 �C until use.


5.3. Amyloid b peptide (Ab)1–42 (E22Q, 5) by �O-acyl
isopeptide method�


(1) 26-O-Acyl isoAb1–42(E22Q, 12)


After protected Ab27–42-resin (chlorotrityl chloride
resin, 0.1 mmol)was synthesizedby the conventionalmeth-
od (see: conventional method for synthesizing 5), Boc-Ser-
OH (49.2 mg, 0.24 mmol) was coupled by the DIPCDI
(37.1 lL, 0.24 mmol)–HOBt (32.1 mg, 0.24 mmol) meth-
od for 2 h in DMF (1.5 mL). Fmoc-Gly-OH (423.5 mg,
1.4 mmol) was coupled using the DIPCDI (223 lL,
1.4 mmol)–DMAP (3.5 mg, 0.03 mmol) method in
CH2Cl2 (1.5 mL) for 4 h18b (2·). Subsequent amino acid
residues were coupled after removing each Fmoc group
using 20% piperidine for 20 min (resin: 521.2 mg). The
resulting protected peptide resin was treated
with TFA (10.3 mL)–m-cresol (261 lL)–thioanisole
(261 lL)–H2O (261 lL) for 90 min at rt, concentrated
in vacuo,washedwith diethyl ether, centrifuged, suspend-
ed in water, and lyophilized to give the crude O-acyl
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isopeptide 12 (267.4 mg). This peptide 12 (10 mg) was
dissolved in TFA (1 mL)–H2O (0.5 mL) in the presence
of NH4I (6 mg, 0.04 mmol) and dimethylsulfide (3 lL,
0.04 mmol) and stood for 60 min at 0 �C.After concentra-
tion in vacuo, the crude peptide was dissolved in DMSO,
filtered using a 0.46 lm filter unit, applied to preparative
HPLC, and eluted using a 0.1% aqueous TFA–CH3CN.
The desired fractions were collected and immediately
lyophilized to afford peptide 12 as a white amorphous
powder. Yield: 3.4 mg (20.0%); MALDI-MS (TOF):
Mcalcd: 4513.1; M+Hfound: 4514.4; HPLC analysis at
230 nm: purity was >95%.


(2) The purified 12 was dissolved in PBS (pH 7.4) and
stirred for 30 min at 37 �C to produce 5 quantitatively
(determined by analytical HPLC). MALDI-MS (TOF):
Mcalcd: 4513.1; M+Hfound: 4514.0; HPLC analysis at
230 nm: purity was >95%. The retention time on HPLC
(0–100% CH3CN for 40 min, 230 nm) of 5 was identical
to that of Dutch-type Abl–42 synthesized independently
by the conventional method.


5.4. Ab1–42 (D7N, 2), (A21G, 3), (E22G, 4), (E22K, 6),
(D23N, 7) by �O-acyl isopeptide method�


(1) 26-O-Acyl isoAb1–42 (D7N, 9), (A21G, 10), (E22G,
11), (E22K, 13), (D23N, 14)


26-O-Acyl isoAb1–42 (9–11, 13, and 14) were synthesized
in a similar manner to 12. Chemical data for 9: yield:
26.2%; MALDI-MS (TOF): Mcalcd: 4513.1; M+Hfound:
4514.5; HPLC analysis at 230 nm: purity was higher than
95%; for 10: yield: 26.4%; MALDI-MS (TOF): Mcalcd:
4500.0; M+Hfound: 4501.3; HPLC analysis at 230 nm:
purity was higher than 95%; for 11: yield: 34.0%; MAL-
DI-MS (TOF): Mcalcd: 4442.0; M+Hfound: 4442.9; HPLC
analysis at 230 nm: purity was higher than 95%; for 13:
yield: 24.6%; MALDI-MS (TOF): Mcalcd: 4513.1;
M+Hfound: 4514.6; HPLC analysis at 230 nm: purity
was higher than 95%; for 14: yield: 21.3%; MALDI-MS
(TOF):Mcalcd: 4513.1;M+Hfound: 4514.5; HPLC analysis
at 230 nm: purity was higher than 95%.


(2) The purified 9–11, 13, and 14 were dissolved in PBS
(pH 7.4) and stirred for 30–60 min at 37 �C to produce
2–4, 6, and 7 quantitatively (determined by analytical
HPLC). MALDI-MS (TOF): for 2: Mcalcd: 4513.1;
M+Hfound: 4514.1; for 3: Mcalcd: 4500.0; M+Hfound:
4501.37; for 4: Mcalcd: 4441.98; M+Hfound: 4443.0; for 6:
Mcalcd: 4513.1; M+Hfound: 4513.9; for 7: Mcalcd: 4513.1;
M+Hfound: 4514.2; HPLC analysis of 2–4, 6, and 7 at
230 nm: purity was >95%. The retention time on HPLC
(0–100% CH3CN for 40 min, 230 nm) of formed 2–4, 6,
and 7 was identical to that of each independently synthe-
sized Abl–42 mutant by the conventional manner.


5.5. Amyloid b peptide (Ab)1–42 (E22Q, 5) by the
conventional method


The chlorotrityl chloride resin (200 mg, 0.3 mmol) and
Fmoc-Ala-OH (49.4 mg, 0.15 mmol) were taken to the
manual solid-phase reactor under an argon atmosphere
and stirred for 2.5 h in the presence of N,N-diisopropyl-

ethylamine (DIPEA, 26.2 lL, 0.15 mmol) in 1,2-dichlo-
roethane (1.5 mL). After washing with DMF (1.5 mL,
5·), capping was performed with MeOH (200 lL) in
the presence of DIPEA (52.5 lL, 0.3 mmol) in DMF
for 20 min. After washing with DMF (1.5 mL, 5·),
DMF–H2O (1:1, 1.5 mL, 5·), CHCl3 (1.5 mL, 2·), and
MeOH (1.5 mL, 2·) followed by drying in vacuo, the
loading ratio was determined (0.04 mmol) photometri-
cally from the amount of Fmoc chromophore liberated
upon treatment with 50% piperidine–DMF for 30 min
at 37 �C. The sequential Fmoc-protected amino acids
(0.09 mmol) were manually coupled in the presence of
DIPCDI (14.1 lL, 0.09 mmol) and HOBt (12.2 mg,
0.09 mmol) for 2 h in DMF (1.5 mL) after the removal
of each Fmoc group by 20% piperidine–DMF for
20 min (resin: 362 mg). The resulting protected peptide
resin was treated with TFA (7.1 mL)–m-cresol
(181 lL)–thioanisole (181 lL)–H2O (181 lL) for
90 min at rt, concentrated in vacuo, washed with diethyl
ether, centrifuged, suspended in water, and lyophilized
to give the crude peptide 5 (141.2 mg). This peptide
(10 mg) was dissolved in TFA (1 mL)–H2O (0.5 mL) in
the presence of NH4I (6 mg, 0.04 mmol), and dimethyl-
sulfide (3 lL, 0.04 mmol), and stood for 60 min at 0 �C.
After concentration in vacuo, the crude peptide was dis-
solved in DMSO, filtered using a 0.46 lm filter unit, ap-
plied to preparative HPLC, and eluted using 0.1%
aqueous TFA–CH3CN. The peak fractions were collect-
ed and immediately lyophilized to afford the desired
peptide 5 as a white amorphous powder. Yield: 0.8 mg
(7.2%); MALDI-MS (TOF): Mcalcd: 4513.0; M+Hfound:
4514.2; HPLC analysis at 230 nm: purity was >94%.


5.6. Ab1–42 (D7N, 2), (A21G, 3), (E22G, 4), (E22K, 6),
(D23N, 7) by the conventional method


Peptides 2–4, 6, and 7 were synthesized in a similar man-
ner to peptide 5. Chemical data for 2: yield: 8.1%; MAL-
DI-MS (TOF): Mcalcd: 4513.1; M+Hfound: 4514.0;
HPLC analysis at 230 nm: purity was higher than
94%; for 3: yield: 0.5%; MALDI-MS (TOF): Mcalcd:
4500.0; M+Hfound: 4501.4; HPLC analysis at 230 nm:
purity was higher than 95%; for 4: yield: 10.1%; MAL-
DI-MS (TOF): Mcalcd: 4442.0; M+Hfound: 4442.9;
HPLC analysis at 230 nm: purity was higher than
95%; for 6: yield: 22.7%; MALDI-MS (TOF): Mcalcd:
4513.1; M+Hfound: 4514.2; HPLC analysis at 230 nm:
purity was higher than 95%; for 7: yield: 6.7%; MAL-
DI-MS (TOF): Mcalcd: 4513.1; M+Hfound: 4513.9;
HPLC analysis at 230 nm: purity was higher than
95%. The elution profiles of Abl–42 mutants in a slow
gradient system (25–55% CH3CN for 60 min) were
ill-defined; however, TOF-MS indicated that only a sin-
gle species was present. Glabe and coworkers14a and
Johnson and coworkers14b have commented upon the
chromatographic behavior of Ab, suggesting that the ill-
defined profiles are intrinsic properties of the peptides.


5.7. Water solubility


Peptides were saturated in distilled water and shaken
at room temperature. The saturated solutions were
passed through a centrifugal filter (0.46 lm filter unit,
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Ultrafree�-MC, Millipore). The filtrate was analyzed by
RP-HPLC to determine its solubility.


5.8. Stability of O-acyl isopeptides 9–14 in phosphate-
buffered saline (pH 7.4)


To 495 lL of PBS (pH 7.4) were added 5 lL of a solu-
tion including each O-acyl isopeptide (1 mM in DMSO),
and the mixture was incubated at 37 �C in a water bath.
At the desired time points, 500 lL of 1,1,1,3,3,3-hexaflu-
oro-2-propanol was added to the samples and 500 lL of
the mixture was directly analyzed by RP-HPLC. HPLC
was performed using a C18 (4.6 · 150 mm; YMC Pack
ODS AM302) reverse-phase column with a binary sol-
vent system: linear gradient of CH3CN (0–100%,
40 min) in 0.1% aqueous TFA at a flow rate of
0.9 mL min�1, detected at UV 230 nm.
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Abstract—3-Aminobenzonitrile and 2-amino-4-phenyl thiazole on condensation with 4-isothiocyanato-4-methyl pentane-2-one gave
condensed monocyclic pyrimidine derivatives 1 and 2, 3, respectively. Condensation of 3-aminopropyl imidazole with 3-isothiocyan-
tobutanal gave condensed monocyclic pyrimidine derivative 4. Bicyclic pyrimidine derivatives 5a and 5b have been synthesized by
the condensation of diaminomaleonitrile with 4-isothiocyanto-4-methylpentane-2-one and 3-isothiocyanatobutanal, respectively.
Condensation of 4-isothiocyanato-4-methyl pentane-2-one with 2,3-diaminopropionic acid hydrochloride yielded another bicyclic
compound 7. 4-Isothiocyanato-4-methyl pentane-2-one, 3-isothiocyanatobutanal and 4-isothiocyanatobutan-2-one on condensation
with 2-amino-4-nitro phenol gave tricyclic pyrimidine derivatives 8a, 8b and 8c, respectively. Structures of all the synthesized pyrim-
idine derivatives are supported by correct IR, 1H NMR and mass spectral data. The anti-inflammatory activity evaluation was car-
ried out using carrageenin-induced paw oedema assay, and compounds 1, 3 and 5b exhibited good anti-inflammatory activity, that
is, 27.9, 34.5 and 34.3% at 50 mg/kg po, respectively. Analgesic activity evaluation was carried out using phenylquinone writhing
assay and compounds 5a, 5b and 8b showed good analgesic activity, that is, 50, 70 and 50% at 50 mg/kg po, respectively.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


In the course of research devoted to the development of
new classes of pyrimidine and condensed pyrimidine
moieties, we have been interested in the synthesis and
evaluation of biological activities of several flat nitrogen
heterocycles and condensed nitrogen heterocycles, that
is, monocyclic, bicyclic and tricyclic pyrimidine deriva-
tives, which can potentially show anti-inflammatory
and analgesic activities. Pyrimidines and condensed
pyrimidines are important classes of heterocyclic
compounds and exhibit a broad spectrum of biological
activities such as anticancer, anti-inflammatory, COX
inhibitor, antiallergic, analgesic, etc.1–6 Prolonged use
of NSAIDs causes gastrointestinal ulcers and hence,
there is a need to develop safer anti-inflammatory drugs.
Pyrimidine7,8 and condensed pyrimidine9,10 derivatives
possessing anti-inflammatory and analgesic activities
are well documented in the literature.11–15 In continua-
tion of our efforts in search of potential anti-inflamma-
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tory and analgesic agents, we have synthesized a
number of pyrimidine and condensed pyrimidine deriv-
atives, which we wish to report in this paper.

2. Results and discussion


2.1. Chemistry


3-Aminobenzonitrile (1a) on condensation with 4-isoth-
iocyanato-4-methylpentane-2-one (1b) by refluxing in
methanol and purification by column chromatography
over silica gel gave condensed product 3-(4,4,6-trimeth-
yl-2-thioxo-3,4-dihydropyrimidin-1(2H)-yl) benzonitrile
(1; Scheme 1). The structure of 1 is fully supported by
IR, 1H NMR and mass spectral data reported in Section
4. Formation of 1 can be explained by nucleophilic at-
tack of –NH2 of 1a on isothiocyanato group of 1b giving
a nonisolatable intermediate thiourea 1 0 (Scheme 1) and
further nucleophilic attack by –NH– to >C@O group
giving a ring-cyclized hydrated intermediate 100 (Scheme
1). Intermediate 100 then losses water molecule16 to give
pyrimidine derivative 1. Condensation of 2-amino-4-
phenyl thiazole (2a) with 4-isothiocyanato-4-methyl
pentane-2-one (1b) gave product 2 (Scheme 1), whereas
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the same reaction at pH �4 gave product 3 (Scheme 1).
1H NMR of product 2 shows a singlet at d 3.44 account-
ing for three protons corresponding to –OCH3 group,
whereas in case of product 3, a singlet at d 4.90 account-
ing for one proton corresponds to >C@CH– of pyrimi-
dine ring. Spectral data of compounds 2 and 3 reported
in Section 4 fully support the structures assigned to
them.17 Condensation of 2a and 1b at pH �4 facilitated
elimination of water and thus gave pyrimidine derivative
3 (Scheme 1), whereas in the absence of pH adjustment,
methoxy derivative 2 was obtained.


Condensation of 3-isothiocyanatobutanal (1c) with
3-aminopropyl imidazole (4a) at room temperature
gave crude product 4 (Scheme 1) which was purified
by column chromatography over silica gel. Elution with
CHCl3/MeOH (9:1) gave pure condensed product 4. 1H
NMR (DMSO-d6 + CDCl3) of 4 showed a broad singlet
at d 6.25 accounting for one exchangeable proton, which
corresponds to –OH group. FAB-MS of 4 gave MH+


ion peak at m/z 255.76 (10%). Structure assigned to

compound 4 is in complete agreement with the spectral
data reported in Section 4.18


Diaminomaleonitrile (5) on condensation with 4-isothio-
cyanato-4-methyl pentane-2-one (1b) by refluxing in
methanol gave bicyclic product 5a, whereas condensation
of 5 with 3-isothiocyanatobutanal (1c) at room tempera-
ture usingmethanol as solvent gave condensation product
5b (Scheme 2). Both 5a and 5b were purified by column
chromatography over silica gel to give pure products.
Spectral data of compounds 5a and5b reported in Section
4 fully support the structure assigned to them. In case of
diamino compounds, one amino group will react with
isothiocyanato group giving intermediate similar to 100


(Scheme 1) and then, a second amino group attack on
carbon bearing –OH group and thus loosing water and
forming bicyclic ring structures19 5a and 5b (Scheme 2).


In an attempt to hydrolyze compound 5a to give corre-
sponding diacid, compound 5a was refluxed with 30%
NaOH solution for 48 h. The reaction contents were
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acidified with H2SO4 and extracted with ethyl acetate.
Organic extract was washed with water and then solvent
was removed under reduced pressure, the crude product
left behind was subjected to column chromatography
over silica gel and elution with CHCl3/EA (4:1) gave
pure white product 6 (Scheme 3) having mp 255 �C.
1H NMR (300 MHz; DMSO-d6) of 6 gave signals at d
1.15 (singlet, 6H, 2· CH3), 1.64 (singlet, 3H, CH3);
4.49 (singlet, 1H, >C@CH–); 8.44 (singlet 1H, NH
exch); 9.38 (singlet, 1H, NH, exch). HR-MS of 6 gave
M+ ion peak at 156.07209 (M+, 51%) calcd for
C7H12N2S 156.07211. IR spectrum shows a peak at
3200 cm�1 (–NH–).


Structure of compound 6 was derived from above-men-
tioned spectral data and also from undepressed mixed
mp with authentic sample20 and compound 6 was found
to be 4,4,6-trimethyl-3,4-dihydropyrimidine-2(1H)-
thione. A probable mechanism for the formation of 6 is
proposed in Scheme 3.


Condensation of 2,3-diaminopropionic acid hydrochlo-
ride (7a) with 4-isothiocyanato-4-methylpentane-2-one
(1b) by refluxing in alkaline methanol gave condensation
product 7,7,8a-trimethyl-5-thioxo-octahydroimidazo[1,
2-f]pyrimidine-2-carboxylic acid (7; Scheme 2). Spectral
data of compound 7 reported in Section 4 fully support
the structure assigned to it.


Condensation of 2-amino-4-nitrophenol (8; Scheme 4)
with 4-isothiocyanato-4-methylpentane-2-one (1b) and

4-isothiocyanato butane-2-one (1d) by refluxing in meth-
anol and adjusting the pH of reaction mixture to �4 (by
adding a few drops of 10% sulfuric acid in methanol)
gave condensation products 8a and 8b (Scheme 4),
respectively.


1H NMR of compound 8a exhibited signals at d: 1.25–
1.35 (2s, looking like a doublet, 6H, CH3 + CH3); 1.60
(s, 3H, CH3); 2.30–2.40 (d, 1H, one H of –CH2–);
2.65–2.75 (d, 1H, one H of –CH2–); 7.15 (d, 1H, Ar);
8.0 (dd, 1H, Ar); 9.25 (s, 1H, –NH– exch); 9.45 (d,
1H, Ar). HR-MS of 8a showed M+ ion peak at
293.08381 calcd for C13H15N3SO3 293.08340. Above-
mentioned spectral data fully support the structure as-
signed to 8a. Similarly, spectral data of 8b reported in
Section 4, fully support the structure assigned to 8b.
Formation of 8a and 8b can be explained on the basis
that isothiocyantaoketones react first to –NH2 group
which is meta to NO2, followed by cyclization involving
phenolic –OH group to give tricyclic pyrimidobenzoxaz-
ole derivatives.21 2-Amino-4-nitrophenol (8), 3-isothio-
cyanatobutanal (1c; Scheme 4) and a small amount of
silica gel (60–120 mesh) were mixed together and then
irradiated in microwave oven for 2.5 min at 850 W.
The reaction contents were suspended in methanol and
then stirred for 10 min and solvent was decanted off.
This process was repeated two more times and then total
methanol extract was distilled off under reduced pres-
sure to give crude product 8c. Crude compound 8c
was purified by column chromatography over silica gel
to give pure compound 8c (Scheme 4). Spectral data of
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8c reported in Section 4 fully support the structure as-
signed to it.


1 2


3456 O7
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NH


12


13


S


CH3


O2N


8c


It is interesting to note that 1H NMR of 8c exhibits dou-
bling of peaks, that is, a doublet at d 1.33 and another
doublet at 1.40 accounting for 0.75H and 2.25H corre-
sponding to –CH3 group. There are other peaks
accounting for fraction of proton, that is, 1.96 (q,
0.75H); 2.28 (m, 0.25H), 2.54 (q, 0.25H), 2.68 (m,

0.75H); 8.32 (s, 0.75H); 8.76 (s, 0.25H); 9.46 (d,
0.75H); 9.50 (d, 0.25H). This behaviour of 8c can be ex-
plained by taking into account that C-3 and C-12 are
chiral carbons and at C-3, methyl group can occupy
pseudo axial and pseudo equatorial position, which
means that compound 8c is a mixture of two isomers
and this has been shown by 1H NMR. This type of
observation has also been reported in literature.22,23


2.2. Biological results


Compounds 1–4, 5a–b, 7 and 8a–b at 50 mg/kg po
were tested for anti-inflammatory activity in the
carrageenin-induced paw oedema model24 and results
are summarized in Table 1. Compounds 1, 2, 3, 4, 5a
and 5b showed 27.9, 22.3, 34.5, 24.5, 3.0 and 34.3%







Table 1. Anti-inflammatory and analgesic activity of compounds 1–4, 5a–b, 7 and 8a–b


Compound Dose (mg/kg po) Anti-inflammatory activity (%) Dose (mg/kg po) Analgesic activity (%)


1 50 27.9 50 10


2 50 22.3 50 30


3 50 34.5 50 30


4 50 24.5 50 20


5a 50 3.0 100 100


50 50


25 25


5b 50 34.3 50 70


7 50 Nil 100 50


50 25


8a 50 Nil 100 25


8b 50 Nil 100 75


50 50


25 25


Ibuprofen 50 38 100 75


50 50
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anti-inflammatory activity, respectively, whereas com-
pounds 7, 8a and 8b were found to be inactive. Ibupro-
fen, a standard drug, exhibited 38% anti-inflammatory
activity at 50 mg/kg po.


Compounds 1, 2, 3, 4, 5a, 5b, 7 and 8b on analgesic
activity evaluation (Table 1) using phenylquinone writh-
ing assay25 exhibited 10, 30, 30, 20, 50, 70, 25 and 50%
activity at 50 mg/kg po, whereas compounds 5a, 7, 8a
and 8b at 100 mg/kg po gave 100, 50, 25 and 75% anal-
gesic activity, respectively. Ibuprofen, a standard drug,
exhibited 75% and 50% analgesic activity at 100 and
50 mg/kg po, respectively.

3. Conclusion


Various monocyclic (1–4), bicyclic (5a–b, 7) and tricyclic
(8a–c) pyrimidine derivatives have been synthesized and
evaluated for anti-inflammatory and analgesic activities.
Compounds 1, 3 and 5b exhibited good anti-inflamma-
tory activity, whereas compounds 5a, 5b and 8b exhibit-
ed good analgesic activity.

4. Experimental


4.1. General


Melting points (mp) were determined on a JSGW appa-
ratus and were uncorrected. IR spectra were recorded
using a Perkin-Elmer 1600FT Spectrophotometer. 1H
NMR spectra were measured on a Bruker WH-300
Spectrometer in a ca. 5–15% (w/v) solution in DMSO-
d6 (TMS as internal standard). The mass spectrometer
peak measurements were made by comparison with per-
fluorotributylamine using AEI MS-9 double focusing
high-resolution mass spectrometer at a resolving power
15,000. FAB-MS was reordered on Jeol SX-120 (FAB)
spectrometer. Electron impact (EI) MS was recorded
on a Jeol D-300 mass spectrometer. Thin-layer chroma-
tography (TLC) was performed on silica gel G for TLC
(Merck) and spots were visualized by iodine vapour or
by irradiation with ultraviolet light (254 nm). Column

chromatography was performed by using Qualigens
silica gel for column chromatography (60–120 mesh).


4.2. Synthesis of 3-(4,4,6-trimethyl-2-thioxo-3,4-dihydro-
pyrimidin-1(2H)-yl) benzonitrile (1)


3-Aminobenzonitrile (1a) (0.118 g, 1 mmol) was dis-
solved in methanol (15 ml) and to it was added 4-isothio-
cyanato-4-methylpentane-2-one (1b) (0.2 ml, 1.3 mmol).
The reaction contents were heated under reflux; after
refluxing for 4 h, solid compound started separating out
and reaction contents were further refluxed for 8 h. The
reaction contents were cooled at room temperature and
filtered. The solid product so obtained was washed with
cold methanol to give crude condensed product (1). Sol-
vent from the filtratewas removedunder reduced pressure
and to the residue left behind was added cold methanol
(3 ml). Solid so separated out was filtered and the com-
bined crude product was dissolved in THF and adsorbed
over silica gel. Column was packed with silica gel using
pet. ether as a solvent. Crude compound adsorbed over
silica was charged on the top of column packed with silica
gel. Elution with CHCl3 removed side products and elu-
tion with CHCl3/EtOAc (4:1) gave pure white solid prod-
uct 1. Yield 0.195 g (75%); mp 225 �C; IR (KBr) mmax:
3448, 2968, 2225, 1585, 1533, 1434, 1282 cm�1; 1H
NMR (300 MHz, DMSO-d6 + CDCl3) d: 1.35–1.37 (2s
looking like a doublet, 6H, CH3 + CH3,), 1.50 (s, 3H,
CH3), 4.87 (s, 1H, >C@CH–), 7.32 (s, 1H, Ar), 7.51–
7.59 (m, 2H, Ar), 7.65–7.67 (t, 1H, J = 6 Hz, Ar). Peak
for –NH–CS– is expected downfield; FAB-MS m/z
258.57 (MH+, 100%). Anal. Calcd for C14H15N3S: C,
65.36; H, 5.83; N, 16.34. Found: C, 65.20; H, 5.90; N,
16.31.


4.3. Synthesis of 4-methoxy-4,6,6-trimethyl-3-(4-phen-
ylthiazol-2-yl)-tetrahydropyrimidine-2(1H)-thione (2)


2-Amino-4-phenyl thiazole (2a) (0.176 g, 1 mmol) was
dissolved in methanol (15 ml) and to it was added 4-
isothiocyanato-4-methyl pentane-2-one (1b) (0.2 ml,
1.3 mmol). The reaction contents were heated under
reflux for 11 h and then solvent was removed under
reduced pressure. Solid residue left behind was washed
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with cold methanol (2 ml) and then crystallized from
methanol to give pure white solid condensed product
2. Yield 0.253 g (73%); mp 200 �C IR (KBr) mmax:
3451, 2959, 1640, 1539, 1443, 1277, 1187 cm�1; 1H
NMR (300 MHz, DMSO-d6 + CDCl3) d: 1.38 (s, 6H,
CH3 + CH3), 1.50 (s, 3H, –CH3), 2.00–2.05 (d, 1H,
Jgem = 15 Hz, one H of –CH2–), 2.35–2.40 (d, 1H,
Jgem = 15 Hz, one H of –CH2–), 3.44 (s, 3H, –OCH3),
7.28–7.33 (t, 1H, Ar), 7.37–7.42 (t, 2H, Ar), 7.63 (s,
1H, >C@CH–), 7.87–7.90 (d, 2H, Ar), 8.47 (s, 1H,
–NH); FAB-MS m/z 370.1043 [(MNa)+, 100%]. m/z 316


( S


NPh


N


H
NS


, 20%), 315 ( S


NPh


N


H
NS


, 7%), 214


( S


NPh


N
C


CH


CH3
, 16%). Anal. Calcd for C17H21N3OS2: C,


58.78; H, 6.05; N, 12.10. Found: C, 59.01; H, 6.00; N,
12.01.


4.4. Synthesis of 4,4,6-trimethyl-1-(4-phenylthiazol-2-yl)-
3,4-dihydropyrimidine-2(1H)-thione (3)


2-Amino-4-phenyl thiazole (2a) (0.176 g, 1 mmol) was
dissolved in methanol (15 ml) and to it was added
4-isothiocyanato-4-methylpentane-2-one (1b) (0.2 ml,
1.2 mmol). The pH of the reaction contents was adjusted
to �4 by adding a few drops of 10% H2SO4 in methanol.
The reaction contents were heated under reflux, after 8 h
of refluxing, solid product started separating out and
refluxing was further continued for 3 h. Solvent was re-
moved under reduced pressure and the crude product so
obtained was washed with 10% aq sodium carbonate
solution and then with water and air-dried. Crude con-
densed product 3 was purified by column chromatogra-
phy over silica gel. Elution with CHCl3 removed side
products and further elution with CHCl3/MeOH
(9.5:0.5) gave pure condensed product 3. White solid,
0.236 g (75%); mp 190 �C; IR (KBr) mmax: 3443, 2963,
1639, 1542, 1446, 1278 cm�1; 1H NMR (300 MHz,
DMSO-d6 + CDCl3) d: 1.47 (d, 6H, CH3 + CH3), 1.70
(s, 3H, –CH3), 4.9 (d, 1H, >C@CH–), 6.86 (bs. 1H,
–NH), 7.29–7.53 (m, 3H, Ar), 7.83 (s, 1H, Ar), 7.89–
7.90 (d, 2H, Ar); FAB-MS m/z 316.94 (MH+, 30%).
Anal. Calcd for C16H17N3S2: C, 60.95; H, 5.39; N,
13.33. Found: C, 61.05; H, 5.24; N, 13.39.


4.5. Synthesis of 1-[(3-1H-imidazol-1-yl)propyl]-6-hy-
droxy-4-methyl-tetrahydro pyrimidine-2 (1H)-thione (4)


3-Aminopropyl imidazole (4a) (0.125 g, 1 mmol) was
dissolved in dry methanol (10 ml) and to it was added
3-isothiocyanatobutanal (1c) (0.2 ml, 1.5 mmol). The
reaction contents were allowed to stand at room temper-
ature for 8 days, solvent was removed under reduced
pressure and the crude product was subjected to column
chromatography over silica gel. Elution with CHCl3 re-
moved the side products and further elution with
CHCl3/MeOH (9:1) gave pure condensed product 4.
White solid, 0.100 g (42%); mp 240 �C; IR (KBr) mmax:
3421, 2947, 2869, 1627, 1517, 1446, 1279 cm�1; 1H
NMR (300 MHz, DMSO-d6 + CDCl3) d: 1.20–1.22
(d, 3H, J = 6 Hz, –CH3), 1.25–1.53 (m, 1H, one H of

–CH2–), 1.92-1.96 (d, 1H, one H of –CH2–), 2.10–2.36
(m, 2H, C–CH2–C), 3.64–3.87 (m, 2H, –CH2–N),
3.99–4.09 (m, 3H, –CH2–N + >CH–CH3), 4.87 (br s,
1H, –>CH–OH, changes to doublet after D2O exch),
6.25 (br s, 1H, –OH, exch), 6.97–7.05 (d, 2H, Ar), 7.51
(s, 1H, –NH– exch), 7.57 (s, 1H, Ar). FAB-MS m/z
255.76 (MH+, 10%). Anal. Calcd for C11H18N4OS: C,
51.96; H, 7.08; N, 22.04. Found: C, 51.79; H, 6.91; N,
22.13.


4.6. Synthesis of 7,7,8a-trimethyl-5-thioxo-1,5,6,7,8,8a-
hexahydroimidazo[1,2-f] pyrimidine-2,3-dicarbonitrile
(5a)


Diaminomaleonitrile (5) (0.108 g, 1 mmol) was dissolved
in methanol (25 ml) and to it was added 4-isothiocyanat-
o-4-methyl pentane-2-one (1b) (0.2 ml, 1.3 mmol). The
reaction contents were heated under reflux for 12 h
and then solvent was removed under reduced pressure
to give crude product 5a. Crude product 5a was ad-
sorbed over silica gel and subjected to column chroma-
tography over silica gel. Elution with pet. ether/CHCl3
(1:2) gave pure product 5a. Brown solid, 0.115 g
(46%); mp 165 �C; IR (KBr) mmax: 3427, 2981, 2212,
1630, 1528, 1476, 1283 cm�1. 1H NMR (300 MHz
DMSO-d6) d: 1.18 (s, 6H, CH3 + CH3), 2.15 (s, 3H,
CH3), 2.63 (s, 2H, –CH2–), 8.39 (s, 1H, NH, exch), other
NH is expected downfield; did not give M+ ion peak in
HR-MS but gave m/z 188.10576 (M+–HSCN, 27.08%),
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100.00%). Anal. Calcd for C11H13N5S: C, 53.44; H,
5.26; N, 28.34. Found: C, 53.41; H, 5.33; N, 28.41.


4.7. Synthesis of 7-methyl-5-thioxo-1,5,6,7,8,8a-hexahy-
droimidazo[1,2-f]pyrimidine-2,3-dicarbonitrile (5b)


Diaminomaleonitrile (5) (0.108 g, 1 mmol) was dissolved
in methanol (25 ml) and to it was added 3-isothiocyanat-
obutanal (1c) (0.2 ml, 1.5 mmol). The reaction contents
were allowed to stand at room temperature for 4 days
and then solvent was removed under reduced pressure
to give crude product 5b. Crude product 5b was ad-
sorbed over silica gel and then subjected to column chro-
matography over silica gel. Elution with CHCl3
removed side products and further elution with
CHCl3/EtOAc (4:1) gave pure condensed product 5b.
Brown solid, 0.055 g (25%); mp 220 �C. IR (KBr) mmax:
3344, 2977, 2212, 1630, 1552, 1460 cm�1. 1H NMR
(300 MHz DMSO-d6 + CDCl3) d: 1.31–1.33 (d, 3H,
–CH3), 1.58–1.71 (m, 1H, one H of –CH2–), 2.01–2.08
(dd, 1H, one H of –CH2–), 3.19–3.29 (m, 1H, >CH–
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CH3), 4.41 (br s, changes to quartet after D2O exchange


1H, CH
N


N
), 5.61 (br s, 1H, –NH–, exch), 6.49 (br s, 1H,


, exch). Anal. Calcd for C9H9N5S: C, 49.31;


H, 4.11; N, 31.96. Found: C, 49.19; H, 4.01; N, 31.87.


4.8. Synthesis of 4,4,6-trimethyl-3,4-dihydropyrimidine-2
(1H)-thione (6)


Compound 5a (0.500 g, 2 mmol) was added to 30% aque-
ous sodium hydroxide solution (5 ml). The reaction mix-
ture was heated under reflux for 48 h, after refluxing, the
reaction mixture was acidified with 20% aqueous sulfuric
acid and the organic compound was extracted with ethyl
acetate (3 · 25 ml). Ethyl acetate extract on removal of
solvent gave crude product, which was purified by col-
umn chromatography over silica gel. Elution with CHCl3
removed side products and further elution with CHCl3/
EtOAc (4:1) gave pure product 6. White solid, 0.100 g
(32%); mp 255 �C. IR (KBr) mmax: 3200, 2968 cm�1; 1H
NMR (300 MHz, DMSO-d6) d: 1.15 (s, 6H, 2· CH3),
1.64 (s, 3H, CH3), 4.49 (s, 1H, >C@CH–), 8.44 (s, 1H,
NH exch), 9.38 (s, 1H, NH, exch); HR-MS found
156.07209 (M+, 51%) calcd for C7H12N2S 156.07211.


4.9. Synthesis of 7,7,8a-trimethyl-5-thioxo-octahydroimi-
dazo[1,2-f]pyrimidine-2-carboxylic acid (7)


2,3-Diaminopropionic acid hydrochloride (7a) (0.700 g,
5 mmol) was dissolved in methanol (75 ml) in the pres-
ence of sodium hydroxide (200 mg, 5 mmol) and to this
reaction mixture was added 4-isothiocyanato-4-methyl-
pentane-2-one (1b) (0.8 ml, 5 mmol). The reaction mix-
ture was heated under reflux, after 4 h of refluxing,
some solid started separating out and the reaction con-
tents were further refluxed for 8 h. It was then cooled
and the solid separated out was filtered, washed with
cold methanol to give crude product 7, which was puri-
fied by crystallization from THF. Yield 600 mg. Filtrate
of above reaction was acidified with 10% H2SO4 in
methanol and then solvent was removed under reduced
pressure and to the semisolid residue left behind was
added 25 ml water and then it was extracted with ethyl
acetate (3 · 25 ml). Ethyl acetate extract on removal of
solvent gave crude product 7, which was purified by col-
umn chromatography over silica gel. Elution with
CHCl3/pet. ether (1:2) removed side products and fur-
ther elution with CHCl3/pet. ether (1:1) gave 100 mg
pure white solid product 7. White solid, total yield
0.700 g (60%); mp 200 �C. IR (KBr) mmax: 3436, 2969,
1700, 1529, 1271, 1101 cm�1. 1H NMR (300 MHz,
DMSO-d6 + D2O) d: 1.20 (s, 3H, CH3), 1.29–1.32 (2s
looking like a doublet, 6H, CH3 + CH3), 1.58–1.62 (d,
1H, Jgem = 12 Hz, one H of –CH2–), 2.17–2.21 (d, 1H,
Jgem = 12 Hz, one H of –CH2–), 2.88–2.95 (q, 1H, one
H of –CH2–), 3.40–3.51 (m, 1H, one H of –CH2–),


4.46–4.60 (m, 1H, C
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; 18.8%). Anal. Calcd for C10H17N3O2S: C,


49.38; H, 6.99; N, 17.28. Found: C, 49.12; H, 7.00; N,
17.41.

4.10. Synthesis of 2,3,4,4a-tetrahydro-3,3,4a-trimethyl-8-
nitro-1(H)pyrimido[6,1-b]benzoxazole-1-thione (8a)


2-Amino-4-nitrophenol (8) (0.154 g, 1 mmol) was dis-
solved in methanol (15 ml) and to it was added 4-
isothiocyanato-4-methyl pentane-2-one (1b) (0.2 ml,
1.3 mmol). The pH of the reaction contents was adjusted
to about �4 by adding a few drops of 10% H2SO4 in
methanol. The reaction contents were heated under re-
flux, after 2 h of refluxing, some solid started separating
out and the reaction contents were further refluxed for
8 h. Solvent was removed under reduced pressure and
the residue left behind was basified by adding 10% aq
sodium carbonate solution (10 ml). Solid separated out
was filtered, washed with with water and air-dried to
give crude product 8a. Crude product 8a was purified
by crystallization from methanol to give pure condensed
product 8a. Yellow solid, 0.245 g (83%); mp 190 �C;
IR (KBr) mmax: 3481, 2981, 1499 cm�1. 1H NMR
(300 MHz, DMSO-d6) d: 1.25–1.35 (2s, looking like a
doublet, 6H, CH3 + CH3), 1.60 (s, 3H, CH3), 2.30–
2.40 (d, 1H, one H of –CH2–), 2.65–2.75(d, 1H, one H
of –CH2–), 7.15 (d, 1H, Ar), 8.0 (dd, 1H, Ar), 9.25
(s, 1H, –NH– exch), 9.45 (d, 1H, Ar); HR-MS
Found 293.08381 (M+, 58.02%), calcd for


C13H15N3SO3 293.08340. 278.06144 (
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Calcd for C13H15N3O3S: C, 53.24; H, 5.12; N, 14.33.
Found: C, 53.50; H, 5.29; N, 14.17.
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4.11. Synthesis of 2,3,4,4a-tetrahydro-4a-methyl-8-nitro-
1(H)pyrimido[6,1-b]benzoxazole-1-thione (8b)


2-Amino-4-nitrophenol (8) (0.154 g, 1 mmol) was dis-
solved in methanol (15 ml) and to it was added 4-isoth-
iocyanatobutan-2-one (1 d) (0.2 ml, 1.5 mmol). The pH
of the reaction mixture was adjusted to �4 by adding
a few drops of 10% H2SO4 in methanol. The reaction
contents were heated under reflux for 8 h, solvent was
removed under reduced pressure and the residue left be-
hind was basified by adding 10% aq sodium carbonate
solution (10 ml). Solid separated out was filtered,
washed with water and air-dried to give crude product
8b. Crude product 8b was purified by crystallization
from methanol to give pure product 8b. Brown solid,
0.200 g (79%); mp 203 �C. IR (KBr) mmax: 3427, 2980,
1474, 1202 cm�1. 1H NMR (300 MHz, DMSO-d6)
d: 1.65 (s, 3H, CH3), 2.15–2.30 (m, 1H, one H of
–CH2–), 2.55–2.65 (m, 1H, one H of –CH2–), 3.30–3.50
(m, 2H, –CH2–), 7.15 (d, 1H, Ar), 8.0 (dd, 1H, Ar), 9.20


(s, 1H,
NH C


S
exch), 9.45 (d, 1H, Ar); HR-MS found


265.05118 (M+, 75.15%) calcd for C11H11N3O3S
265.05212. 250.03091 (M+—�CH3, 11.28%), 207.07794


( , 33.93%), 191.04366


( , 15.33%), 179.04475 ( ,


100.00%), 132.04323 ( , 3.00%), 91.01799


( , 8.90%). Calcd for C11H11N3O3S: C, 49.81; H,


4.15; N, 15.84. Found: C, 50.00; H, 4.10; N, 15.91.


4.12. Synthesis of 2,3,4,4a-tetrahydro-3-methyl-8-nitro-
1(H)pyrimido[6,1-b] benzoxazole-1-thione (8c)


2-Amino-4-nitrophenol (8) (0.154 g, 1 mmol), 3-isothio-
cyanatobutanal (1c) (0.2 ml, 1.5 mmol) and silica gel
(60–120 mesh) (2 g) were mixed together thoroughly
and this reaction mixture was subjected to microwave
irradiation (by keeping in microwave oven) for 2.5 min
at a power of 850 W. To this reaction mixture was added
50 ml methanol, stirred for 10 min and then filtered. This
process was repeated two more times and the combined
filtrate was distilled off under reduced pressure to give
crude product 8c. Crude product 8c was purified by col-
umn chromatography over silica gel. Elution with CHCl3
removed side products and further elution with CHCl3/
EtOAc (4:1) gave pure product 8c. Yellow solid, 0.065 g
(25%); mp 260 �C. IR (KBr) mmax: 3443, 1499, 1239,
1113 cm�1. 1H NMR (300 MHz, DMSO-d6 + CDCl3)
1H NMR shows doubling of some peaks in the ratio of
1:3 indicating that this compound is a mixture of two iso-
mers in the ratio of 25:75,which can arise due to chiral car-
bon present in the molecule. 1H NMR d: 1.32–1.34 (d,
0.75H, CH3), 1.39–1.42 (d, 2.25H, CH3), 1.92–2.03 (q,
0.75H, one H of –CH2–), 2.21–2.35 (m, 0.25H, one H of
–CH2–), 2.50–2.59 (q, 0.25H, one H of –CH2–), 2.65–
2.71 (m, 0.75H, one H of –CH2–), 3.74–3.83 (m, 1H,


>CH–CH3), 6.05–6.11 (m, 1H, ), 6.88–6.93

(q, 1H, Ar), 7.91–8.02 (m, 1H, Ar), 8.32 (s, 0.75H, SH,
exch), 8.76 (s, 0.25H, SH, exch), 9.45–9.46 (d, 0.75H,
Ar), 9.50–9.51 (d, 0.25H, Ar). FAB-MS m/z 266.87
(MH+; 8%). Calcd for C11H11N3O3S: C, 49.81; H, 4.15;
N, 15.84. Found: C, 50.09; H, 3.99; N, 16.01.


4.13. Anti-inflammatory activity screening24


Anti-inflammatory activity screening was carried out
using carrageenin induced paw oedema in albino rats.
Oedema in one of the hind paws was induced by injec-
tion of carrageenin solution (0.1 ml of 1%) into planter
apponeurosis. The volume of the paw was measured ple-
thysmographyically immediately after and 3 h after the
injection of the irritant. The difference in volume gave
the amount of oedema developed. Percent inhibition
of the oedema between the control group and the com-
pound treated group was calculated and compared with
the group receiving a standard drug. Compounds 1–4
and 5a–b, 7 and 8a–b at 50 mg/kg po exhibited 27.9,
22.3, 34.5, 24.5, 3.0, 34.3, 0.0, 0.0 and 0.0%, respectively,
anti-inflammatory activity (Table 1) compared to ibu-
profen which showed 38% activity at 50 mg/kg po.


4.14. Analgesic activity screening25


Analgesia was measured by the writhing assay using
Swiss mice (15–20 g). Female mice were screened for
writhing on day 1 by injecting intraperitonially 0.2 ml
of a 0.02% aqueous solution of phenylquinone. They
were kept on flat surface and the number of writhes of
each mouse was recorded for 20 min. The mice showing
significant (>10) writhes were sorted out and used for
analgesic assay on the following day. The mice consist-
ing of 5 in each group and showing significant writhing
were given orally a 25 or 50 or 100 mg/kg po dose of the
test compounds 15 min. prior to phenylquinone chal-
lenge. Writhing was again recorded for each mouse in
a group and a percentage protection was calculated
using following formula:


Protection ¼ 100� ðNo:writhings for treated miceÞ=f½
�ðNo: of writhings for untreated miceÞg � 100�.


This was taken as percent analgesic response and was
averaged in each group of mice. Percent of animals
exhibiting analgesia was determined with each dose.
Compounds 1, 2, 3, 4, 5a, 5b, 7 and 8b were screened
for analgesic activity at 50 mg/kg po. All these com-
pounds exhibited 10, 30, 30, 20, 50, 70, 25 and 50%,
respectively, analgesic activity as compared to ibupro-
fen, which exhibited 50% activity. Compounds 5a, 7,
8a and 8b were also screened at 100 mg/kg po and they
exhibited 100, 50, 25 and 75%, respectively, analgesic
activity (Table 1), whereas ibuprofen at 100 mg/kg po
exhibited 75% activity.
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Abstract—Four cyclopentenediones, farnesyl protein transferase inhibitors, and anti-tumor compounds were isolated from the
methanolic extract of the fruits of Lindera erythrocarpa Makino (Lauraceae). The structure of the compounds was determined
by spectral data including NMR and mass spectrometry, and cyclopentenediones such as methyllinderone (1), methyllucidone
(2), lucidone (3), and linderone (4) were identified by comparing their reported spectral data with that of the literature values. Com-
pounds 1–4 inhibited farnesyl protein transferase with IC50 value of 55.3 ± 4.1, 42 ± 1.9, 103 ± 5.1, and 40 ± 3.5 lM, respectively.
Isolated compounds also inhibited the growth of various human cancer cell lines in a dose-dependent manner. Especially, Com-
pounds 1 and 2 selectively inhibited the growth of H-ras-transformed rat-2 cell lines in comparison with normal rat-2 cells with
a GI50 value of 0.3 and 0.85 lM, respectively. Methyllucidone strongly inhibited the growth of human cancer cells and colon tumor
xenografted in nude mice. The anti-tumor effects of the compound were further confirmed with caspase-3 activation and degradation
of PARP. The results suggest that methyllucidone can be a potential anti-cancer agent against H-ras-transformed tumor and will
also be a good lead molecule for the development of anti-tumor drug.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Ras proteins are small (21 kDa) GTPase which form
part of several signaling pathways controlling notably
gene expression and proliferation.1 Farnesyl protein
transferase (FPTase), a member of the prenyltransferase
enzyme family, is a crucial enzyme which participates in
the post-translational modification that the transfer of
the farnesyl group from farnesyl pyrophosphate onto
cysteine 186 at the C-terminal of the Ras proteins.2,3


And this is a mandatory process for retention of trans-
forming ability of Ras proteins.4 When a farnesylation
of these proteins is blocked, their oncogenic activity is
abolished.5,6 Therefore, the identification and synthesis
of FPTase inhibitors has become an active area for the
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development of anti-tumor agents3,4 and a couple of
FPTase inhibitors are under clinical trials.7,8


In continued screening of plant extracts for potential
FPTase inhibitors,9–11 we have tested 3025 plant extracts
including 342 herbal medicines against FPTase. We
selected the extract of the fruits of Lindera erythrocarpa
Makino (Lauraceae) as a good candidate for isolation of
FPTase-specific inhibitors. Lindera species (Lauraceae),
widespread throughout the world, are important medic-
inal plants including L. lucida, L. strychnifolia, L. aggre-
gate, and L. chunii. L. erythrocarpa (Lauraceae) is also
widely distributed in Korea, Japan, and the People�s
Republic of China, and its fruit is used as a traditional
medicine as analgesic, digestive, diuretic, antidote, and
antibacterial.


In this report, we described the activity-guided isolation
from the fruits of L. erythrocarpa and their inhibitory
activities on FPTase. It was examined to study the
inhibitory activity of the isolated compounds against







H.-M. Oh et al. / Bioorg. Med. Chem. 13 (2005) 6182–6187 6183

H-ras-transformed rat-2 cells and a variety of human
cancer cell lines to confirm the anti-tumor effects of
the isolated compounds. We also investigated biologi-
cally relevant aspects such as apoptotic markers to iden-
tify the mechanism of the anti-tumor effect and tumor
xenografted in nude mice for in vivo activity of methyl-
lucidone (2).

2. Results and discussion


2.1. Isolation and FPTase inhibition activity


Natural products are still major sources of new drug
development; for example, between 1981 and 2002, 5%
of the 1031 new chemical entities approved as drugs
by the US Food and Drug Administration (FDA) was
natural products, and another 23% was natural-prod-
uct-derived molecules.12 On the basis of the reports,
we screened 3025 plant extracts including 342 herbal
medicines against FPTase and the extract of the fruits
of L. erythrocarpa. L. erythrocarpa, belongs to the fam-
ily Lauraceae, was selected as a good natural source for
the isolation of FPTase inhibitors, which consists of L.
lucida, L. strychnifolia, L. aggregate, and L. chunii. Ex-
tract of the fruits of L. erythrocarpa was subjected to
fractionation based on FPTase inhibitory activity. The
major active fractions were collected and chromato-
graphed over silica gel column. The combined active
fractions were rechromatographed on silica gel column

Figure 1. Structure of methyllinderone (1), methyllucidone (2), lucidone (3


(Lauraceae).

and then C-18 column to yield cyclopentenediones
(Fig. 1). Structures of the isolated compounds were elu-
cidated by spectroscopic method including mass spectral
and NMR data and identified by comparison with the
reported spectral data as methyllinderone (1), methyllu-
cidone (2), lucidone (3), and linderone (4). Compound 2
was isolated as cis- and trans-2 mixed forms.13–15


The isolated compounds methyllinderone (1), methyllu-
cidone (2), lucidone (3), and linderone (4) inhibited
FPTase activity with IC50 values of 55.3 ± 4.1,
42 ± 1.9, 103 ± 5.1, and 40 ± 3.5 lM, respectively (Fig.
2). Even though it was reported that methyllinderone
inhibited a human chymase13 and the extract of leaves
of L. erythrocarpa inhibited HIV-1 protease,16 there
has been no report concerning the FPTase inhibition
activity of the compounds.


2.2. In vitro anti-tumor activity


The FPTase inhibitors have been reported as a promis-
ing target for the development of anti-cancer agent in
H-ras-activated cancer cell lines. We confirmed whether
compounds 1 and 2, the strong FPTase inhibitors of the
isolated cyclopentenediones, were H-Ras- specific
inhibitors or not through cell proliferation assay in
H-ras-transformed rat-2 cells. When the compounds
were treated in H-ras-transformed rat-2 cells for 48 h,
the cell growth was significantly inhibited in a dose-
dependent manner. Compounds 1 and 2 selectively

), and linderone (4) isolated from fruits of L. erythrocarpa Makino







Figure 4. Anti-tumor activity of methyllucidone (2) against various


human cancer cell lines (all experiments were repeated at least three


times).


Figure 2. The isolated compounds methyllinderone (1), methylluci-


done (2), lucidone (3), and linderone (4) inhibited FPTase activity with


IC50 values of 55.3 ± 4.1, 42 ± 1.9, 103 ± 5.1, and 40 ± 3.5 lM,


respectively.
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inhibited the growth of H-ras-transformed rat-2 cells in
comparison with that of normal rat-2 cells (Fig. 3, for
compound 1) with a GI50 value of 0.3 and 0.85 lM,
respectively.


Compound 2, which is a major component of the
extracts of fruits of L. erythrocarpa, was treated in a
variety of tumor cells including colon (HCT-116,
HCA-7, and SW620), lung (A549 and NCI-H23), kidney
(HEK293), breast (MDA-MB-231), and prostate
(DU145) cancer cells. It was found that colon tumor
cells were more sensitive than other cells against the
compound 2. Especially, the compound strongly inhibit-
ed the growth of HCT-116 tumor cells with a GI50 value
of 1.0 lM and also blocked the growth of other colon
tumor cells such as HCA-7 and SW620 with GI50 values
of 1.4 and 3.0 lM, respectively (Fig. 4). To the best of
our knowledge, this is the first report of an anti-tumor
activity of cyclopentenediones through inducing apopto-
sis of human tumor cells and an inhibitory activity of
FPTase of the compounds.

Figure 3. Effects of methyllinderone (1) on proliferation of rat-2 vector


cells and H-ras-transformed rat-2 cells.

2.3. Methyllucidone (2) induces apoptosis in human colon
cancer cell lines


Even though the compound 2 selectively inhibited the
growth of H- ras-transformed rat-2 cells, we could not
detect the blocking of Ras-processing in the compound
2-treated H-ras-transformed rat-2 cells and human co-
lon tumor HCT116 cells (data not shown; see Section
4 for the detailed experimental procedure). This is prob-
ably because the cytotoxicity of the compound is much
stronger than the inhibition activity of FPTase of the
compound. These results suggested that the growth
inhibitory activity of compound 2 against tumor cells
might be through another pathway such as apoptotic
cell death.


To study the anti-tumor effects of compound 2 in detail,
we monitored dose-dependent response of colon tumor
cells after compound 2 treatment. It was found that
compound 2-treated cells were inhibited cell spreading
and becoming round morphology of the cells. To exam-
ine the effects of 2 on apoptosis-related proteins, we
investigated the expression of apoptosis marker protein
such as PARP (poly-ADP-ribose polymerase), involved
in DNA repair in response to environmental stress and
one of the apoptosis markers, and activation of cas-
pase-3.17 As shown in Figure 5, PARP degradation
was strongly induced by the compound at 7.5 lM and,
in addition, activated caspase-3 was also detected by
Western analysis using active-specific caspase-3 anti-
body. These results strongly support that methylluci-

Figure 5. Methyllucidone (2) caused a cleavage of caspase-3 and


PARP in human colon cancer cells SW620.







Figure 6. Methyllucidone (2) reduced the tumor volumes at the doses


of 50 mg/day.
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done (2) exerts its anti-tumor activity in colon tumor
cells through apoptosis.


2.4. In vivo anti-tumor activity


It is well known that high incidence of Ras-mutation
and activation is found in colon cancers (50%) and
the compound 2 strongly inhibited the growth human
colon tumor cells. Therefore, the anti-tumor effect of
compound 2, that is the major component of the fruit
of L. erythrocarpa was evaluated with HCT116 human
colon cancer cells in a human tumor xenograft model
in nude mice. The compound in 0.5% Tween 80 was
orally administrated at a dose of 50 mg/kg for 20
days. As shown in Figure 6, the growth of tumors
was moderately inhibited by the compounds. Com-
pound 2 reduced the tumor volumes 26.6% at final
day. Fortunately, the loss of body weight was not ob-
served in nude mice administered with compound 2 at
the doses of 50 mg/day.

3. Conclusion


It can be concluded that the cyclopentenediones will be a
new class of anti-tumor agents with a couple of biolog-
ical activities including inducing apoptosis and inhibi-
tion of FPTase. Compound 2, the major component of
the extract of fruits of L. erythrocarpa, was endowed
with a capacity to specifically inhibit the growth of H-
ras-transformed rat-2 cells versus normal rat-2 cells. In
addition, compound 2 strongly inhibits human colon tu-
mor cells and exerts its anti-tumor activity by inducing
apoptosis through caspase-3 pathway. Above all, an
important point is that it has oral anti-tumor activity,
confirmed by a human tumor xenograft model in nude
mice. Although further studies are needed to clarify
the mechanism of the anti-tumor activities of compound
2, these results suggest that cyclopentenediones could be
a good lead molecule for the development of anti-tumor
agents.

4. Experimental


4.1. General


Chemicals and solvents were of reagent grade and were
used without further purification. The column fractions
were monitored by thin-layer chromatography on pre-
coated Merck Silica gel 60F254 plates; the spots were
visualized by exposure to UV radiation. Melting point
of the compounds was determined between two micro-
coverglasses using Fisher–Johns Melting Point Appara-
tus. 1H NMR was recorded on a Varian 400 MHz spec-
trometer in CDCl3, and EIMS was recorded on a
JMS-HX 110A/HX 110A spectrometer. UV spectrum
was recorded on an Agilent 8453 UV–vis spectroscopy
system (Hewlett Packard). Column chromatography
separations were carried out by using silica gel 60
(0.04–0.063 mm) and LiChroprep RP-18 (40–63 lm)
supplied by E. Merck.


4.2. Plant material


The fruits of L. erythrocarpa were collected in July 2004
from the Sockri mountain in Chungbuk Korea. The
authenticity of the plant was confirmed by Plant Diver-
sity Research Center and a voucher specimen (018-053
for L. erythrocarpa) is deposited in Korea Research
Institute of Bioscience and Biotechnology, Korea. The
samples were shade dried and milled to powder form,
which were then kept in air-tight brown bottle until use.


4.3. FPTase activity assay


FPTase assay was done using a scintillation proximity
assay method following the protocol described by the
manufacturer except that a biotinylated substrate pep-
tide containing the Ki-Ras carboxyl-terminal sequence
was used. The C-terminal peptide of Ki-Ras was used
a Biotin-KKKSKTKCVIM synthesized by solid-phase
peptide syntheses. FPTase activity was determined by
measuring transfer of [3H] farnesyl from [3H] farnesyl
pyrophosphate to Biotin-KKKSKTKCVIM. Typical
reaction mixtures (100 lL total volume) contained
50 mM HEPES, pH 7.5, 30 mM MgCl2, 20 mM KCl,
5 mM DTT, 0.01% Triton X-100, 150–250 nM [3H] far-
nesyl pyrophosphate (60 lM, 1 Ci/lL), 25–50 ng (�2.5
to 5 nM) of recombinant rat FPTase or 10 lL of partial-
ly purified Q-Sepharose-derived FPTase, the indicated
concentration of cyclopentendione or DMSO vehicle
control (10%, v/v, final), and 10–200 nM Biotin-
KKKSKTKCVIM. After 60 min incubation in water
bath at 37 �C, reactions were stopped by adding
150 lL of STOP/bead reagent into each tube. Radioac-
tivities were mixed with vortex and allowed to stand
for 30 min at room temperature. Samples were mea-
sured in a Wallac 1450 microbeta TRILUX liquid scin-
tillation counter. Percent inhibition was calculated
relative to the DMSO vehicle control.


4.4. Extraction and isolation


The dried fruits (175.18 g) of L. erythrocarpa were
extracted with MeOH (2· 1 L) for 48 h at room tem-
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perature. After filtration, the combined extract was
concentrated and the residue weighed 11.31 g. The
MeOH extract was partitioned between H2O and
EtOAc (1:1, v/v) to give a EtOAc-soluble fraction
(9.91 g). The EtOAc fraction showed FPTase inhibition
activity and was partitioned again with MeOH to
obtain MeOH-soluble fraction (8.5 g) and -insoluble
fraction (1.26 g). The MeOH-soluble fraction was con-
centrated, and then the residue was chromatographed
on a silica gel (350 g) column, eluted with a gradient
of n-hexane/EtOAc (19:1, 18:2, 17:3, 16:4, 14:6, 1:1,
each 1.5 L) to provide 45 fractions. Active fractions
were collected and concentrated to yield 7.3 g. The
active fraction was resubjected to a C-18 column, and
it was eluted with a gradient of MeOH/H2O (6:4, 7:3,
8:2, MeOH, each about 3 L) to provide methyllinder-
one (432 mg), methyllucidone (1450 mg), lucidone
(64 mg), and linderone (43 mg). 13–15


4.4.1. Methyllinederone (1). Yellow solid, mp 75 �C;
EIMS m/z (rel. int.): 300 [M]+ (68), 241 (100), 225
(26), 103 (59). HREIMS: [M]+ m/z 300.0991
(C17H16O5 calcd m/z 300.0997). 1H NMR (CDCl3): d
4.09 (s, 3H), 4.18 (s, 6H), 7.38 (m, 3H), 7.51 (d, 1H,
J = 15.8 Hz), 7.60 (m, 2H), 7.93 (d, 1H, J = 15.8 Hz).


4.4.2. Methyllucidone (2). Yellow solid, mp 126–128 �C.
HREIMS: [M]+ m/z 270.0763 (C16H14O4 calcd m/z
270.0892). 1H NMR (CDCl3): d 3.92 (s, OCH3), 3.93
(s, OCH3), 4.19 (s, OCH3), 4.20 (s, OCH3), 7.40 (m,
3H), 7.61 (m, 3H), 7.93 (d, J = 15.8 Hz). 7.98 (d,
J = 15.8 Hz).


4.4.3. Lucidone (3). Yellow solid, mp 166.5–168.5 �C.
HREIMS: [M]+m/z 256.0752 (C15H12O4 calcd m/z
256.0735). 1H NMR (CDCl3): d 3.96 (s, 3H), 7.40 (m,
3H), 7.63 (m, 3H), 7.71 (d, 1H, J = 18 Hz).


4.4.4. Linderone (4). Yellow solid, mp 92–94 �C. HRE-
IMS: [M]+ m/z 286.0796 (C16H14O5 calcd m/z
286.0841). 1H NMR (CDCl3): d 4.17 (s, 3H), 4.21 (s,
3H), 7.63 (m, 3H), 7.38 (m, 4H), 7.61 (m, 3H).


4.5. Cell growth inhibition assay


Cells were seeded at a density of 1500 (H-ras-trans-
formed rat-2), 4000 (rat-2 vector, A549, and
MDAMB-231), 5000 (HEK293), and 6000 (DU145,
HCA-7, HCT116, and SW620) cells per well in a 96-well
microtiter plate in medium containing 10% FBS. Cells
were counted with a hematocytometer. One day after
seeding, cells were replenished with fresh complete medi-
um containing compounds or 0.1% DMSO. After incu-
bation for 48 h, cell proliferation reagent WST-1
(Roche, Germany) was added to each well. The amount
of WST-1-formazan produced was measured at 450 nm
by ELISA Reader (Bio-Rad).


4.6. Western blotting


H-ras-transformed rat-2 and HCT 116 were treated
with 10 mM of methyllucidone for 24 h and a 20 lg

protein isolated from cell lysates was resolved by 15%
SDS–PAGE and transferred to the PVDF membrane
(Roche). The membrane was blocked with 5% nonfat
dried milk in TBS-T (50 mM Tris–HCl, pH 7.6,
150 mM NaCl, 0.1% Tween 20). H-Ras antibody was
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). SW620 cells treated with methyllucidone were
harvested and washed with PBS. Cell pellets were lysed
in 200 lL of lysis buffer (protease inhibitor cocktail,
30 mM Na2HPO4, 50 mM NaF, 1 mM Na3VO4, RIPA
buffer) for 1 h on ice. Lysates were centrifuged at
1360 rpm for 5 min. Then, protein contents in the
supernatant were measured using the ELISA Reader
(Bio-Rad). The lysates containing 50 lg of protein were
mixed with protein 2X sample buffer (ELPiS) and
boiled for 10 min. The proteins were separated on 4–
15% SDS–PAGE gels with running buffer and then
electrotransferred onto to polyvinylidene difluoride
membrane (Roche Applied Science) with transfer buffer
at 100 mV for 2 h. The membranes were blocked with
5% nonfat dried milk in TBS-T (50 mM Tris–HCl,
pH 7.6, 150 mM NaCl, and 0.1% Tween 20) for 1 h
at room temperature. The primary antibodies used
were from Cell Signaling. The secondary antibodies
used were horseradish peroxidase-conjugated goat
anti-rabbit IgG (1:3000) from Jackson Immunology.
The antibodies were used at dilution recommended
by the manufacturers. Membrane was incubated with
primary antibody for 2 h at room temperature and
washed five times with TBS-T. And the proteins were
developed using a chemiluminescence peroxidase re-
agents (Roche Applied Science) and exposed to X-ray
films.


4.7. In vivo activities of methyllucidone


For the evaluation of in vivo anti-tumor activity,
HCT116 human colon adenocarcinoma cells (3 · 107


cells/ml) were implanted subcutaneously into the right
flank of nude mice on day 0. Compounds were dissolved
in 0.5% Tween 80 and were orally administered at a con-
centration of 50 mg/kg per day for 20 days. Doxifluli-
dine was used as a reference compound and its dosage
was 100 mg/kg. Test substances were administrated in
a volume of 0.2 ml per 20 g body weight of animals.
On day 20, the mice were sacrificed and tumor volumes
were estimated [length (mm) · width (mm) · height
(mm)/2]. To determine the toxicity of the compounds,
the body weight of tumor-bearing animals was mea-
sured. Animal experiments were performed under the
permission according to �Institutional Guideline of Ani-
mal Experiments� of Korea Research Institute of Biosci-
ence and Biotechnology.
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Abstract—The novel pyrazolopyrimidine ligand, N,N-diethyl-2-[2-(4-methoxyphenyl)-5,7-dimethyl-pyrazolo[1,5-a]pyrimidin-3-yl]-
acetamide 1 (DPA-713), has been reported as a potent ligand for the peripheral benzodiazepine receptor (PBR) displaying an affinity
of Ki = 4.7 nM. In this study, 1 was successfully synthesised and demethylated to form the phenolic derivative 6 as precursor for
labelling with carbon-11 (t1/2 = 20.4 min). [11C]1 was prepared by O-alkylation of 6 with [11C]methyl iodide. The radiochemical yield
of [11C]1 was 9% (non-decay corrected) with a specific activity of 36 GBq/lmol at the end of synthesis. The average time of synthesis
including formulation was 13.2 min with a radiochemical purity >98%. In vivo assessment of [11C]1 was performed in a healthy
Papio hamadryas baboon using positron emission tomography (PET). Following iv administration of [11C]1, significant accumula-
tion was observed in the baboon brain and peripheral organs. In the brain, the radioactivity peaked at 20 min and remained con-
stant for the duration of the imaging experiment. Pre-treatment with the PBR-specific ligand, PK 11195 (5 mg/kg), effectively
reduced the binding of [11C]1 at 60 min by 70% in the whole brain, whereas pre-treatment with the central benzodiazepine receptor
ligand, flumazenil (1 mg/kg), had no inhibitory effect on [11C]1 uptake. These results indicate that accumulation of [11C]1 in the
baboon represents selective binding to the PBR. These exceptional in vivo binding properties suggest that [11C]1 may be useful
for imaging the PBR in disease states. Furthermore, [11C]1 represents the first ligand of its pharmacological class to be labelled
for PET studies and therefore has the potential to generate new information on the pathological role of the PBR in vivo.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The peripheral benzodiazepine receptor (PBR) was orig-
inally characterised as an alternative binding site for the
benzodiazepine, diazepam,1 and was thought to be a
subtype of the central benzodiazepine receptor (CBR).
Later studies identified the PBR to be a separate class
of receptor due to its distinct structure, physiological
functions and subcellular location on the outer mem-
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brane of the mitochondria.2 Currently, it is understood
that the PBR forms a trimeric complex with the adenine
nucleotide carrier (ANC) (30 kDa) and the voltage-de-
pendent anion channel (VDAC) (32 kDa) to constitute
the mitochondrial permeability transition pore
(MPTP).2 Although the PBR has been implicated in
numerous biological processes, its exact physiological
role remains unclear. Studies implicate the importance
of the PBR in the rate-limiting step of steroid biosynthe-
sis,3 immunomodulation,4 porphyrin transport,5 calci-
um homeostasis and programmed cell death.6


The PBR is densely distributed in most peripheral or-
gans including the lungs, heart and kidneys, yet it is only
minimally expressed in the normal brain parenchyma.7
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Following neuronal injury, PBR expression is dramati-
cally increased.8 In vivo studies in patients suffering
from Alzheimer�s disease (AD) and multiple sclerosis
(MS) confirmed that elevation of PBR binding is pri-
marily localised on activated microglial cells.9 Microg-
lia, the resident macrophages of the CNS, are
extremely sensitive to alterations to their microenviron-
ment and hence readily become activated due to injury
or infection.10 For this reason, the PBR are believed to
be intimately associated with initial inflammatory pro-
cesses in the early stages of several neurological diseas-
es.11 However, the exact role of microglia in the
pathology of these diseases has not been completely elu-
cidated due to the lack of specific and selective PBR
ligands.


The development of novel PBR radioligands for non-
invasive imaging with positron emission tomography
(PET) has enabled study of microglial activation in the
living brain. The isoquinoline carboxamide [11C](R)-
PK 11195 has been extensively used as a pharmacologi-
cal probe for studying the function and expression of
PBRs.12 A number of PET studies conducted in patients
with AD,13 MS14 and multiple system atrophy (MSA)15


have shown that measurement of PBRs in vivo with
[11C](R)-PK 11195 is feasible in the living brain. Howev-
er, [11C](R)-PK 11195 displays a poor signal-to-noise ra-
tio and has demonstrated low brain permeability which
ultimately decreases its sensitivity in detecting areas of
microglial activation. These unfavourable characteristics
may be attributable to the tracer�s high lipophilicity and
low bioavailability (88% bound to plasma protein).7

Scheme 1. Reagents and conditions: Synthesis of N,N-diethyl-2-[2-(4-met


(DPA-713) and the radiolabelling precursor N,N-diethyl-2-[2-(4-hydro


(i) acetonitrile, sodium methoxide, 100 �C, 24 h; (iia) N,N-diethylchloroa


diethylchloroacetamide, sodium iodide, NaOH/80% EtOH, rt, 7 h; (iii) hydra


reflux 12 h; (v) 48% HBr, tributylhexadecylphosphonium bromide, 100 �C, 7

The development of PBR ligands with improved brain
kinetics is vital to understand the cellular processes under-
lying numerous disease states. Selective and specific PBR
ligands may also have the potential to serve as diagnostic
and therapeutic tools. The recently synthesised
[11C]DAA1106 has demonstrated a high specificity for
the PBR in rodent16 and primate brains17 and is an attrac-
tive candidate for PET imaging of the PBR in humans.


Another class of PBR ligands, the pyrazolopyrimidines,
have been reported and although displaying high affinity
are yet to be radiolabelled for use in PET. One of the lead
compounds from this series, 1 (DPA-713) (shown in
Scheme 1), has a higher affinity (Ki = 4.7 nM) for the
PBR than PK 11195 (Ki = 9.3 nM) and is notably more
selective for the PBR over the CBR (Ki > 10,000 nM for
CBR).18 The aim of the present study was to label 1
(DPA-713) with carbon-11 and perform preliminary in
vivo assessment in a healthy baboon using PET.

2. Results and discussion


2.1. Chemistry


N,N-Diethyl-2-[2-(4-methoxy-phenyl)-5,7-dimethylpy-
razolo[1,5-a]pyrimidin-3-yl]-acetamide (1, as reference)
was synthesised in four chemical steps with some modi-
fications to literature procedures18–20 (Scheme 1).


The aroylacetonitrile, 3, was formed in 17% yield by
reaction of commercially available methyl-4-methoxy

hoxy-phenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl]-acetamide (1)


xy-phenyl)-5,7-dimethyl-pyrazolo[1,5-a]pyrimidin-3-yl]-acetamide (6);


cetamide, sodium iodide, NaOH/80% EtOH, reflux 7 h; (ii) N,N-


zine hydrate, EtOH, acetic acid, reflux 4 h; (iv) 2,4-pentadione, EtOH,


h.
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benzoate 2 with acetonitrile in the presence of sodium
methoxide at 100 �C. Rearrangement of purification
steps reported in the literature allowed the benzoic acid
(structure not shown) by-product to be removed more
efficiently leading to improved purity and yield of the fi-
nal product. The reactivity of the methylene group in 3
was exploited by reacting it in an alkaline solution with
N,N-diethylchloroacetamide and sodium iodide. How-
ever, the product (4a) isolated after 7 h reflux displayed
1H NMR and mass spectrum indicative of an ethyl ester
functional group instead of the desired diethyl amide
moiety. Repeating the same reaction under milder con-
ditions at room temperature afforded 4 in 64% yield
as confirmed by 1H NMR and mass spectrum. In the
third step, 4 was converted to the pyrazole 5 by heating
at reflux in ethanol with hydrazine hydrate, in the pres-
ence of acetic acid. The condensation of 5 with the elec-
trophilic reagent, 2,4-pentadione, led to closure of the
pyrimidine ring to yield the title compound 1 as pale yel-
low crystals in 93% yield. Compound 1 was subsequent-
ly demethylated by heating in a solution of hexadecyl
tributyl phosphonium bromide in 45% HBr to form
the phenolic derivative 6 (N,N-diethyl-2-[2-(4-hydroxy-
phenyl)-5,7-dimethyl-pyrazolo[1,5-a]pyrimidin-3-yl]-
acetamide), as precursor for labelling with carbon-11 in
54% yield.


2.2. Radiochemistry


The pyrazolopyrimidine 1 was labelled with carbon-11
(t1/2 = 20.4 min) using [11C]methyl iodide ([11C]CH3I)
and the phenolic precursor 6 (Scheme 2).


[11C]CH3I was synthesised from cyclotron-produced
[11C]carbon dioxide ([11C]CO2), trapped in a DMF solu-
tion containing 6 and tetrabutyl ammonium hydroxide
(TBAH) and allowed to react at room temperature for
3 min. The reaction mixture was purified via reverse-
phase semi-preparative high-performance liquid chroma-
tography (HPLC). This afforded [11C]1 in 9% (n = 6) non-
decay corrected radiochemical yield based on starting
[11C]CH3I in an average synthesis time of 13.2 min
(including HPLC purification and formulation). Co-in-
jection of the non-radioactive 1was performed using ana-
lytical HPLC to confirm the identity of the product. In the
final product solution, radiochemical and chemical purity
was greater than 98% with a specific activity of 36
GBq/lmol.No attemptsweremade to optimise these con-
ditions as sufficient quantities of the radioligandwere pro-
duced to enable pharmacological evaluation.

Scheme 2. Radiosynthesis of N,N-diethyl-2-[2-(4-[11C]methoxy-phenyl)-5,7-d

Formulation of labelled product for iv injection was
achieved by: (1) evaporation of HPLC solvent; (2)
reconstitution of residue in physiological saline (2 mL)
and (3) sterile filtration through a 0.22 lm filter. The fi-
nal injectable solution was clear and colourless with a
pH of 5.0. The preparation was free from starting label-
ling precursor. Administration to the animal was per-
formed within 10 min following end of synthesis in
each study.


2.3. Pharmacology


2.3.1. Evaluation using PET. The uptake of [11C]1 was
examined using PET. Dynamic PET brain imaging com-
menced just prior to iv administration of [11C]1
(200 MBq in 2 mL saline) and was terminated 60 min
post-injection. This was immediately followed by a
whole body acquisition for 2 min at each of six bed posi-
tions. Figure 1a shows a 60-min PET summation image
of a 3.4 mm thick transaxial baboon brain slice from the
dynamic scan. The PET image provided visual evidence
for the ability of [11C]1 to traverse the blood–brain bar-
rier (BBB) with considerable accumulation of radioac-
tivity in the baboon brain.


The whole brain uptake of [11C]1 as a function of time is
represented graphically in Figure 2. [11C]1 reached maxi-
mal uptake after 20 min and stayed at approximately the
same uptake level for the remaining 40 min of imaging.


In an earlier reported study using Papio anubis baboons,
time–activity curves (TACs) of [11C](R)-PK 11195 brain
uptake provided evidence of rapid BBB penetration and
maximal brain activity within 3–5 min.21 Directly fol-
lowing maximum brain uptake, [11C](R)-PK 11195
activity steeply declined to the plasma level. This dra-
matic washout of [11C](R)-PK 11195 between 15 and
20 min was later revealed to be a consequence of binding
to plasma proteins.22 Because the uptake of [11C](R)-PK
11195 closely resembled that of blood flow, PET images
generated were not indicative of specific binding to the
PBR. In contrast, the slower kinetics of [11C]1 enabled
longer imaging in which signals at later time points were
attributable to specific PBR binding. For this reason,
[11C]1 may provide a more accurate assessment of
PBR density than the widely used [11C](R)-PK 11195.


2.3.2. Blocking studies. The in vivo specificity and selec-
tivity of [11C]1 in the baboon brain was assessed via two
blocking studies which were performed 3 weeks apart:

imethyl-pyrazolo[1,5-a]pyrimidin-3-yl]-acetamide, ([11C]1).







Figure 1. PET summation images of a single transaxial brain slice over 60 min: (a) [11C]1, (b) [11C]1 + PK 11195 (5 mg/kg) and (c) [11C]1 + flumazenil


(1 mg/kg). Images (a) and (c) are slightly over saturated to allow visualization of image (b).


Figure 2. Whole brain TACs in baseline study with [11C]1 and


blocking studies performed with PK 11195 and flumazenil.
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one using the PBR-specific ligand, PK 11195, and the
other using the CBR-specific ligand, flumazenil. Pre-
treatment of the baboon with PK 11195 (5 mg/kg, iv,
5 min prior to radioligand injection) resulted in marked-
ly decreased uptake of [11C]1 (Fig. 1b) compared to the
baseline study (Fig. 1a). In contrast, pre-treatment with
flumazenil (1 mg/kg, iv, 5 min prior to radioligand injec-
tion) displayed no inhibitory effect on [11C]1 uptake
(Fig. 1c). These results clearly demonstrated that reten-
tion of [11C]1 in the baboon brain represents selective
binding to the PBR and not the CBR.


The TACs (Fig. 2) for the baseline study and pharmaco-
logical challenge with flumazenil in the whole brain were
similar, indicating no inhibitory effect on [11C]1 uptake.
These results compare well to those generated in studies

Figure 3. PET images of the body 1 h after iv injection of (a) [11C]1 (baseline)

with the PBR-specific ligand [11C]DAA1106 and 0.1 mg/
kg flumazenil.17 Pharmacological challenge using PK
11195 resulted in TACs symptomatic of radioligand
inhibition. Consequently, [11C]1 was washed out of the
brain within 10 min, denoted by the rapid decline in
the TAC. Similar results have been reported for PK
11195 blocking studies with both [11C]DAA110617 and
[11C](R)-PK 11195.21


Figure 3a–c show the whole body images of the baboon,
which were acquired at the conclusion of dynamic scan-
ning in all three studies. These images demonstrate the
significant inhibition of [11C]1 uptake in the brain, heart
and kidneys following pre-treatment with PK 11195,
thus providing evidence that [11C]1 was specifically
bound to the PBR in peripheral organs. No inhibitory
effects were observed in the flumazenil blocking study,
which indicated the selectivity of [11C]1 for the PBR over
the CBR in peripheral organs.


LogP values for 1 and PK 11195 using HPLC analysis
were found to be 2.4 and 3.4, respectively. It is recom-
mended that the log of the octanol–water partition coef-
ficient (logP) for CNS radioligands be between 2 and 3
in order to achieve a high brain uptake relative to weak
non-specific binding.23 The logP of compound 1 is thus
within the optimum range which is supported by its ra-
pid penetration of the BBB and high specific binding to
the PBR. Compound 1 is clearly less lipophilic than PK
11195 which may partly explain the different degrees of
specific binding to the PBR of the two ligands. There
may be other factors that contribute to the overall in
vivo kinetics and binding of PBR radioligands. Hence,

, (b) [11C]1 + PK 11195 (5 mg/kg) and (c) [11C]1 + flumazenil (1 mg/kg).
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more extensive studies are required to gain further in-
sight into the PBR and its interaction with various li-
gands. This will ultimately lead to the design and
synthesis of superior PBR ligands.

3. Conclusion


In this study, the pyrazolopyrimidine 1 (DPA-713) was
synthesised, radiolabelled with carbon-11 and evaluated
in a baboon using PET. [11C]1 was prepared by O-alkyl-
ation of the phenolic derivative 6 with [11C]CH3I in
reproducible yields and specific activity. The results
from the PET imaging studies were consistent with
retention of [11C]1 in the baboon brain due to specific
binding to the PBR. We therefore believe that this radi-
oligand may be useful in detecting changes in PBR den-
sity in disease states and warrants further investigation.
Because it is the first PBR ligand from the pyrazolopyr-
imidine class to be radiolabelled, it may generate novel
information on the structure and physiological roles of
the PBR in vivo.

4. Experimental


4.1. General


4.1.1. Chemicals and TLCs. Chemicals were purchased
from Aldrich and used with no further purification. PK
11195 and flumazenil were purchased from Tocris, UK.
Melting points were performed in a sealed capillary using
a Stuart Melting Point Apparatus SMP3 and are uncor-
rected. Column chromatography was performed with
Merck silica gel 60 (230–400 mesh). Thin layer chroma-
tography (TLC) was carried out using aluminium-backed
plates pre-coated with silica gel (60 F254) and was devel-
oped using UV fluorescence (254 nm and/or 365 nm).


4.1.2. Spectroscopies. Proton nuclear magnetic reso-
nance (1H NMR) spectra were recorded using
a 300 MHz Varian Gemini instrument. Chemical shifts
(d) are reported in parts per million (ppm) downfield
from internal tetramethylsilane (TMS). Multiplicities
are reported as s (singlet), d (doublet), dd (doublet of
doublets), m (multiplet) and the observed coupling con-
stant (J). Mass spec was carried out on a Thermo Finn-
igan Polaris Q GCMS instrument.


4.2. Chemistry


4.2.1. 3-(4-Methoxy-phenyl)-3-oxo-propionitrile (3). A
mixture of methyl-4-methoxybenzoate (30 g, 181 mmol)
and sodium methoxide (9.75 g, 181 mmol) was heated at
80 �C under an argon atmosphere with continuous stir-
ring until homogeneous. Acetonitrile (16.5 mL,
313 mmol) and chlorobenzene (19 mL) were added
dropwise to the mixture. The reaction was heated at
90–100 �C for 24 h with continuous stirring. After the
mixture was cooled to 0 �C and treated with ice water
(50 mL) and diethyl ether (200 mL), it was shaken until
the solid material dissolved. The aqueous layer was sep-
arated from the organic layer and acidified to pH 2 with

dilute H2SO4. Following the addition of diethyl ether,
the organic layer was extracted, dried over anhydrous
Na2SO4 and evaporated to dryness. The resulting yellow
solid was dissolved in CHCl3 and washed with saturated
NaHCO3 aqueous solution (5 · 100 mL) to remove ben-
zoic acid. The organic layer was dried over anhydrous
Na2SO4 and evaporated to dryness. The solid was puri-
fied by washing with petroleum ether which yielded
319,20 (5.16 g, 17%) as fine, light yellow crystals; mp:
132–137 �C; 1H NMR (CDCl3, 300 MHz) d 3.89 (s,
3H, OCH3), 4.03 (s, 2H, CH2), 6.97 (d, J = 9.0 Hz,
2H, Ph), 7.90 (d, J = 9.0 Hz, 2H, Ph).


4.2.2. 3-Cyano-N,N-diethyl-4-(4-methoxy-phenyl)-4-oxo-
butyramide (4). A mixture of 319,20 (2.0 g, 11.4 mmol),
N,N-diethylchloroacetamide (1.7 g, 11.4 mmol) and NaI
(5.1 g, 34 mmol) were added to a solution of NaOH
(0.5 g, 12.5 mmol) in 80% EtOH (80 mL) while being stir-
red continuously. The mixture was stirred at room tem-
perature for 7 h and monitored by TLC. Once the
reaction was complete, it was allowed to cool and was fil-
tered to remove the inorganic material. The filtrate was
concentrated and the residue was purified by column
chromatography (CH2Cl2 as eluent) to yield 418 (2.1 g,
64%) as a dark yellow oil; 1H NMR (CDCl3, 300 MHz)
d 1.06–1.30 (m, 6H, N(CH2CH3)2), 2.85 (dd, J = 4.5,
16.2 Hz, 1H, CH2), 3.21–3.43 (m, 5H: 4H, N(CH2CH3)2:
1H, CH2), 3.90 (s, 3H, OCH3), 4.89–5.02 (m, 1H, CH),
6.98 (d, J = 8.7 Hz, 2H, Ph), 8.05 (d, J = 9.0 Hz, 2H,
Ph). Mass Spectrum: CI, m/z 289 (M + 1).


4.2.3. 2-[3-Amino-5-(4-methoxy-phenyl)-1H-pyrazol-4-
yl]-N,N-diethylacetamide (5). Hydrazine hydrate (0.73 g,
14.6 mmol) and acetic acid (0.73 mL) were added to a
solution of 418 (2.1 g, 7.3 mmol) in EtOH (37 mL). The
mixture was heated at reflux for 4 h and monitored by
TLC. Once the reaction was complete, it was allowed to
cool to room temperature. The solution was evaporated
to dryness and the residue was purified by silica gel col-
umn chromatography (CH2Cl2/MeOH, 10:1 (v/v), as elu-
ent). The purified product was re-dissolved inCH2Cl2 and
washed with saturated NaHCO3 aqueous solution
(4 · 20 mL) to remove acetic acid. This afforded 518


(1.52 g, 68%) as yellow crystals; mp: 154.5–157.5 �C; 1H
NMR (CDCl3, 300 MHz) d 0.90–1.10 (m, 6H,
N(CH2CH3)2), 3.04–3.33 (m, 4H, N(CH2CH3)2), 3.50 (s,
2H, CH2), 3.85 (s, 3H, OCH3), 6.98 (d, J = 8.7 Hz, 2H,
Ph), 7.32 (d, J = 9.0 Hz, 2H, Ph).


4.2.4. N,N-Diethyl-2-[2-(4-methoxy-phenyl)-5,7-dimeth-
ylpyrazolo[1,5-a]pyrimidin-3-yl]-acetamide (1). 2,4-Pen-
tanedione (0.4 g, 4 mmol) was added to a solution of 518


(1.2 g, 4 mmol) inEtOH (20 mL). Themixturewas heated
at reflux for 12 h. The reaction mixture was allowed to
cool and the solvent was evaporated to dryness. The resi-
due was purified by silica gel column chromatography
(CHCl3/MeOH, 40:1 (v/v), as eluent) which yielded 118


(1.37 g, 93%) as pale yellow crystals; mp: 120.5–
123.5 �C; 1H NMR (CDCl3, 300 MHz) d 1.09–1.22 (m,
6H, N(CH2CH3)2), 2.54 (s, 3H, 5-CH3), 2.74 (s, 3H, 7-
CH3), 3.39–3.51 (m, 4H, N(CH2CH3)2), 3.85 (s, 3H,
OCH3), 3.91 (s, 2H, CH2), 6.51 (s, 1H, H-6), 6.98 (d,
J = 9.0 Hz, 2 H, Ph), 7.76 (d, J = 9.0 Hz, 2H, Ph).
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4.2.5. N,N-Diethyl-2-[2-(4-hydroxy-phenyl)-5,7-dimethyl-
pyrazolo[1,5-a]pyrimidin-3-yl]-acetamide (6). A solution
of 118 (0.43 g, 1.16 mmol), hexadecyl tributyl phospho-
nium bromide (0.06 g, 0.116 mmol) and 45% HBr
(6 mL) was heated at 100 �C for 7 h under constant stir-
ring. The reaction mixture was basified to pH 8–9 using
NaHCO3 and extracted with CH2Cl2. The organic layer
was collected and dried over anhydrous Na2SO4. The
solvent was removed under vacuum and the residue
was purified by column chromatography (CHCl3/
MeOH, 40:1 (v/v), as eluent) to yield 6 (220 mg, 54%)
as ivory crystals; mp: 242.5–247 �C; 1H NMR (CDCl3,
300 MHz) d 1.06–1.18 (m, 6H, N(CH2CH3)2), 2.54 (s,
3H, 5-CH3), 2.73 (s, 3H, 7-CH3), 3.34–3.51 (m, 4H,
N(CH2CH3)2), 3.96 (s, 2H, CH2), 6.49 (s, 1H, H-6),
6.79–6.82 (d, J = 8.7 Hz, 2H, Ph), 7.61–7.64 (d,
J = 8.4 Hz, 2H, Ph); (Found, C, 66.35; H, 6.71; N,
15.38. C20H24N4O2 Æ 1/2H2O requires C, 66.48; H,
6.93; N, 15.51%). Mass Spectrum: CI, m/z 353 (M + 1).


4.3. Radiochemistry


4.3.1. Preparation of [11C]CH3I. The target gas
(14N + 0.5% 16O2) was bombarded with protons using
a 16 MeV cyclotron to produce [11C]CO2. The
[11C]CO2 was transferred to a GE Microlab automated
module and concentrated onto molecular sieves. The
sieves were heated to release [11C]CO2 which was re-
duced by hydrogen on a nickel catalyst to form
[11C]CH4. The [


11C]CH4 was released into the CH3I con-
version part of the module where it was recirculated
through a quartz column (packed with ascarite and
iodine crystals) by helium carrier gas. The [11C]CH3I
formed was trapped in ascarite while any unconverted
[11C]CH4 was transferred to waste.


4.3.2. Preparation and formulation ofN,N-diethyl-2-[2-(4-
[11C]methoxy-phenyl)-5,7-dimethyl-pyrazolo[1,5-a]pyrim-
idin-3-yl]-acetamide, ([11C]1). Under helium gas flow, the
synthesised [11C]CH3I was delivered to a 1 mL reaction
vessel containing 6 (0.5 mg, 0.0014 mmol) in DMF
(300 lL) and tetrabutylammonium hydroxide (2 lL)
and allowed to stand at room temperature for 3 min.
The reaction mixture was diluted with 0.5 mL of a solu-
tion of 0.1 MNaH2PO4–CH3CN (70:30, v/v) and injected
onto a HPLC XTerra RP C-18 (100 · 7.8 mm, 5 lm)
semi-preparative reverse-phase column. Using a mobile
phase of 0.1 MNaH2PO4–CH3CN (70:30, v/v) and a flow
rate of 6.0 mL/min, the retention time (tR) of [


11C]1 was
6.5 min. The radioactive fraction corresponding to
[11C]1 was collected and evaporated under vacuum. The
residue was reconstituted in sterile saline (2 mL) and fil-
tered through a sterile Millipore GS 0.22-lm filter into a
sterile pyrogen free evacuated vial.


4.3.3. Quality control of [11C]1. For determination of
specific radioactivity and radiochemical purity, an ali-
quot of the final solution of known volume and radioac-
tivity was injected onto an analytical reverse-phase
HPLC column (XTerra RP C-18, 150 · 4.6 mm). A
mobile phase of 0.1 M NaH2PO4–CH3CN (50:50, v/v)
at a flow rate of 1.0 mL/min was used to elute [11C]1
(tR = 2.3 min). The area of the UV absorbance peak

measured at 254 nm corresponding to the carrier prod-
uct was measured (integrated) on the HPLC chromato-
gram and compared to a standard curve relating mass to
UV absorbance.


4.4. PET studies


4.4.1. Animals. A male Papio hamadryas baboon aged 13
and weighing 26.5 kg was selected for PET scanning.
The baboon was maintained and handled in accordance
with the NHMRC code of practice for the care and use
of non-human primates for scientific purposes. The
project application was approved by the Central
Sydney Area Health Service (CSAHS) Animal Ethics
Committee.


4.4.2. Baboon PET imaging. All PET data were acquired
using a Siemens Biograph LSO PET-CT scanner in the
Department of PET and Nuclear Medicine at Royal
Prince Alfred Hospital. This dual modality device has
a fully 3D PET scanner with 24 crystal rings and a dual
slice CT scanner in the same gantry. It yields a recon-
structed PET spatial resolution of 6.3 mm FWHM (full
width at half maximum) at the centre of the field of view.
A CT scan of the head was completed prior to radioli-
gand injection. The baboon was initially anaesthetised
with ketamine (4 mg/kg, im) in addition to medetomi-
dine hydrochloride (Domitor, 30 lg/kg, im) which is
an a2-adrenoceptor agonist. Anaesthesia was main-
tained with the use of an iv infusion of ketamine in
saline at a dose rate of 0.2 mg ketamine/kg/min. The ba-
boon also received MgSO4 (2 mL) given over half an
hour and atropine (1 mg) plus maxolon (5 mg). The
head of the baboon was immobilized with plastic tape
to minimise motion artefacts. Acquisition of dynamic
PET data (20 · 30 s, 30 · 60 s and 4 · 300 s frames)
was commenced just prior to radioligand injection and
yielded a total of 54 frames over a period of 60 min.


The dynamic 3D PET data were rebinned using FORE
(Fourier rebinning) and reconstructed into 47 transaxial
slices with filtered backprojection and CT data based cor-
rections for photon attenuation and scatter. Reconstruct-
ed voxel dimensions were 0.206 · 0.206 · 0.337 cm. The
radioligand uptake was converted to units of percent
injected dose per volume of brain tissue (% dose/mL)
and plotted against time. An automated 3D registration
algorithm24 was used to co-register the three reconstruct-
ed scans prior to ROI definition. Decay corrected time–
activity curves representing the variation in radioligand
concentration versus time were constructed from selected
slices for regions of interest over the whole brain.


After dynamic acquisition, a whole body PET-CT scan
was performed to determine other sites of uptake of
the radioligand.


4.4.3. Blocking studies. Both PK 11195 (5 mg/kg) and
flumazenil (1 mg/kg) were dissolved in saline with a
small quantity of propylene glycol and acetic acid. Both
blocking drugs were injected intravenously 5 min prior
to tracer injection into the cephalic vein. Drug treat-
ments were separated by at least 3-week intervals.
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4.5. Lipophilicity measurements


The logP7.4 was calculated (for derivative 1 and PK
11195) by employing a HPLC method previously de-
scribed.25 Phosphate buffer (0.1 M) was prepared by dis-
solving weighed amounts of potassium dihydrogen
orthophosphate in HPLCwater and the pH was adjusted
to 7.5 with sodium hydroxide solution (0.1 M). Samples
were analysed using a C-18 column (XTerra, 150 · 4.6
mm, 5 lm) and a mobile phase of MeOH and phosphate
buffer (60:40 (v/v), pH 7.4) with a flow rate of 1 mL/min.
The lipophilicity of each compound was estimated by
comparing its retention time to that of standards having
known logP values. The standards used to generate a
general calibration equation were aniline, benzene,
bromobenzene, ethyl benzene, trimethyl benzene and
hexachlorobenzene dissolved in mobile phase. All sample
injections were performed three times and the results were
averaged to yield the final values. A calibration curve of
logP versus retention time was produced which resulted
in an experimental calibration equation (y = 1.0791
e0.7527x) with r2 of 0.995. The exponential equation of
the trendline function from the calibration graph and
ExcelTM allowed the logP values to be calculated.
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Abstract—An abnormal series of porphyrin tetracarboxylic acids known as the isocoproporphyrins, are commonly excreted by
patients suffering from the disease porphyria cutanea tarda (PCT). These porphyrins appear to arise by bacterial degradation of
dehydroisocoproporphyrinogen that is generated by the premature metabolism of the normal pentacarboxylate intermediate
(5dab) by coproporphyrinogen oxidase (copro�gen oxidase). This porphyrinogen can be further metabolized by uroporphyrinogen
decarboxylase to give harderoporphyrinogen, one of the usual intermediates in heme biosynthesis. Therefore, it is possible that some
of the heme formed under abnormal conditions may originate from the �isocopro-type� porphyrinogen intermediate. In order to
investigate the feasibility of alternative pathways for heme biosynthesis, the four type III pentacarboxylate isomeric porphyrinogens
were incubated with purified, cloned human copro�gen oxidase at 37 �C with various substrate concentrations under initial velocity
conditions. Of the four isomers, only 5dab was a substrate for copro�gen oxidase and this gave dehydroisocoproporphyrin. The
structure of the related porphyrin tetramethyl ester was confirmed by proton NMR spectroscopy and mass spectrometry. The
Km value for proto�gen-IX formation from copro�gen, an indicator of molecular recognition, was similar to the Km value for mono-
vinyl product formation with 5dab, although copro�gen-III has an approximately twofold higher Kcat value. Although 5dab is a
slightly poorer substrate than copro�gen-III, these results support the hypothesis that an abnormal route for heme biosynthesis is
possible in humans suffering from PCT or related syndromes such as hexachlorobenzene poisoning.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


In mammals, the heme biosynthetic pathway takes place
via eight enzyme-mediated steps starting from glycine
and succinyl CoA, although in plants and bacteria the
first intermediate, d-aminolevulinic acid, is derived from
glutamate.1,2 The first macrocyclic intermediate in the
pathway, uroporphyrinogen-III (uro�gen-III; 1), is the
precursor to the vitamin B12 and related methylated
tetrapyrroles such as siroheme, as well as the hemes
and chlorophylls.1,2 The cytosolic enzyme uro�gen decar-
boxylase converts octacarboxylic acid 1 to the tetracarb-
oxylic acid coproporphyrinogen-III (copro�gen-III; 2) by
mediating the decarboxylation of four acetate side
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chains to give methyl units (Scheme 1).3,4 At this stage,
2 is transferred into the mitochondria and undergoes
two oxidative decarboxylations by the enzyme copro�gen
oxidase to give proto�gen-IX (3).5 Further oxidation of
the hexahydroporphyrin 3 by proto�gen oxidase gives
protoporphyrin-IX, and subsequent iron(II) insertion
by ferrochelatase leads to heme b. Protoporphyrin-IX
is the precursor to many other heme type pigments,
and is also a key intermediate in the formation of the
chlorophylls in photosynthetic organisms.1,2


In principle, uro�gen-III could be converted into copro�-
gen-III by 24 different pathways involving up to 14 dif-
ferent intermediates.3,4,6 Depending upon whether the
initial acetate group undergoes decarboxylation on ring
A, B, C, or D, four heptacarboxylate intermediates
(hepta�s) may be formed (Chart 1). These, in turn, could
each be transformed at one of three different sites to
form a total of six different hexacarboxylate porphyrin-
ogens (hexa�s), and these could then be taken on via two
pathways each to give four pentacarboxylate species
(penta�s). The four penta�s only have one remaining
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Scheme 1. Biosynthesis of heme from uroporphyrinogen-III.


Hepta's (4 type III isomers)
7d  R1 = Me; R2 = R3 = R4 = A
7a  R2 = Me; R1 = R3 = R4 = A
7b  R3 = Me; R1 = R2 = R4 = A
7c  R4 = Me; R1 = R2 = R3 = A


Hexa's (6 type III isomers)
6da  R1 = R2 = Me; R3 = R4 = A
6ab  R2 = R3 = Me; R1 = R4 = A
6ac  R2 = R4 = Me; R1 = R3 = A
6bc  R3 = R4 = Me; R1 = R2 = A
6bd  R1 = R3 = Me; R2 = R4 = A
6cd  R1 = R4 = Me; R2 = R3 = A
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Penta's (4 type III isomers)
5dab  R1 = R2 = R3 = Me; R4 = A
5abc  R2 = R3 = R4 = Me; R1 = A
5acd  R1 = R2 = R4 = Me; R3 = A
5bcd  R1 = R3 = R4 = Me; R2 = A
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Chart 1. The 14 possible intermediates between uro�gen-III and


copro�gen-III. The letter code designations refer to the rings (labeled


A–D in the porphyrin structure, but assigned in the structure codes


with the lower case letters a, b, c, and d) on which the acetate units


have been decarboxylated, while the numbers correspond to the


number of remaining carboxylate groups.3 Under physiological


conditions, the intermediates are 7d, 6da, and 5dab. Abbreviations


for substituents: A = CH2CO2H; P = CH2CH2CO2H.
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acetate moiety and the final step for each would con-
verge to give copro�gen-III. Early studies demonstrated
that the process was sequential and the related porphy-
rin fractions corresponding to hepta�s, hexa�s, and pen-
ta�s can be identified.7 In the 1970s, these porphyrin
fractions were isolated from rats poisoned with hexa-
chlorobenzene and the corresponding methyl esters were
shown to be 7d, 6da, and 5dab, respectively, by total syn-

thesis8–10 and proton NMR spectroscopy.3,11 In addition,
7d was identified as the major hepta component from a
patient suffering from porphyria cutanea tarda (PCT)11


and in incubations of porphobilinogen with chicken
red cell hemolysates containing a high concentration
of sodium chloride.10 On the basis of these data, Jackson
postulated that uro�gen-III was transformed into copro�-
gen-III by a selective route, where the D ring undergoes
the first decarboxylation followed by degradation at ring
A, then B, finally C (the �clockwise decarboxylation�
hypothesis).3 However, HPLC studies showed that mix-
tures of hepta�s, hexa�s, and penta�s were present in nor-
mal urine,12,13 and to add to the difficulty, were also
formed in incubations of uro�gen-III with crude prepa-
rations of uro�gen decarboxylase.6,14 However, at very
low substrate concentrations, uro�gen-III shows a higher
preference for 7d over the remaining hepta�s,15 and the
current consensus is that while a degree of random
processing may occur under some circumstances, the
clockwise decarboxylation pathway operates under
physiological conditions.6,15


Copro�gen-III is converted into proto�gen-IX (Scheme 2)
via the tricarboxylate intermediate harderoporphyrino-
gen (hardero�gen; 4), rather than the alternative species
isoharderoporphyrinogen (5).16,17 There is no ambiguity
about whether the A or B ring is processed first for this
enzyme as 5 is a very poor substrate for copro�gen oxi-
dase18 and only porphyrins derived from 4 are observed
in enzyme incubation studies.16,17 Harderoporphyrin
was first isolated and characterized from the harderian
glands of rodents,19 but has been identified in feces
and other natural materials.20


In 1972, Elder reported the isolation of a series of tetra-
carboxylate porphyrins 6a–d (Chart 2) from porphyric
patients and rats poisoned with hexachlorobenzene.21


The ethyl-substituted compound has the same molecular
weight as coproporphyrin-III, and, for this reason, this
metabolite was named isocoproporphyrin.21,22 The
structure of 6a has been rigorously demonstrated by
degradation and proton NMR studies using europium
shift reagents,23 as well as by total synthesis.24–26 It
was proposed that these unusual compounds are all de-
rived from the 3-vinyl species, dehydroisocoproporphy-
rin 6b, or the related porphyrinogen 7b, by bacterial
degradation in the gut.21,22 Indeed, degradation of the
side chains for protoporphyrin-IX commonly gives rise
to related porphyrins such as deuteroporphyrin-IX,
pemptoporphyrin, mesoporphyrin-IX, etc.20 Evidence
for a fifth member of the series, the 3-acetylporphyrin
6e, has also been presented.27 The presence of an acetate
group on ring C suggests that 5dab has been premature-
ly metabolized by copro�gen oxidase. PCT and hexa-
chlorobenzene poisoning are both associated with an
accumulation of hepta-, hexa-, and pentacarboxylate
intermediates, and this may allow leakage of 5dab into
the mitochondria where copro�gen oxidase recognizes
this species and converts it into 7b.28,29 It is possible that
7b could be further transformed into protoporphyrin-
IX, and this species represents a potential intermediate
in an abnormal �isocopro� pathway for heme biosynthe-
sis (Scheme 3).29 Pentacarboxylate porphyrinogen 5dab
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has been shown to be converted to 7b by rat liver prep-
arations of copro�gen oxidase, but further conversion to
a divinyl product is not observed.28 Synthetic iso-
coproporphyrinogen (7a) is also not a substrate for the
rat liver enzyme. However, 7a, 7b, and 7c have been
shown to be metabolized by the uro�gen decarboxylase
present in chicken red cell hemolysates to give hard-
ero�gen or related tricarboxylate porphyrinogens, and
these can then be further processed by copro�gen oxi-
dase.29 These data show that an abnormal pathway is
possible for proto�gen-IX production following the
sequence 5dab to 7b to hardero�gen to proto�gen-IX
(Scheme 3), although the intermediates would have to
be shuttled back and forth between the mitochondria
and cytoplasm at each step. The formation of dehy-
droisocoproporphyrinogen by mutants of Saccharomy-
ces cerevisiae that are partially deficient in uro�gen

decarboxylase activity suggests that this pathway could
operate in yeast as well.30


The observations noted above, together with extensive
studies using substrate analogues, has allowed the devel-
opment of a model for substrate binding in copro�gen
oxidase (Fig. 1). A sequence of substituents R Me–P
Me–P, where R is a small nonpolar group such as H,
Me, Et, or vinyl, and P = propionate, appears to be
needed for substrate binding and oxidative decarboxyl-
ation of the first propionate residue.31,32 Changing







N


N
CH3


N


N


CO2H


CO2H CH3
CO2H


CH3


CO2H
Z


Y
X


CH3
H


H
H


H


Figure 1. Proposed model for the active site of copro�gen oxidase.
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either of the propionate side chains to butyrate,
CH(CH3)CH2CO2H, or CH2CH(CH3)CO2H leads, at
best, to much reduced activity.33 The proposed model
(Fig. 1) identifies three significant regions within the ac-
tive site for copro�gen oxidase.5,32,34–36 Site X recognizes
the second propionate group, probably via a salt bridge
interaction, Y represents the catalytic site, while region
Z can only tolerate small nonpolar groupings. Although
this model has been very successful in predicting the sub-
strate specificity for copro�gen oxidase,34–36 it is not clear
what types of minor changes can be tolerated in the
peripheral sequence. R cannot be a propionate group,
but a CH = CH–CH3 unit does appear to fit while
C(CH3) = CH2 is poorly tolerated.33 The observation
that 7a or 7b are not substrates for rat liver copro�gen
oxidase shows that the second methyl group in the se-
quence cannot be replaced by an acetate unit, but it is
not clear whether acetate groups could be present in
place of the first methyl group or instead of the usual
nonpolar groupings for R. As four penta�s can be
formed from uro�gen-III,3,4 alternative �neocopro� path-
ways for heme biosynthesis could exist, and to our
knowledge this possibility has never been tested. In addi-
tion, studies of this type using purified human copro�gen
oxidase have not been conducted previously. In this
paper, we report the first studies of the abnormal �isoco-
pro� pathway using cloned human copro�gen oxidase
and investigate the metabolism of all four type III pen-
tacarboxylate porphyrinogens.

2. Results and discussion


Highly purified enzyme (12 mg/L of cell culture, single
band by SDS–PAGE, MW of 37,000) was obtained
for these studies (data not shown). Pentacarboxylate
porphyrinogens 5dab, 5abc, 5abd, and 5acd were pre-
pared by hydrolysis of the corresponding porphyrin
methyl esters and reduction with 3% sodium amalgam
under standard conditions.5 The pentacarboxylate por-
phyrins were previously synthesized via a,c-biladiene
intermediates.4 Following incubation of the porphyrino-
gens with the cloned human enzyme preparations, the
metabolites were analyzed as the corresponding porphy-

rin methyl esters using normal phase HPLC. Repeated
experiments demonstrated that only 5dab was a sub-
strate for copro�gen oxidase, and the three isomeric type
III porphyrinogens showed no indication of product
formation. These data indicate that acetate moieties
cannot be tolerated in place of group R at site Z in
the active site model, or in place of the first methyl unit
in the sequence. On the other hand, 5dab proved to be a
very good substrate giving dehydroisocoproporphyrino-
gen 7b as the only product, and in agreement with earlier
investigations no further metabolism of the B ring
propionate residue was observed.


In order to further assess how good a substrate 5dab is
for cloned human copro�gen oxidase, more detailed
kinetic studies were conducted. Figure 2a shows the
apparent initial velocity (v0) for the accumulation of to-
tal, divinyl (3), and monovinyl (4) products after incuba-
tion of 7.5 lg of the purified enzyme with the authentic
substrate copro�gen-III (1 lM). Figure 2b shows the
monovinyl product 7b formed from 5dab (1 lM). Total
product was calculated as the sum of the monovinyl and
divinyl products using copro�gen-III. These data are
from three replicate incubations, and the range of high
and low values about the mean was 5%. The equations
for the apparent linear portion of the lines (from 0 to
2 min for copro�gen-III and 5 min for 5dab) were evalu-
ated by linear regression analysis. The initial velocity for
copro�gen-III was more than twofold faster than that of
5dab (19.8/min and 8.2/min, respectively). Figure 3a
shows v0 (nmol product/min/pmol enzyme) as a function
of substrate concentration from 0.01 to 6.1 lM using
copro�gen-III as substrate. Figure 3b shows v0 as a func-
tion of 5dab substrate concentration from 0.01 to
6.6 lM. The kinetic constants (Km, Kcat, and Kcat/Km),
using both substrates, are shown in Table 1. When com-
paring total product, copro�gen-III has about a twofold
lower Km than 5dab, approximately a twofold higher
Kcat, and about a fourfold higher Kcat/Km ratio. Even
though the values for the same kinetic constants are
within an order of magnitude of each other, the Kcat/
Km values, a measure of catalytic efficiency, indicate that
the sequential oxidative decarboxylations of the C-III
substrate are fourfold more efficient than the single oxi-
dative decarboxylation of 5dab. Hence, even though the
presence of an acetate group on ring C does not signif-
icantly inhibit metabolism, it still appears to have a
small detrimental influence.


In order to rigorously confirm that dehydroiso-
coproporphyrin 6b had in fact been generated from
5dab, a larger scale experiment was carried out and
the isolated porphyrin product was characterized by
proton NMR spectroscopy and mass spectrometry.
The proton NMR spectrum of the isolated product
(Fig. 4a) shows the presence of seven methyl groups be-
tween 3.6 and 3.8 ppm corresponding to the four methyl
esters and the three porphyrin methyl groups. The vinyl
moiety was evident from the three doublet of doublets at
6.17, 6.36, and 8.28 ppm, while the three propionate side
chains afforded two 6H multiplets at 3.3 and 4.5 ppm,
and the methylene component of the acetate group gave
a 2H singlet at 5.1 ppm. Finally, the internal NHs were
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evident as a 2H singlet at �3.7 ppm, while the meso-
protons gave three singlets in the ratio of 2:1:1 near
10.2 ppm. In the original structure determination of iso-
coproporphyrin, europium shift reagents were used to
show how the ester groups were arranged around the
periphery of the macrocycle. When two ester groups
flank a given meso-proton, the shift reagent associates
relatively strongly at that site causing a significant
downfield shift to the nearby meso-resonances. Addition
of Eu(fod)3 to our NMR solution in CDCl3 showed that
two of the meso-protons were shifted downfield and sig-
nificantly broadened, while the other two resonances
were essentially unaffected (Fig. 4b). This is exactly the
result expected as two of the meso-protons are surround-
ed by two ester units in 6b, while the other two have
no ester moieties nearby. FAB MS provided further
confirmation of the structure and gave the expected
[M+H]+ ion at m/z 709.

3. Conclusion


The metabolism of 5dab by purified human copro�gen
oxidase has been demonstrated, but the other three type
III pentacarboxylate porphyrinogens are not metabo-
lized by this enzyme. Porphyrinogen 5dab appears to
bind to the active site with good affinity, having a Km


of 1.3 lM, which is comparable to the Km of copro�-
gen-III, which is 0.54 lM, and the kinetic values show
that this pentacarboxylate substrate is a good substrate
when considering the turnover rate (Kcat). Hence,
the feasibility of an abnormal �isocopro� pathway for
heme biosynthesis is supported by these data, while
the possibility of other �neocopro� pathways can now
be dismissed.


In disease states where 5dab is released prematurely
from uro�gen oxidase, it can compete with the normal
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Table 1. Kinetic constants of copro�gen oxidase for monovinyl,


divinyl, and total product accumulated


Substrate Km


(lM)


Kcat


(min�1)


Kcat/Km


Monovinyl product C-III 0.97 0.20 0.21


5dab 1.3 0.54 0.42


Divinyl product C-III 0.55 0.75 1.4


Total product C-III 0.54 0.97 1.8


5dab 1.3 0.54 0.42
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substrate 2 for the active site of copro�gen oxidase and
generate dehydroisocoproporphyrinogen. However, fur-
ther metabolism to proto�gen-IX can only occur if the
porphyrinogen migrates back into the cytoplasm to be
acted upon by uro�gen decarboxylase to form harder-
o�gen, followed by transport back into the mitochondria
so that the porphyrinogen can be taken on to proto�gen-

IX and ultimately to heme b. This convoluted process
greatly increases the likelihood that spontaneous oxida-
tion to the porphyrin form will occur. As the aromatic
forms are not recognized by either of the enzymes, these
abnormal metabolites would accumulate, exacerbating
symptoms such as light sensitivity for porphyric
patients.

4. Experimental


4.1. Isolation and purification of copro�gen oxidase


Escherichia coli, containing the gene for the human
enzyme, were grown overnight at 37 �C with shaking
at 250 rpm, in 1-L cultures using a medium consisting
of 10 g tryptone (Fischer Chemical Company), 5 g yeast
extract (Sigma Chemical Company), and 10 g NaCl
per liter nanopure water. Cells were isolated by
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centrifugation and lysed using the French hydraulic
pressure cell (Sim-Aminco Spectronic Instruments).
The enzyme, which has the 6 · histidine tag, was
isolated by the Ni2+ affinity procedure of Medlock and
Dailey.37 Protein was analyzed by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE)
using the Laemmli method38 to test the purity and
apparent molecular weight of the enzyme. The Bradford
Protein Assay39 was used to evaluate the concentration
of the enzyme and bovine serum albumin (BSA) was
used as the standard.


4.2. Enzyme assay


Using the micromethod of Jones et al.,40 copro�gen-III,
5dab, 5abc, 5bcd, or 5cda were incubated with the co-
pro�gen oxidase (300 lL of 25 lg/mL) at 0, 0.25, 0.5,
0.75, 1, 2, 3, 5, 10, 20, or 30 min for one set of experi-
ments using 1 lM substrate. In another set of experi-
ments, substrate concentration was varied from 0.01 to
6.1 lM, while holding the incubation time constant at
1 min for copro�gen-III, and from 0.01 to 6.6 lM for
an incubation time of 3 min for 5dab. The reactions
were stopped with addition of 3/7 (v/v) acetic acid/ethyl

acetate followed by extraction and methyl esterification
overnight. In all experiments, a zero incubation control
(addition of acetic acid/ethyl acetate before addition of
substrate) was also performed for comparison. Follow-
ing neutralization and extraction of the porphyrin meth-
yl esters, they were analyzed using high pressure liquid
chromatography (HPLC; Beckman System Gold). A
normal phase column (Beckman Silica 5 l,
4.6 mm · 25 cm) was used with a solvent of 35/65 (v/v)
ethyl acetate/cyclohexane for C-III and 50/50 (v/v) for
the pentacarboxylates at a flow rate of 1.3 mL/min;
elutes were evaluated spectrophotometrically at a wave-
length of 404 nm. Data were analyzed using the Gold
Nouveau Software and reported as percent product or
subsequently converted to the units of Medlock and
Dailey.37 Incubations with the other three pentacarb-
oxylate porphyrinogens showed no detectable product
under any conditions tested.


4.3. Isolation of dehydroisocoproporphyrin tetramethyl
ester


In order to collect sufficient product for proton NMR
characterization, a 1 L scale incubation was performed.
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Cloned copro�gen oxidase (25 mg) was isolated from 2 L
of E. coli cells and diluted in 250 mM imidazole buffer
(pH 7.0) to give 1 L. This preparation was incubated
with 1 mg of porphyrinogen 5dab for 1 h at 37 �C with
gentle shaking. The incubation was terminated by the
addition of 2.85 L 3/7 (v/v) acetic acid/ethyl acetate
and extracted as described previously. Following esteri-
fication with 5% sulfuric acid–methanol at room temper-
ature for 16 h, HPLC showed that the extract contained
80% product. Purification by flash chromatography on
silica eluting with 3/7 ethyl acetate/toluene gave the
3-vinylporphyrin. 1H NMR (400 MHz, CDCl3): d
�3.67 (2H, s), 3.29–3.38 (6H, m), 3.65 (3H, s), 3.67
(3H, s), 3.69 (3H, s), 3.70 (3H, s), 3.71 (6H, s), 3.77
(3H, s), 4.42–4.50 (6H, m), 5.12 (2H, s), 6.17 (1H, dd,
J = 1.5, 11 Hz), 6.36 (1H, dd, J = 1.5, 17 Hz), 8.28
(1H, dd, J = 11, 17 Hz), 10.17 (2H, s), 10.18 (1H, s),
10.23 (1H, s). HRMS (FAB): Calcd for
C40H44N4O8 + H: 709.3237. Found: 709.3236.
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Abstract—3,5-Dihydroxyphenyl decanoate (DPD) is found to inhibit the diphenolase activity of tyrosinase from mushroom (Agar-
icus bisporus). The effects of DPD on the diphenolase activity of mushroom tyrosinase have been studied. The results show that the
enzyme activity decreases very slowly with an increase in DPD concentrations at lower concentrations of DPD (between 5 and
60 lM). But at higher concentrations of DPD, DPD can strongly inhibit the diphenolase activity of the enzyme and the inhibition
is irreversible. The IC50 value was estimated to be 96.5 lM. The inhibition mechanism of DPD has been investigated and the results
show that DPD can bind to the free enzyme molecule and enzyme–substrate complex and lose the enzyme activity completely. The
inhibition kinetics has been studied in detail by using the kinetic method of the substrate reaction described by Tsou. The micro-
scopic rate constants of the enzyme inhibited by DPD at higher concentrations have been determined.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Tyrosinase (EC 1.14.18.1) is a copper-containing en-
zyme that is widely distributed in nature. The enzymatic
oxidation of LL-tyrosine and LL-3,4-dihydroxyphenylala-
nine (DOPA) to melanin is of considerable importance
because melanin has many functions and alterations in
melanin synthesis occurred in many disease states.1


For example, melanoma-specific anticarcinogenic activ-
ity is linked with tyrosinase activity.2 Melanin pigments
are also found in the mammalian brain. Tyrosinase may
play a role in neuromelanin formation in the human
brain, particularly in the substantia nigra. It is also of
central importance in processes such as vertebrate pig-
mentation and the browning of fruits and vegetables.3


This browning can cause deleterious changes in the
organoleptic properties of food product with the loss
of fruit and vegetable qualities.4–6


Tyrosinase inhibitors should have broad applications, so
much effort has been put into searching for feasible and
effective tyrosinase inhibitors. Although a large number
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of naturally occurring tyrosinase inhibitors have already
been reported,7 their individual activity is not potent
enough to be put into practical use. In addition, the safe-
ty regulations of food additives limit their applications
in vivo. We are left to rely on the laboratory synthesis
or extraction from plants8 to resolve the problems. In
our previous paper, CPC,9 cupferron,10 flavonoids,11


hexylresorcinol,12dodecylresorcinol12 andalkylbenzalde-
hydes13 were shown to inhibit the enzymatic oxidation
of DOPA and the inhibitory kinetic study was per-
formed in detail. Recently, 3,5-dihydroxyphenyl decano-
ate (DPD) was found to inhibit the enzyme. The aim of
the research reported in this paper is, therefore, to carry
out a kinetic study of the inhibition of the enzyme. The
inhibition mechanism was investigated. The results show
that inhibition of the enzyme by DPD is irreversible, and
the microscopic rate constants for the reaction of this
inhibitor with free enzyme and the enzyme–substrate
complex were determined and compared.

2. Results


2.1. Determination of the kinetic parameters of mushroom
tyrosinase


The kinetics behavior of the enzyme during the oxida-
tion of DOPA has been studied. Under the condition
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employed in the present investigation, the oxidation of
DOPA by mushroom tyrosinase follows Michaelis–
Menten kinetics. The kinetic parameters of the enzyme
for the oxidation of DOPA were determined by the
plot of Lineweaver–Burk. The values of Km and Vm


are equal to 0.663 ± 0.012 mM and 40.25 ± 0.025 lM/
min, respectively.


2.2. Effect of DPD on the activity of mushroom tyrosinase


The effects of 3,5-dihydroxyphenyl decanoate (DPD) (see
Fig. 1A for structure)14 on the oxidation of DOPA cata-
lyzed by mushroom tyrosinase were first studied. The
activity of the enzyme was inhibited by DPD depending
on the concentrations as shown in Figure 2A. When the
concentration ofDPDwas lower than 60 lM, the enzyme
was inhibited very weakly, and the activity was lost by
7.4% at 60 lM DPD. After that, the remaining enzyme
activity was rapidly decreased as the concentration of
DPD increased.When the concentration of DPD reached
160 lM, the enzyme was completely suppressed. The

Figure 1. Chemical structures of (A) 3,5-dihydroxyphenyl decanoate


(DPD) and (B) nonyl-3,5-dihydroxybenzoate.


Figure 2. Inhibitory effects of (A) 3,5-dihydroxyphenyl decanoate and


(B) nonyl-3,5-dihydroxybenzoate on the activity of mushroom tyros-


inase for the catalysis of DOPA at 30 �C. Assay conditions were 3 ml


reaction system containing 0.05 M phosphate sodium buffer, pH 6.8,


0.5 mM DOPA, and different concentrations of effector. Final


concentration of tyrosinase and DMSO was 6.67 lg/ml and 3.3%,


respectively.

inhibitor�s concentration (IC50) leading to 50% activity
loss was estimated to be 96.5 ± 0.5 lM. However,
nonyl-3,5-dihydroxybenzoate (seeFig. 1B for structure)14


has no effects on the enzyme activity (Fig. 2B). When the
concentration of nonyl-3,5-dihydroxybenzoate reached
200 lM, the enzyme activity remained unchanged.
Although the structure of nonyl-3,5-dihydroxybenzoate
is similar to 3,5-dihydroxyphenyl decanoate, their inhibi-
tory effects are very different. The reason may be that the
group of benzoate absorbs electrons and reduces the elec-
tron cloud density of the benzene,whichweakens andpre-
vents the inhibition of 3,5-dihydroxy benzene on the
enzyme for oxidation of DOPA.


2.3. Inhibition mechanism of DPD on the enzyme


The inhibition mechanism of the enzyme by DPD dur-
ing the oxidation of DOPA was first studied. The rela-
tionship of enzyme activity with its concentration in
the presence of different concentrations of DPD was
determined. The plots of the remaining enzyme activity
versus the concentrations of enzyme at different concen-
trations of DPD gave a family of parallel straight lines
with the same slopes and different abscissa intercepts
(Fig. 3), indicating that the inhibition of DPD on the en-
zyme was an irreversible reaction course at higher than
70 lM. The enzyme molecules are combined with
DPD and then irreversibly inhibited. The increase of
the abscissa intercept indicated that the amount of the
efficient enzyme was brought down because of the irre-
versible inhibition. The inhibitory kinetics of DPD on
mushroom tyrosinase for the oxidation of DOPA has
been studied. Under the conditions employed in the
present investigation, the oxidation reaction of DOPA
by mushroom tyrosinase follows Michaelis–Menten
kinetics. In the presence of DPD, the kinetic studies of

Figure 3. The effect of concentrations of 3,5-dihydroxyphenyl decan-


oate (DPD) on the activity of mushroom tyrosinase for the catalysis of


DOPA at 30 �C. Assay conditions were as described in Figure 2 except


that the final concentration of enzyme was variational. Concentrations


of 3,5-dihydroxyphenyl decanoate for curves 0–4 were 0, 70, 80, 90,


and 100 lM, respectively.







Figure 4. Lineweaver–Burk plots for inhibition of 3,5-dihydroxy-


phenyl decanoate (DPD) on the oxidation of DOPA by mushroom


tyrosinase. Concentrations of DPD for curves 1–4 were 0, 70, 80, and


90 lM, respectively.
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the enzyme by the plot of Lineweaver–Burk are shown
in Figure 4. The results illustrated in Figure 4 show that
the plots of Lineweaver–Burk yield a family of straight
lines intersecting at the 2nd quadrant. Both Km and
Vm are affected and the value of Km increased while
the value of Vm decreased with an increase in DPD con-
centration. The results showed that DPD was a compet-
itive and uncompetitive mixed-type inhibitor.


2.4. Kinetic course of the substrate reaction in the
presence of different concentrations of DPD


The temporal variation of the product concentration
during the oxidation of DOPA catalyzed by mushroom

Figure 5. Courses for the substrate reaction of mushroom tyrosinase


inhibited by different concentrations of 3,5-dihydroxyphenyl decanoate


(DPD) with 1.0 mM of DOPA. Conditions were as in Figure 2 except


that the concentration of DOPA was 1.0 mM. Concentrations of DPD


for curves 0–6 were 0, 60, 65, 70, 80, 90, and 100 lM, respectively.

tyrosinase in the presence of different concentrations of
DPD are shown in Figure 5. At each concentration of
DPD, the rate decreased with increase in time until a
straight line ran parallel with the X-axis, which indicated
that the enzyme activity was fully lost. At given concen-
trations of DPD, when the reaction time goes beyond
900 s, the concentration of the product, [P], approached
a constant final value [P]/, which decreased with the
increasing DPD concentrations. The results showed that
the enzyme bound with DPD and underwent an irre-
versible inhibition.


From the results of Figure 5, we can see that when the
reaction time is sufficiently large, the product concen-
tration, [P], approaches a constant final value [P]/,
which decreases with increase in concentrations of
DPD. The results show that the inhibition of mush-
room tyrosinase by DPD is an irreversible reaction
without residual activity. This reaction scheme can be
written as follows:

where S, I, P, and E are the substrate, inhibitor (DPD),


product, and native enzyme, respectively. ES is enzyme–
substrate complex. EI and ESI are inhibited enzyme
complexes. The k+0 and k0þ0 are the microscopic rate
constants of free enzyme and enzyme–substrate complex
inhibited by DPD, respectively. The inhibition reaction
of DPD with the enzyme is irreversible. As is usually
the case, [S] � [E0] and [I] � [E0] and the inhibition
reactions are relatively slow compared with the setup
of the steady state of the enzymatic reaction:


½E� ¼ Km


Km þ ½S� ½ET�;


½ES� ¼ ½S�
Km þ ½S� ½ET�;


where [ET] = [E] + [ES], ½E�
T� ¼ ½EI� þ ½ESI�, are, respec-


tively, the total concentration of the active and inhibited
enzymes, ½E0� ¼ ½ET� þ ½E�


T�; Km is Michaelis constant.
The rate of decrease of [ET] can be given by the follow-
ing reaction:


� d½ET�
dt


¼ d½E�
T�


dt
¼ kþ0½E� þ k0þ0½ES�


¼ kþ0Km þ k0þ0½S�
Km þ ½S� ½ET� ¼ A½ET�.


)
½ET�
½E0�


¼ Ae�At;
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A is the apparent rate constant for the inhibition.


m
m0


¼ ½ET�
½E0�


; m ¼ m0
½ET�
½E0�


¼ V m½S�
Km þ ½S�Ae


�At;


d½P�
dt


¼ m ¼ V m½S�
Km þ ½S�Ae


�At ¼ V m½S�
kþ0Km þ k0þ0½S�


e�At.

Figure 6. (A) Courses for the substrate reaction of mushroom


tyrosinase inhibited by 70 lM 3,5-dihydroxyphenyl decanoate with


different concentrations of substrate (DOPA). Experimental conditions


were as in Figure 5 except the presence of substrate at different


concentrations. For curves 1–5, the substrate concentrations were 1.5,


1.0, 0.80, 0.67, and 0.50 mM, respectively. (B) The plot of 1/[P]/
against 1/[S]. Final concentration of the enzyme was 6.67 lg/ml.


Table 1. Rate constants for inhibition of mushroom tyrosinase by 3,5-


dihydroxyphenyl decanoate


3,5-Dihydroxyphenyl


decanoate (lM)


kþ0


k0þ0
Rate constants (·10�3 s�1)


k+0 k0þ0


70 4.02 7.760 1.931


80 4.04 15.609 3.867


90 4.01 31.715 7.912

The product concentration can be written as:


½P�t ¼
V m½S�


kþ0Km þ k0þ0½S�
ð1� e�AtÞ ð1Þ


and


A ¼ kþ0Km þ k0þ0½S�
Km þ ½S� ð2Þ


where [P]t is the concentration of the product formed at
time t, which is the reaction time; A is the apparent rate
constant of inactivation; [S] is the concentration of the
substrate; Km and Vm are the Michaelis constant and
maximum velocity constant in the absence of DPD,
respectively.


When the reaction time is sufficiently large, the product
concentration, [P], approaches a constant final value
[P]/,


½P�1 ¼ V m½S�
kþ0Km þ k0þ0½S�


. ð3Þ


and


1


½P�1
¼ kþ0Km


V m


1


½S� þ
k0þ0


V m


. ð4Þ

Plots of 1/[P]1 against 1/[S] give a straight line with a
slope of k+0Km/Vm and an intercept of k0þ0=V m. As Km


and Vm are known quantities, the microscopic rate con-
stants k+0 and k0þ0 can be calculated.


2.5. Determination of the microscopic rate constants of
inhibition of the enzyme by DPD


The kinetic courses for the substrate oxidation in the
presence of different DOPA concentrations during inac-
tivation at 70 lM of DPD are shown in Figure 6. It can
be seen that when the reaction time is sufficiently large,
the concentration of the product, [P], approaches a con-
stant final value [P]/, which increases with the increasing
substrate concentrations. According to Eq. 4, plot of
1/[P]1 versus 1/[S] (Fig. 6B) give a straight line with
k+0Km/Vm and k0þ0=V m as the a slope and an intercept
of the straight line, respectively. As Km and Vm are
known quantities from the measurement of the substrate
reaction in the absence of inactivator (DPD) at different
substrate concentrations, the apparent inactivation rate
constants k+0 and k0þ0 can be obtained from the slope
and intercept of the straight line, respectively. The re-
sults obtained are listed in Table 1. For the other con-
centrations of DPD, plots of 1/[P]/ versus 1/[S] give a
straight line with k+0Km/Vm and k0þ0=V m as the slope

and intercept of the straight line, respectively. The
apparent inactivation rate constants k+0 and k0þ0


obtained are also summarized in Table 1.

3. Discussion


Tyrosinase may play a role in neuromelanin formation
in the human brain, particularly in the substantia nigra.
This mixed function oxidase could be central to dopa-
mine neurotoxicity as well as contribute to the neurode-
generation associated with Parkinson�s disease.15


Tyrosinase inhibitors have become increasingly impor-
tant in medicinal16 and cosmetic17 products, primarily
in relation to hyperpigmentation. It was reported that
mushroom tyrosinase can be inhibited by quercetin18


reversibly and the inhibition mechanism was shown to
be competitive. Cetylpyridinium chloride (CPC) was
found to inactivate the enzyme activity and induce the
enzyme conformation changes.9


Tyrosinase catalyzes two distinct reactions of melanin
synthesis, the hydroxylation of monophenol to o-diphe-
nol (monophenolase activity) and the oxidation of
o-diphenol to the corresponding o-quinone (diphenolase
activity).13 Quinones are easily polymerized spontane-
ously to form high-molecular weight compounds or
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brown pigments (melanins).19 It can also react with ami-
no acids or proteins to form the brown color products.
In the previous studies,12 we found that hexylresorcinol
and dodecylresorcinol are reversible inhibitors of mush-
room tyrosinase, and the inhibition type is competitive.
In this study, we found that the inhibition mechanism of
3,5-dihydroxyphenyl decanoate (DPD) was irreversible
to the enzyme and the inhibition belongs to a mixed
type, indicating that the inhibition behavior is complete-
ly different.


In our investigation, combining DPD with the enzyme
molecule induced the enzyme activity loss. By the
reaction scheme, the enzyme undergoes an irreversible
inhibition course. The inhibition rate is limited by the
EI and ESI concentrations. The inhibition reaction is
a single molecule reaction and the apparent rate con-
stant is dependent on DPD concentration. The exper-
imental results can be fit very well to the predicted
curves and the microkinetic constants have been
determined.


The substrate reaction kinetic method described by
Tsou22 has been widely used in studies of inactivation
of various enzymes and different types of inactivation
or inhibition. However, complex inhibition kinetics is
well established and most studies are focused on com-
petitive reactions in which the enzyme will lose its
activity and substrate binding ability after binding
with the inhibitor. Here, we report on the irreversible
inhibition of DPD with free enzymes and enzyme–sub-
strate complex molecules. The inhibition rate constant
of free enzyme (k+0) is about four times as much as
that of the enzyme–substrate complex ðk0þ0Þ. The inhi-
bition rate constant of mushroom tyrosinase also is
not linear with DPD concentration, indicating that
the inhibition belongs to a complex type. For this irre-
versible inhibition, the traditional method has the dis-
advantage of possible dissociation of the complex
because of dilution especially in the presence of the
substrate and possible continued inactivation during
enzyme activity assay.

4. Materials and methods


4.1. Materials


Mushroom tyrosinase (EC 1.14.18.1) was purchased
from Sigma (USA). 3,5-Dihydroxyphenyl decanoate
(DPD), nonyl-3,5-dihydroxybenzoate, LL-3,4-dihydroxy-
phenylalanine (DOPA), and dimethyl sulfoxide
(DMSO) were the products of Aldrich (USA). All other
reagents were of analytical grade. The water in use was
re-distillated and ion free.


4.2. Enzyme assays


Tyrosinase catalyzes a reaction between two substrates,
a phenolic compound and oxygen, but the assay was
carried out in air-saturated aqueous solutions. Tyrosi-
nase catalyzes the oxidation of DOPA to o-DOPAqui-
none, which is characterized by an absorbance peak at

475 nm. In this investigation, DOPA was used as the
substrate for the enzyme activity assay as previously de-
scribed.20 Enzyme activity was determined at 30 �C by
following the increase in absorbance at 475 nm accom-
panying the oxidation of the substrate with the molar
absorption coefficient of 3700 (M�1 cm�1).21 The enzy-
matic activity is defined as the oxidation reaction rate
of DOPA (lM/min). The progress-of-substrate reaction
method described by Tsou22 was used for the study of
the inhibition kinetics of mushroom tyrosinase. In this
method, the mushroom tyrosinase (1.0 mg/ml in 0.1 M
phosphate buffer, pH 6.8) was first diluted with water
50 times, and then 50 ll of the solution was added to
200 ll of an assay substrate solution with 25 ll DMSO
containing different concentrations of DPD. The sub-
strate reaction progress curve was analyzed to obtain
the reaction rate constants. The reaction was carried
out at a constant temperature of 30 �C. Absorption
measurements were recorded using a Spectra MAX plus
Microplate spectrophotometer.
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J.-M. Fang, Taipei


A. R. Fersht, Cambridge


D. M. Floyd, Princeton, NJ


A. K. Ganguly, Bloomfield, NJ


B. Giese, Basel


H. B. Gray, Pasadena, CA


G. L. Grunewald, Lawrence, KS


P. Herrling, Basel


D. Hilvert, Zürich
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Abstract—A series of 10 3-(hetarylaminomethylene)quinolinediones, 12 3-(substituted aminopropenoyl)-4-hydroxyquinolinones,
and 10 3-(substituted aminomethylene-5-oxo-pyrazolinyl)-4-hydroxyquinolinones were synthesized as novel enaminones derived
from 3-(un)substituted 4-hydroxyquinolin-2(1H)-ones in 72–94% yields and assayed for their molluscicidal activities against
Biomphalaria alexandrina and Lymnaea natalensis snails. Some of the tested enaminones presented high molluscicidal activities
(LC50 6 20 ppm). The new compounds showed more potency against hatchability of B. alexandrina egg masses, the infection
rate and prepatent period of the snails. In addition, these derivatives revealed potential larvicidal effects (100% mortality) on
both miracidia and cercariae of Schistosoma mansoni at reduced exposure time. The selected active derivatives were examined
against Daphnia magna and their nontoxic effect at all sublethal, lethal, and higher concentrations suggests that these com-
pounds can play an important role as molluscicides and larvicides with environmental safe properties.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Schistosomiasis is the second most imperative tropical
parasitic disease of humans after malaria especially in
the developing world with an estimation that at least
200 million people, in 74 countries, are currently infect-
ed and 600 million are at risk of infection. Annual mor-
tality due to schistosomiasis was estimated at 15,000
deaths/year and the burden of disease at 1.702 million
DALYs lost per year. About 20 million people suffer
several consequences from the disease and 120 million
are symptomatic.1,2 Although the current strategy for
morbidity control is largely based on chemotherapy,2


control of the snail host using molluscicides to stop
transmission cycle is still considered a vital role because
the use of molluscicides in the prophylactic treatment
leads to the rupture of evolutionary lifecycle of the
worm via destructing its intermediate host.3 The success-
ful control program of the disease should be constructed

0968-0896/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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as an integrated control scheme including chemothera-
py, molluscicidal, ecological, and biological control
methods.4 Thus, it was reported that a problem of resis-
tance of Schistosoma mansoni to praziquantel had been
sought and further research is needed for exploring
alternative drugs to treat praziquantel-resistant schisto-
somiasis.5 On the other hand, the well-known environ-
mental hazardous effects of the most used
molluscicides, for example, copper sulfate and niclosa-
mide, promoted a considerable and systematic search
for new molluscicides which might provide effective con-
trol agents for snails and be harmless to the nontargeted
beings in the environment.6 Many quinoline alkaloids7


and quinolinone derivatives8 were reported to exhibit
important molluscicidal potency. In addition, atanine,
a quinolinone alkaloid, showed potential activity against
larvae, adults of Caenorhabditis elegans and miracidia,
and cercariae of S. mansoni.9 As a part of our research
work on synthesis of substituted quinolinones attached
with biological properties, we describe the synthesis
and investigation of the molluscicidal and larvicidal
activity of new enaminones derived from 4-hydroxy-
quinolin-2(1H)-ones as potential drug candidates
against schistosomiasis at transmission stages.



mailto:quinolinone@yahoo.com
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2. Results and discussion


2.1. Synthesis of the compounds


As illustrated in the Scheme 1, compounds 2a–d10,11 and
3a–d12 were prepared by condensation of the proper
N-alkylanilines or diphenylamine with diethyl malonate.
Alkaline hydrolysis of 2a–d furnished the 3-acetylquin-
olinones 4a–d,11 while the hydrazinolysis of 2a,b led to
the formation of 3-(pyrazolinyl)quinolinones 5a,b.13


Compounds 3a–d, 4a–d, and 5a,b were utilized as
synthetic precursors for three groups of enaminone
derivatives. Thus, Riemer–Tiemann formylation of the

Scheme 1. Reagents and conditions: (i) diethyl malonate, 220 �C, 8 h; (ii) d
(iv) N2H4ÆH2O, DMF, reflux, 1 h.


Scheme 2. Reagents and conditions: (i) CHCl3, NaOH (15%), reflux, 6 h; (ii

4-hydroxyquinolin-2(1H)-ones 3a–d using chloroform
and sodium hydroxide14 afforded the corresponding
aldehydes 6a–d that on condensation with 4-aminoanti-
pyrine (7) in the presence of glacial acetic acid gave 3-
(pyrazolinylaminomethylene)quinolinediones 8a–d in
81–94% yields. The synthesis of 3-(pyridyl or pyrim-
idyl-aminomethylene)quinolinediones 9a–f was conve-
niently achieved in one pot by heating compound 3a
or 3b with the adequate amounts of 2- or 3-aminopyri-
dine or 2-aminopyrimidine and dimethylformamide
dimethylacetal (DMF-DMA) (Scheme 2).


3-[3-(Dimethylamino)prop-2-enoyl]-4-hydroxyquinolin-
2(1H)-one derivatives 10a–d were prepared in fair yields

iethyl malonate, PPA, 170–200 �C, 2 h; (iii) NaOH (15 %), reflux, 2 h;


) AcOH, reflux, 2 h; (iii) DMF-DMA, toluene, 110 �C, 2 h.
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via thermal condensation of their respective 1-substitut-
ed 3-acetylquinolinones 4a–d with DMF-DMA. The
structure of these propenoylquinolinones was assigned
as the E-form, where the coupling constant of the olefin-
ic protons is in the range 13–16 Hz. To obtain other
enaminone derivatives bearing heterocycles of biological
interest, the compounds 10a–d were subjected to react
with 4-aminoantipyrine (7) affording the corresponding
4-hydroxy-3-[3-(pyrazolinylamino)propenoyl]quinoli-
nones 11a–d. The probable product 12 for the later reac-
tion was definitely excluded on the basis of 1H NMR

Scheme 3. Reagents and conditions: (i) 4-aminoantipyrine (71), DMF-DMA


Scheme 4. Reagents and conditions: (i) DMF-DMA, p-xylene, reflux, 2 h; (ii


110–190 �C, 1 h.

spectral data which evidently revealed that the product
does not include the N,N-dimethylamino group, a result
which was fortified by the found analytical data. Simi-
larly, reaction of the compounds 10a,b with piperidine
and morpholine as alicyclic secondary amines smoothly
proceeded leading to the corresponding 1-alkyl-3-[3-
(piperidinyl or morpholinyl)propenoyl]quinolinones
13a–d in good yields (Scheme 3).


In analogy to the above methodology, the pyrazolinones
5a,b were subjected to condensation with DMF-DMA

, toluene, 110 �C, 2 h; (ii) AcOH, reflux, 2 h; (iii) reflux, 2 h.


) AcOH, reflux, 1 h; (iii) 4-aminoantipyrine (7), CH(OEt)3, (CH2OH)2,







Table 1. Molluscicidal activity of the enaminone derivatives against Biomphalaria alexandrina and Lymnaea natalensis (10 snails per concentration)


after 24 h exposure at ambient temperature 24 ± 1 �C


Compound Snail LC10 (ppm) LC25 (ppm) LC50 (ppm) LC90 (ppm) Slopea


8a B. alexandrina 9.24 18.14 28.14 46.83 1.88


L. natalensis 8.65 13.69 19.31 29.96 1.64


9a B. alexandrina 7.90 13.69 20.13 32.36 1.74


L. natalensis 2.01 8.10 14.90 27.96 2.54


9b B. alexandrina 3.77 21.49 41.19 78.65 2.78


L. natalensis — — — — —


10a B. alexandrina 14.84 30.31 47.51 89.18 2.00


L. natalensis 12.91 30.31 40.41 59.88 1.72


10b B. alexandrina 11.41 18.69 20.20 29.00 1.38


L. natalensis 4.04 10.61 19.01 53.03 2.72


10c B. alexandrina 2.66 6.11 15.88 34.40 2.96


L. natalensis 4.80 8.30 15.80 61.10 2.99


14a B. alexandrina 11.21 37.26 66.21 121.20 2.38


L. natalensis — — — — —


a Slope = (LC84/LC50 + LC50/LC16)/2.
24


Figure 1. Effect of increment of (CH2) units in N-alkyl group of


compounds 10a–c on LC10–50 values as function of activity against (A)


Biomphalaria alexandrina and (B) Lymnaea natalensis snails.
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in boiling xylene to give 3-[4-(dimethylaminomethyl-
ene)pyrazolinyl]-4-hydroxyquinolinones 14a,b. Herein
again the dimethylamino group in this enaminone sys-
tem acts as a good leaving group when these two com-
pounds were treated with 2- or 3-aminopyridine or
2-aminopyrimidine in glacial acetic acid to afford the
corresponding 4-(hetarylaminomethyene)pyrazolinones
15a–f in 73–93% yields. A high yield and efficient synthe-
sis of 4-(pyrazolinylaminomethyene)pyrazolinones 16a,b
was achieved via one pot reaction13 of the pyrazolinones
5a,b with 4-aminoantipyrine and triethyl orthoformate
(Scheme 4).


2.2. Molluscicidal assays


Biomphalaria alexandrina is the historically implicated
snail in the transmission of S. mansoni in Egypt.15 In re-
cent years, introduction of Biomphalaria glabrata and
the recognized hybrids of the two species of intermediate
host in Egyptian habitat has been reported.16 For this
reason, B. alexandrina is still a target for molluscicidal
studies. In addition, many reports showed that B. alex-
andrina snails are more tolerant to the action of mollusc-
icides than Bulinus truncatus snails which are also
widespread in Egypt.17 The examination of the new
compounds against B. alexandrina would show their
molluscicidal potency. Thus, Table 1 shows the evalua-
tion of the toxic effect of some new enaminone deriva-
tives on the adult B. alexandrina and Lymnaea
natalensis snails. This table indicates the results of assays
performed with LC10, LC25, LC50, and LC90 (ppm) for
some selected derivatives. The LC50 values in Table 1
indicated high molluscicidal activity of compounds
8a, 9a,b, and 10a–c against B. alexandrina (LC50


15.88–47.51 ppm). The rest of tested compounds esti-
mated LC50 > 100 ppm, and hence they are considered
inactive. Similar behavior for the screened compounds
against L. natalensis snails (LC50 14.90–40.41 ppm)
was observed. The LC50 results revealed that the most
active compounds against B. alexandrina snails are in
the following sequence: 10c > 9a P 10b > 8a > 10a.
Against L. natalensis snails, the order of activity is
9a P 10c > 10b P 8a > 10a. The structure–activity
relationship in the group of compounds 10a–c revealed







Figure 2. Effect of the tested enaminone derivatives (at LC25 values) on hatching % of B. alexandrina snails egg masses at the early and late stages.


Table 2. Effect of the enaminone derivatives on the infection rate and


prepatent period of Biomphalaria alexandrina snails, pre-exposed to


LC25 concentrations


Compound No. of


shedding


snailsa


Infection


rate (%)


Prepatent period (day)


Min Max Mean


8a 15 68.19 32 60 46 ± 19.8b


9a 18 81.82 32 46 39 ± 9.9b


10b 12 54.54 32 66 49 ± 24.0c


10c 14 63.64 40 46 43 ± 4.2c


Control 21 95.45 28 30 29 ± 1.4


a Number exposed per test = 22 snails.
b Normal distribution statistical significant P < 0.01.
c Normal distribution statistical significant P < 0.001.
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that the activity of these derivatives increases within
the increase of the lipophilicity of the molecule against
either B. alexandrina or L. natalensis snails at sublethal
and lethal concentrations (LC10, LC25, and LC50).
The relationship between LC10 values against B. alex-
andrina snails and the number of (CH2) units, in the
N-alkyl group in compounds 10a–c, is linear and can
be formulated as: LC10 = 15�4n, where n is the number
of (CH2) units. However, this equation is limited to
n = 0–3, but the mode of lines in Figure 1 shows a fast
change on going from N-methyl to N-ethyl derivatives
and smaller differences with further alkyl chain
elongation.


Figure 2 represents the hatchability of B. alexandrina
snails� egg masses exposed to the sublethal concentration
LC25 of compounds 8a, 9a, 10b, and 10c. The figure
indicates that the tested compounds reduced the hatch-
ing percentage and their effect is extended to the aged
eggs. Even if hatchability increases on late stage by ca.
7–20%, it is obvious that the values are still lesser than
control value by ca. 24–40% (Fig. 2). Interestingly, it
was found that LC50 concentrations of the cited four
compounds caused a maximum effect on hatching
percentage (0–5%) at both early and late stages after
exposure for 24 h. These results showed that these com-
pounds, in particular compound 9a, can be considered
for excellent control of generation of snails at lethal
concentration.


The infection rate of B. alexandrina snails treated with
S. mansoni miracidia was studied in both test and con-
trol aquaria. In test aquaria, the snails were exposed
to the sublethal concentration (LC25) of the tested com-
pounds 8a, 9a, 10b, and 10c. It was found that com-
pound 10b is the most effective as it reduced the
infection rate to 54.54%, a result that is about 40% less
than control value (Table 2).

Comparison of the prepatent period of S. mansoni in the
B. alexandrina snails exposed to LC25 concentrations of
compounds 8a, 9a, 10b, and 10c with the control value
can indicate their strong effect. Table 2 shows that the
exposure to the tested compounds extended the mean
prepatent period to 39–49 days, while the control value
is only 29 days. Normal distribution patterns were esti-
mated and are statistically significant at P < 0.01 for
compounds 8a and 9a and P < 0.001 for compounds
10b and 10c (Table 2).


2.3. Larvicidal assays


The larvicidal activity of compounds 8a, 9a, 10a, 10b,
and 10c was carried out against the free larval stages
of S. mansoni: miracidia and cercariae. The miracidal
activity is presented in Table 3, which indicated very
high efficiency of the tested compounds on using their
sublethal or lethal concentrations LC10, LC25, and
LC50. Compound 9a caused 100% mortality at concen-
tration of 7.9 ppm in 65 min, while compound 10c
showed the same activity at 6.11 ppm in 55 min. It is
notable that 100% mortality took place on exposure to







Table 3. Time required for 100% mortality of Schistosoma mansoni


miracidia and cercariae exposed to sub-lethal and lethal concentrations


of the enaminone derivatives


Compound Time of exposure (min)a


Miracidia Cercariae


LC10 LC25 LC50 LC10 LC25 LC50


8a 160 60 45 640 300 195


9a 65 60 55 420 260 120


10a 125 100 65 720 360 240


10b 145 45 40 180 65 40


10c 140 55 55 185 125 25


a Control gives 100% mortality after 24 h.
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the tested compounds at LC50 within an hour (Table 3).
Cercaricidal activity is presented in Table 3, which re-
vealed that 100% mortality occurred on exposure to
LC50 concentrations of the tested compounds 8a, 9a,
10a, 10b, and 10c within time range 25–240 min. It can
be recognized from the results that compound 10c
caused 100% mortality of cercariae in only 25 min at
concentration of 15.88 ppm. Time needed for 100%
mortality using LC10 and LC25 concentrations revealed
that lower concentrations would not give satisfactory
results (Table 3).


2.4. Toxicity against Daphnia magna


Daphnia is a commonly used model organism in ecotox-
icological studies. Acute toxicity test against D. magna is
useful as an early warning test for monitoring environ-
ment hazardous chemical treatments of water.18 The
known molluscicides such as niclosamide and copper
sulfate showed considerable toxic effect against Daphnia
at their lethal concentrations.18–21 Remarkably, the
present tested molluscicides showed 0% mortality on
D. magna test at all of their sublethal and lethal concen-
trations (LC10, LC25, LC50, and LC90) after 48 h expo-
sure. Only compound 10b revealed 50% mortality of
D. magna at concentration of 100 ppm after 72 h. More-
over, examination of exposure Daphnia to high concen-
trations (300 ppm) of the tested compounds 8a, 9a, and
10c for 48–72 h showed no significant toxicity toward
this organism, while LC50 of copper sulfate caused
30% Daphniamortality. The results point to the environ-
mental safety of the use of these new synthetic
molluscicides.

3. Conclusions


The present study deals with the synthesis of a novel
family of potential molluscicides, in which their prepa-
ration is convenient and their yields are satisfactory.
The synthesis of a series of enaminones derived from
the readily available 4-hydroxy-, 3-acetyl-4-hydroxy-,
and 4-hydroxy-3-(5-oxopyrazolinyl)quinolin-2(1H)-
ones was described. The new compounds showed po-
tent activities against B. alexandrina and L. natalensis
snails. The structure–activity relationship revealed that
molluscicidal activity of 1-alkyl-3-(dimethylamino-
propenoyl)-4-hydroxyquinolinones is correlated with

the lipophilicity of the molecule. The potent mollusci-
cides showed strong effect on hatchability of B. alex-
andrina eggs at different stages. In addition, the
infection rate and prepatent period of B. alexandrina
snails were remarkably controlled on exposure to the
tested enaminones. Larvicidal effect of the new com-
pounds against S. mansoni miracidia and cercariae re-
vealed their high efficacy. Examination of the toxicity
of the candidate molluscicides against D. magna
showed the advantages of these new compounds, which
are environmentally safe, possess potent molluscicidal
and larvicidal activities, and are easily prepared. Fur-
ther experiments and studies on the molluscicidal and
cercaricidal action of these new compounds are cur-
rently carried out along with their application in the
field of chemotherapy of schistosomiasis.

4. Experimental


Melting points were uncorrected and were determined in
open capillary tubes on a digital Gallen-kamp MFB-595
apparatus. Infrared spectra were recorded on a Perkin-
Elmer 1650 FT-IR spectrophotometer, using samples
in KBr pellets. 1H and 13C NMR spectra were recorded
on Brucker AC200 (200 MHz) or Varian Gemini
(200 MHz, operating at 50 MHz for 13C), using TMS
as internal standard and CDCl3 or DMSO-d6 as sol-
vents. Mass spectra were taken on a Shimadzu GCMS
QP-1000EX instrument by direct inlet technique at
beam energy 70 eV. Elemental microanalyses were per-
formed on a Perkin-Elmer 2400 analyzer. Compounds
3a–d,12 4a–d,11 5a,b,13 and 6a–d14 were obtained accord-
ing to the previously described procedures.


4.1. General procedure for the preparation of 3-[(pyraz-
olinylamino)methylene]quinoline-2,4-diones (8a–d)


A mixture of the appropriate aldehydes 6a–d (10 mmol)
and 4-aminoantipyrine (7) (12 mmol) in glacial acetic
acid (30 mL) was heated under reflux for 2 h. Then,
the reaction mixture was left to stand at room tempera-
ture overnight and the resulting crystalline material was
collected by filtration, washed with cold ethanol, and
recrystallized from the proper solvent.


4.1.1. 3-[(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-
pyrazol-4-ylamino)methylene]-1-methylquinoline-2,4(1H,3H)-
dione (8a). Prepared from the aldehyde 6a (2.03 g) and
amine 7 (2.44 g) and crystallized from acetic acid. Yield
3.49 g (90%); mp 243–244 �C. IR (KBr): mmax 3218,
3062, 2945, 1646 (C@O), 1605, 1580, and 1525 cm�1;
1H NMR (200 MHz, DMSO-d6): d 2.21 (s, 3H, 5-
CH3pyrazoline), 3.21 (s, 3H, N–CH3pyrazoline), 3.80 (s,
3H, N–CH3quinoline), 7.18–7.79 (m, 8H, Harom), 8.18 (d,
J = 7 Hz, 1H, 5-H), 8.45 (d, J = 12.9 Hz, 1H, C@CH–
N), 11.25 (b, 1H, N–H); 13C NMR (50 MHz, DMSO-
d6): d 14.7, 33.6, 35.8, 103.3, 112.7, 119.8, 120.9, 123.6,
124.6, 127.4, 128.1, 128.8, 129.2, 132.3, 139.8, 140.9,
145.2, 160.9, 164.8, 182.6; MS: m/z (I%) 388 (M+, 29),
189 (100). Anal. Calcd for C22H20N4O3 (388.43): C,
68.03; H, 5.19; N, 14.42. Found: C, 67.94; H, 5.15; N,
14.43.
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4.1.2. 3-[(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-
pyrazol-4-ylamino)methylene]-1-ethylquinoline-2,4(1H,-
3H)-dione (8b). Prepared from the aldehyde 6b (2.17 g)
and amine 7 (2.44 g) and crystallized from ethanol.
Yield 3.69 g (92%); mp 168–169 �C. IR (KBr): mmax


3208, 3073, 2949, 2862, 1643 (C@O), 1621, 1603, 1574,
and 1517 cm�1; 1H NMR (200 MHz, CDCl3): d 1.32
(t, 3H, N–CH2CH3), 2.23 (s, 3H, 5-CH3pyrazoline), 3.19
(s, 3H, N–CH3pyrazoline), 3.52 (q, 2H, N–CH2CH3),
7.15–7.81 (m, 8H, Harom), 8.17 (d, J = 6.8 Hz, 1H,
5-H), 8.43 (d, J = 12.8 Hz, 1H, C@CH–N), 11.65 (b,
1H, N–H); MS: m/z (I%) 402 (M+, 32), 202 (100). Anal.
Calcd for C23H22N4O3 (402.46): C, 68.64; H, 5.51; N,
13.92. Found: C, 68.56; H, 5.55; N, 13.84.


4.1.3. 1-Butyl-3-[(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihy-
dro-1H-pyrazol-4-ylamino)-methylene]quinoline-2,4(1H,-
3H)-dione (8c). Prepared from the aldehyde 6c (2.45 g)
and amine 7 (2.44 g) and crystallized from methanol.
Yield 3.48 g (81%); mp 146–148 �C. IR (KBr): mmax


3178, 3067, 2927, 2908, 2843, 1641 (C@O), 1622,
1602, 1571, and 1525 cm�1; 1H NMR (200 MHz,
CDCl3): d 0.97 (t, 3H, N–(CH2)3CH3), 1.30 (m, 4H,
N–CH2(CH2)2CH3), 2.22 (s, 3H, 5-CH3pyrazoline), 3.27
(s, 3H, N–CH3pyrazoline), 3.82 (t, 2H, N– CH2(CH2)2
CH3), 7.12–7.68 (m, 8H, Harom), 8.09 (d, J = 7 Hz,
1H, 5-H), 8.58 (d, J = 12.4 Hz, 1H, C@CH–N), 12.05
(b, 1H, N–H); MS: m/z (I%) 430 (M+, 28), 186 (100).
Anal. Calcd for C25H26N4O3 (430.51): C, 69.75; H,
6.09; N, 13.01. Found: C, 69.73; H, 5.96; N, 12.95.


4.1.4. 3-[(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-
pyrazol-4-ylamino)methylene]-1-phenylquinoline-2,4(1H,-
3H)-dione (8d). Prepared from the aldehyde 6d (2.65 g)
and amine 7 (2.44 g) and crystallized from DMF. Yield
3.80 g (84%); mp 269–270 �C. IR (KBr): mmax 3208,
3073, 2949, 2862, 1643 (C@O), 1621, 1603, 1574, and
1517 cm�1; 1H NMR (200 MHz, DMSO-d6): d 2.22 (s,
3H, 5-CH3pyrazoline), 3.24 (s, 3H, N–CH3pyrazoline),
7.12–7.83 (m, 13H, Harom), 8.09 (d, J = 6.8 Hz, 1H, 5-
H), 8.55 (d, J = 12.7 Hz, 1H, C@CH–N), 11.46 (b, 1H,
N–H); MS: m/z (I%) 450 (M+, 26), 77 (100). Anal. Calcd
for C27H22N4O3 (450.50): C, 71.99; H, 4.92; N, 12.44.
Found: C, 71.85; H, 4.78; N, 12.32.


4.2. General procedure for the preparation of 1-alkyl-3-
[(pyridyl or pyrimidyl-amino)methylene]quinoline-2,4-diones
(9a–f)


To a solution of the appropriate hydroxyquinolinones
3a–d (10 mmol) in boiling toluene (50 mL) containing
DMF-DMA (10 mmol), 2- or 3-aminopyridines or 2-py-
rimidine (10 mmol) dissolved in hot toluene (25 mL)
was added dropwise. After complete addition, the reac-
tion mixture was heated at 110 �C for 2 h and then the
excess solvent was evaporated in vacuum. The residual
material was triturated with diethyl ether (25 mL), fil-
tered off, and crystallized from the proper solvent.


4.2.1. 1-Methyl-3-[(2-pyridylamino)methylene]quinoline-
2,4(1H,3H)-dione (9a). Prepared from the compound
3a (1.75 g), 2-aminopyridine (0.94 g), and DMF-DMA
(1.4 mL) and crystallized from DMF. Yield 2.32 g

(83%); mp 274–275 �C. IR (KBr): mmax 3240, 3171,
3067, 2946, 2884, 1660 (C@O), 1632 (C@O), 1618,
1602, 1563, and 1505 cm�1; 1H NMR (200 MHz,
DMSO-d6): d 3.76 (s, 3H, N–CH3), 6.69–7.63 (m, 6H,
Harom), 8.12 (d, J = 8 Hz, 1H, 2-Hpyridine), 8.18 (d,
J = 7 Hz, 1H, 5-Hquinolinone), 8.49 (d, J = 12.6 Hz, 1H,
C@CH–N), 11.51 (b, 1H, N–H); 13C NMR (50 MHz,
DMSO-d6): d 34.5, 108.3, 112.7, 116.6, 120.8, 125.2,
127.6, 129.8, 134.1, 137.8, 147.1, 155.4, 162.8, 163.6,
187.5; MS: m/z (I%) 279 (M+, 36), 186 (100). Anal.
Calcd for C16H13N3O2 (279.30): C, 68.81; H, 4.69; N,
15.04. Found: C, 68.62; H, 4.55; N, 14.84.


4.2.2. 1-Methyl-3-[(3-pyridylamino)methylene]quinoline-
2,4(1H,3H)-dione (9b). Prepared from the compound
3a (1.75 g), 3-aminopyridine (0.94 g), and DMF-DMA
(1.4 mL) and crystallized from dioxane. Yield 2.32 g
(83%); mp 266–268 �C. IR (KBr): mmax 3225, 3168,
3045, 2949, 2831, and 1658 (C@O), 1631 (C@O), 1622,
1605, 1586, and 1504 cm�1; 1H NMR (200 MHz,
DMSO-d6): d 3.69 (s, 3H, N–CH3), 6.89–7.65 (m, 5H,
Harom), 7.94 (d, J = 8 Hz, 1H, 6-Hpyridine), 8.15 (s, 1H,
2-Hpyridine), 8.18 (d, J = 6.8 Hz, 1H, 5-Hquinolinone),
8.41 (d, J = 12.4 Hz, 1H, C@CH–N), 11.78 (b, 1H, N–
H); MS: m/z (I%) 279 (M+, 54), 186 (100). Anal. Calcd
for C16H13N3O2 (279.30): C, 68.81; H, 4.69; N, 15.04.
Found: C, 68.70; H, 4.62; N, 14.88.


4.2.3. 1-Methyl-3-[(2-pyrimidylamino)methylene]quino-
line-2,4(1H,3H)-dione (9c). Prepared from the com-
pound 3a (1.75 g), 2-aminopyrimidine (0.95 g), and
DMF-DMA (1.4 mL) and crystallized from NMP. Yield
2.41 g (86%); mp 287–288 �C. IR (KBr): mmax 3246,
3170, 3047, 2945, 2862, 1649 (C@O), 1630 (C@O),
1621, 1600, 1582, and 1506 cm�1; 1H NMR (200 MHz,
DMSO-d6): d 3.64 (s, 3H, N–CH3), 7.12–7.69 (m, 4H,
Harom), 7.89–7.96 (m, 2H, Harom), 8.18 (d, J = 8 Hz,
1H, 5-Hquinolinone), 8.61 (d, J = 12.4 Hz, 1H, C@CH–
N), 12.18 (b, 1H, N–H). Anal. Calcd for C15H12N4O2


(280.29): C, 64.28; H, 4.32; N, 19.99. Found: C, 64.15;
H, 4.30; N, 20.01.


4.2.4. 1-Ethyl-3-[(2-pyridylamino)methylene]quinoline-
2,4(1H,3H)-dione (9d). Prepared from the compound
3b (1.89 g), 2-aminopyridine (0.94 g), and DMF-DMA
(1.4 mL) and crystallized from ethanol. Yield 2.37 g
(81%); mp 160–162 �C. IR (KBr): mmax 3172, 3046,
2980, 2822, 2600, 1644–1630 (C@O), 1610, and
1595 cm�1; 1H NMR (200 MHz, CDCl3): d 1.37 (t,
3H, N–CH2CH3), 3.69 (q, 2H, N–CH2CH3), 6.82–7.75
(m, 6H, Harom), 8.05 (d, J = 8 Hz, 1H, 2-Hpyridine), 8.12
(d, J = 7 Hz, 1H, 5-Hquinolinone), 8.48 (d, J = 12.5 Hz,
1H, C@CH–N), 12.24 (b, 1H, N–H); MS: m/z (I%)
293 (M+, 26), 201 (100). Anal. Calcd for C17H15N3O2


(293.33): C, 69.61; H, 5.51; N, 14.33. Found: C, 69.50;
H, 5.43; N, 14.08.


4.2.5. 1-Ethyl-3-[(3-pyridylamino)methylene]quinoline-
2,4(1H,3H)-dione (9e). Prepared from the compound
3b (1.89 g), 3-aminopyridine (0.94 g), and DMF-DMA
(1.4 mL) and crystallized from ethanol. Yield 2.49 g
(85%); mp 152–153 �C. IR (KBr): mmax 3187, 2981,
2843, 1651 (C@O), 1637 (C@O), 1612, 1600, and
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1576 cm�1; 1H NMR (200 MHz, CDCl3): d 1.34 (t, 3H,
N–CH2CH3), 3.53 (q, 2H, N–CH2CH3), 6.97–7.81 (m,
5H, Harom), 8.05–8.12 (m, 3H, Harom), 8.40 (d,
J = 12.7 Hz, 1H, C@CH–N), 12.14 (b, 1H, N–H). Anal.
Calcd for C17H15N3O2 (293.33): C, 69.61; H, 5.51; N,
14.33. Found: C, 69.46; H, 5.37; N, 14.22.


4.2.6. 1-Ethyl-3-[(2-pyrimidylamino)methylene]quinoline-
2,4(1H,3H)-dione (9f). Prepared from the compound 3b
(1.89 g), 2-aminopyrimidine (0.95 g), and DMF-DMA
(1.4 mL) and crystallized from ethanol. Yield 2.35 g
(80%); mp 145–147 �C. IR (KBr): mmax 3183, 3076,
2962, 2823, 1645 (C@O), 1623, 1601, 1572, and
1508 cm�1; 1H NMR (200 MHz, CDCl3): d 1.36 (t,
3H, N–CH2CH 3), 3.52 (q, 2H, N–CH2CH3), 7.14–
7.68 (m, 4H, Harom), 7.96–8.14 (m, 3H, Harom), 8.43
(d, J = 12.6 Hz, 1H, C@CH–N), 12.31 (b, 1H, N–H).
Anal. Calcd for C16H14N4O2 (294.34): C, 65.30; H,
4.79; N, 19.04. Found: C, 65.08; H, 4.54; N, 18.72.


4.3. General procedure for the preparation of 3-[3-(di-
methylamino)propenoyl]quinolinones (10a–d)


To a solution of the acetylquinolinones 4a–d (10 mmol),
in dry toluene (50 mL), DMF-DMA (10 mmol) was
added and then the reaction mixture was heated under
reflux for 2 h. The excess solvent was evaporated in vac-
uum and the residual material was triturated with petro-
leum ether (60–80 �C; 25 mL), filtered off, and
crystallized from the proper solvent.


4.3.1. 3-[2E-3-(Dimethylamino)prop-2-enoyl]-4-hydroxy-
1-methylquinolin-2(1H)-one (10a). Prepared from the
acetylquinolinone 4a (2.17 g) and DMF-DMA (1.4 mL)
and crystallized from methanol. Yield 2.39 g (88%); mp
178–179 �C. IR (KBr): mmax 3075, 2921, 2860, 1660
(C@O), 1649 (C@O), 1620, 1600, 1567, and 1504 cm�1;
1H NMR (200 MHz, CDCl3): d 3.02 (s, 3H, N(CH3)2),
3.30 (s, 3H, N(CH3)2), 3.51 (s, 3H, N–CH3), 7.05 (d,
J = 15.7 Hz, 1H, COCH@CH–N), 7.21–7.66 (m, 3H,
Harom), 8.08 (d, J = 8 Hz, 1H, 5-Hquinolinone), 8.18 (d,
J = 15.6 Hz, 1H, COCH@CH–N); 13C NMR (50 MHz,
CDCl3): d 30.21, 38.82, 39.01, 93.05, 115.44, 118.21,
122.35, 125.33, 128.82, 134.74, 141.32, 157.45, 161.05,
177.08, 187.39; MS: m/z (I%) 272 (M+, 36), 228 (100).
Anal. Calcd for C15H16N2O3 (272.31): C, 66.16; H, 5.92;
N, 10.29. Found: C, 65.94; H, 5.76; N, 10.20.


4.3.2. 3-[2E-3-(Dimethylamino)prop-2-enoyl]-1-ethyl-4-
hydroxyquinolin-2(1H)-one (10b). Prepared from the
acetylquinolinone 4b (2.31 g) and DMF-DMA
(1.4 mL) and crystallized from ethanol. Yield 2.63 g
(92 %); mp 148–149 �C. IR (KBr): mmax 3124, 3038,
2974, 2928, 1643 (C@O), 1606, 1525, and 1493 cm�1;
1H NMR (200 MHz, CDCl3): d 1.35 (t, 3H, N–
CH2CH3), 3.09 (s, 3H, N(CH3)2), 3.25 (s, 3H,
N(CH3)2), 4.27 (q, 2H, N–CH2CH3), 7.12 (d,
J = 12.8 Hz, 1H, COCH@CH–N), 7.18–7.36 (m, 2H,
Harom), 7.60 (t, 1H, 7-Hquinolinone), 8.08 (d,
J = 12.8 Hz, 1H, COCH@CH–N), 8.25 (d, J = 7 Hz,
1H, 5-Hquinolinone); MS: m/z (I%) 286 (M+, 38), 242
(100). Anal. Calcd for C16H18N2O3 (286.33): C, 67.12;
H, 6.34; N, 9.78. Found: C, 66.85; H, 6.21; N, 9.81.

4.3.3. 1-Butyl-3-[2E-3-(dimethylamino)prop-2-enoyl]-4-
hydroxyquinolin-2(1H)-one (10c). Prepared from the acet-
ylquinolinone 4c (2.59 g) and DMF-DMA (1.4 mL) and
crystallized from benzene. Yield 2.54 g (81%); mp 126–
127 �C. IR (KBr): mmax 3131, 3080, 2956, 2924, 2860,
1642 (C@O), 1622, 1526, and 1498 cm�1; 1H NMR
(200 MHz, CDCl3): d 0.96 (t, 3H, N-(CH2)3CH3), 1.31
(m, 4H, N–CH2(CH2)2CH3), 3.02 (s, 3H, N(CH3)2),
3.21 (s, 3H, N(CH3)2), 3.87 (t, 2H, N- CH2(CH2)2CH3),
7.08 (d, J = 13.5 Hz, 1H, COCH@CH–N), 7.21–7.32
(m, 2H, Harom), 7.59 (t, 1H, 7-Hquinolinone), 8.09 (d,
J = 13.5 Hz, 1H, COCH@CH–N), 8.22 (d, J = 8 Hz,
1H, 5-Hquinolinone); MS: m/z (I%) 314 (M+, 28), 270
(100). Anal. Calcd for C18H22N2O3 (314.39): C, 68.77;
H, 7.05; N, 8.91. Found: C, 68.68; H, 6.94; N, 8.56.


4.3.4. 3-[2E-3-(Dimethylamino)prop-2-enoyl]-4-hydroxy-
1-phenylquinolin-2(1H)-one (10d).Prepared from the acet-
ylquinolinone 4d (2.79 g) and DMF-DMA (1.4 mL) and
crystallized from DMF. Yield 3.13 g (94 %); mp 244–
245 �C. IR (KBr): mmax 3173, 3056, 2928, 2805, 1645
(C@O), 1603, 1525, and 1492 cm�1; 1H NMR
(200 MHz, CDCl3): d 3.05 (s, 3H, N(CH3)2), 3.19 (s, 3H,
N(CH3)2), 6.62 (d, J = 14.2 Hz, 1H, COCH@CH–N),
7.12–7.78 (m, 8H, Harom), 8.09 (d, J = 14.1 Hz, 1H,
COCH@CH–N), 8.18 (d, J = 8 Hz, 1H, 5-Hquinolinone).
Anal. Calcd for C20H18N2O3 (334.38): C, 71.84; H, 5.43;
N, 8.38. Found: C, 71.52; H, 5.25; N, 8.33.


4.4. General procedure for the preparation of 3-[3-(pyrazo-
linylamino)propenoyl]-quinolinones (11a–d)


A mixture of the appropriate enaminones 10a–d
(5 mmol) and amine 7 (5 mmol), in glacial acetic acid
(20 mL), was heated on a water bath under reflux for
1 h. The reaction mixture was left to cool and poured
onto crushed ice to give solid deposits. The product
was filtered off and crystallized from the proper solvent.


4.4.1. 3-{[2E-3-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihy-
dro-1H-pyrazol-4-yl)amino]prop-2-enoyl}-4-hydroxy-1-
methylquinolin-2(1H)-one (11a). Prepared from the
enaminone 10a (1.36 g) and amine 7 (1.02 g) and crystal-
lized from DMF. Yield 1.87 g (87%); mp 234–235 �C. IR
(KBr): mmax 3211, 3056, 2921, 2883, 1662 (C@O), 1645
(C@O), 1618, 1601, and 1575 cm�1; 1H NMR
(200 MHz, DMSO-d6): d 2.23 (s, 3H, 5-CH3pyrazoline),
3.15 (s, 3H, N–CH3pyrazoline), 3.71 (s, 3H, N–
CH3quinolinone), 6.68 (d, J = 12.8 Hz, 1H, COCH@CH–
N), 7.12–7.66 (m, 8H, Harom), 8.21 (d, J = 8 Hz, 1H,
5-Hquinolinone), 8.65 (d, J = 13 Hz, 1H, COCH@CH–
N), 11.33 (b, 1H, N–H); 13C NMR (50 MHz, DMSO-
d6): d 12.8, 34.6, 35.8, 102.7, 109.2, 110.3, 119.6, 120.4,
124.2, 124.6, 126.0, 127.2, 128.2, 128.8, 129.3, 138.8,
139.1, 140.6, 161.7, 162.5, 173.7, 187.4; MS: m/z (I%)
430 (M+, 32), 199 (100). Anal. Calcd for C24H22N4O4


(430.47): C, 66.97; H, 5.15; N, 13.02. Found: C, 66.83;
H, 5.26; N, 12.88.


4.4.2. 3-{[2E-3-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-
1H-pyrazol-4-yl)amino]prop-2-enoyl}-1-ethyl-4-hydroxy-
quinolin-2(1H)-one (11b). Prepared from the enaminone
10b (1.43 g) and amine 7 (1.02 g) and crystallized from







M. Abass, B. B. Mostafa / Bioorg. Med. Chem. 13 (2005) 6133–6144 6141

dioxane. Yield 1.69 g (76%); mp 191–192 �C. IR (KBr):
mmax 3226, 3174, 3063, 2980, 2675, 1660 (C@O),
1639 (C@O), 1617, 1599, and 1572 cm�1; 1H NMR
(200 MHz, DMSO-d6): d 1.37 (t, 3H, N–CH2


CH3), 2.18 (s, 3H, 5-CH3pyrazoline), 3.26 (s, 3H, N–
CH3pyrazoline), 4.09 (q, 2H, N–CH2CH3), 6.64 (d,
J = 12.5 Hz, 1H, COCH@CH–N), 7.11–7.63 (m, 8H,
Harom), 8.23 (d, J = 8 Hz, 1H, 5-Hquinolinone), 8.49 (d,
J = 12.5 Hz, 1H, COCH@CH–N), 11.28 (b, 1H, N–
H). Anal. Calcd for C25H24N4O4 (444.49): C, 67.56;
H, 5.44; N, 12.60. Found: C, 67.37; H, 5.29; N, 12.41.


4.4.3. 1-Butyl-3-{[2E-3-(1,5-dimethyl-3-oxo-2-phenyl-2,3-
dihydro-1H-pyrazol-4-yl)amino]prop-2-enoyl}-4-hydroxy-
quinolin-2(1H)-one (11c). Prepared from the enaminone
10c (1.57 g) and amine 7 (1.02 g) and crystallized
from ethanol. Yield 1.70 g (72%); mp 149–150 �C. IR
(KBr): mmax 3182, 3071, 2992, 2945, 2886, 2676, 1658
(C@O), 1641 (C@O), 1622, 1601, 1576, and 1555 cm�1;
1H NMR (200 MHz, CDCl3): d 0.95 (t, 3H, N–
(CH2)3CH3), 1.31 (m, 4H, N–CH2(CH2)2CH3), 2.20 (s,
3H, 5-CH3pyrazoline), 3.28 (s, 3H, N–CH3pyrazoline), 3.81
(t, 2H, N–CH2(CH2)2CH3), 6.87 (d, J = 13.4 Hz, 1H,
COCH@CH–N), 7.16–7.78 (m, 8H, Harom), 8.09 (d,
J = 7 Hz, 1H, 5-Hquinolinone), 8.46 (d, J = 13.3 Hz, 1H,
COCH@CH–N), 11.92 (b, 1H, N–H). Anal. Calcd for
C27H28N4O4 (472.55): C, 68.63; H, 5.97; N, 11.86. Found:
C, 68.62; H, 5.92; N, 11.68.


4.4.4. 3-{[2E-3-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihy-
dro-1H -pyrazol-4-yl)amino]prop-2-enoyl}-4-hydroxy-1-
phenylquinolin-2(1H)-one (11d). Prepared from the
enaminone 10d (1.67 g) and amine 7 (1.02 g) and crystal-
lized from DMF. Yield 2 g (81%); mp 288–289 �C. IR
(KBr): mmax 3064, 2985, 2672, 1662 (C@O), 1645
(C@O), 1620, 1606, 1570, and 1556 cm�1; 1H NMR
(200 MHz, DMSO-d6): 2.22 (s, 3H, 5-CH3pyrazoline),
3.38 (s, 3H, N–CH3pyrazoline), 6.57 (d, J = 14.2 Hz, 1H,
COCH@CH–N), 6.98–7.82 (m, 13H, Harom), 8.12 (d,
J = 8 Hz, 1H, 5-Hquinolinone), 8.38 (d, J = 14.1 Hz, 1H,
COCH@CH–N), 12.08 (b, 1H, N–H). Anal. Calcd for
C29H24N4O4 (492.54): C, 70.72; H, 4.91; N, 11.38.
Found: C, 70.51; H, 5.03; N, 11.20.


4.5. General procedure for the preparation of 3-[3-(1-
piperidyl or 4-morpholinyl)-propenoyl]quinolinones (13a–d)


Equimolar amounts (5 mmol) of the enaminones 10a
or 10b and piperidine or morpholine, in dioxane
(25 mL), were heated under reflux for 1 h. The reac-
tion mixture was left to cool and then poured onto
crushed ice to give yellow precipitates. The product
was collected by filtration off and crystallized from
the proper solvent.


4.5.1. 4-Hydroxy-1-methyl-3-[2E-3-(1-piperidyl)prop-2-
enoyl]quinolin-2(1H)-one (13a). Prepared from the
enaminone 10a (1.36 g) and piperidine (0.5 mL) and
crystallized from ethanol. Yield 1.18 g (76%); mp 214–
215 �C. IR (KBr): mmax 3130, 2941, 2917, 2865, 1650
(C@O), 1626 (C@O), 1603, 1545, and 1499 cm�1;
1H NMR (200 MHz, CDCl3): d 1.71–1.80 (m, 6H,
(CH2)3piperidine), 3.52 (m, 4H, N(CH2)2piperidine), 3.64 (s,

3H, N–CH3quinolinone), 7.21–7.32 (m, 3H, 6-Hquinolinome


+ 8-Hquinolinone + COCH@CH–N), 7.64 (t, 1H,
7-Hquinolinone), 8.14 (d, J = 16 Hz, 1H, COCH@CH–
N), 8.28 (d, J = 8 Hz, 1H, 5-Hquinolinone); MS: m/z (I%)
312 (M+, 32), 69 (100). Anal. Calcd for C18H20N2O3


(312.37): C, 69.21; H, 6.45; N, 8.97. Found: C, 69.08;
H, 6.41; N, 8.78.


4.5.2. 4-Hydroxy-1-methyl-3-[2E-3-(4-morpholinyl)prop-
2-enoyl]quinolin-2(1H)-one (13b). Prepared from the
enaminone 10a (1.36 g) and morpholine (0.5 mL) and
crystallized from ethanol. Yield 1.16 g (74%); mp 231–
232 �C. IR (KBr): mmax 3076, 2944, 2926, 2845, 1646
(C@O), 1606, 1541, and 1487 cm�1; 1H NMR
(200 MHz, CDCl3): d 3.55 (m, 4H, N(CH2)2morpholine),
3.68 (s, 3H, N–CH3quinolinone), 4.26 (m, 4H, O(CH2)2 mor-


pholine), 7.14–7.34 (m, 3H, 6-Hquinolinome + 8-Hquinolinone +
COCH@CH–N), 7.66 (t, 1H, 7-Hquinolinone), 8.18 (d,
J = 16 Hz, 1H, COCH@CH–N), 8.28 (d, J = 7 Hz, 1H,
5-Hquinolinone). Anal. Calcd for C17H18N2O4 (314.34): C,
64.96; H, 5.77; N, 8.91. Found: C, 64.80; H, 5.56; N, 8.83.


4.5.3. 1-Ethyl-4-hydroxy-3-[2E-3-(1-piperidyl)prop-2-en-
oyl]quinolin-2(1H)-one (13c). Prepared from the enami-
none 10b (1.43 g) and piperidine (0.5 mL) and
crystallized from ethanol. Yield 1.22 g (75%); mp 168–
169 �C. IR (KBr): mmax 3086, 2952, 2883, 1651 (C@O),
1638 (C@O), 1602, 1544, and 1505 cm�1; 1H NMR
(200 MHz, CDCl3): d 1.39 (t, 3H, N–CH2CH3),
1.69–1.80 (m, 6H, (CH2)3piperidine), 3.55 (m, 4H,
N(CH2)2piperidine), 3.82 (q, 2H, N–CH2CH3), 7.18–7.36
(m, 3H, 6-Hquinolinome + 8-Hquinolinone + COCH@CH–
N), 7.64 (t, 1H, 7-Hquinolinone), 8.13 (d, J = 14.6 Hz,
1H, COCH@CH–N), 8.24 (d, J = 7 Hz, 1H, 5-Hquinoli-


none). Anal. Calcd for C19H22N2O3 (326.40): C, 69.92;
H, 6.79; N, 8.58. Found: C, 69.73; H, 6.54; N, 8.48.


4.5.4. 1-Ethyl-4-hydroxy-3-[2E-3-(4-morpholinyl)prop-2-
enoyl]quinolin-2(1H)-one (13d). Prepared from the
enaminone 10b (1.43 g) and morpholine (0.5 mL) and
crystallized from dioxane. Yield 1.18 g (72%); mp 177–
178 �C. IR (KBr): mmax 3072, 2981, 2934, 2844, 1652–
1640 (C@O), 1607, 1556, and 1501 cm�1; 1H NMR
(200 MHz, CDCl3): d 1.38 (t, 3H, N–CH2CH3), 3.52
(m, 4H, N(CH2)2morpholine), 4.03 (q, 2H, N–CH2CH3),
4.25 (m, 4H, O(CH2)2morpholine), 7.22–7.37 (m, 3H, 6-
Hquinolinome + 8-Hquinolinone + COCH@CH–N), 7.61 (t,
1H, 7-Hquinolinone), 8.19 (d, J = 16 Hz, 1H,
COCH@CH–N), 8.26 (d, J = 7 Hz, 1H, 5-Hquinolinone).
Anal. Calcd for C18H20N2O4 (328.37): C, 65.84; H,
6.14; N, 8.53. Found: C, 65.64; H, 6.03; N, 8.39.


4.6. General procedure for the preparation of 3-[4-(di-
methylaminomethylene)pyrazolyl]-quinolinones (14a,b)


A mixture of the pyrazolinones 5a or 5b (10 mmol) and
DMF-DMA (15 mmol), in p-xylene (50 mL), was heated
under reflux for 2 h. The reaction mixture was left to cool
in an ice bath for a night. The crystalline product so
formed was collected by filtration and washed with petro-
leum ether (40–60 �C; 50 mL). The productswere pure en-
ough and used for subsequent reactions without further
purification.
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4.6.1. 3-{4-[(Dimethylamino)methylene]-5-oxo-4,5-dihy-
dro-1H-pyrazol-3-yl}-4-hydroxy-1-methylquinolin-2(1H)-
one (14a).Prepared from the pyrazolinone 5a (2.57 g) and
DMF-DMA (2.1 mL). Yield 2.52 g (81%); mp 297–
300 �C. IR (KBr): mmax 3225 (N–H), 3174, 2945, 1662
(C@O), 1642 (C@O), 1620, 1552, and 1476 cm�1; 1H
NMR (200 MHz, DMSO-d6): d 3.05 (s, 3H, N(CH3)2),
3.28 (s, 3H, N(CH3)2), 3.64 (s, 3H, N–CH3), 7.23–7.65
(m, 3H, 6-H + 8-H + 7-H), 8.09 (d, J = 7 Hz, 1H, 5-H),
8.26 (s, 1H, C@CH–N), 11.52 (b, 1H, N–H), 12.61 (b,
1H, O–H); MS: m/z (I%) 312 (M+, 25), 267 (100). Anal.
Calcd for C16H16N4O3 (312.33): C, 61.53; H, 5.16; N,
17.94. Found: C, 61.36; H, 4.92; N, 18.08.


4.6.2. 3-{4-[(Dimethylamino)methylene]-5-oxo-4,5-dihy-
dro-1H-pyrazol-3-yl}-1-ethyl-4-hydroxyquinolin-2(1H)-
one (14b). Prepared from the pyrazolinone 5b (2.71 g)
and DMF-DMA (2.1 mL). Yield 2.41 g (74%); mp
264–265 �C. IR (KBr): mmax 3245 (N–H), 3178, 2972,
2861, 1654 (C@O), 1644 (C@O), 1618, 1573, and
1503 cm�1; 1H NMR (200 MHz, DMSO-d6): d 1.40 (t,
3H, N–CH2CH3), 3.03 (s, 3H, N(CH3)2), 3.22 (s, 3H,
N(CH3)2), 3.86 (q, 2H, N–CH2CH3), 7.28–7.62 (m,
3H, 6-H + 8-H + 7-H), 8.13 (d, J = 7 Hz, 1H, 5-H),
8.25 (s, 1H, C@CH–N), 11.84 (b, 1H, N–H), 12.66 (b,
1H, O–H); MS: m/z (I %) 326 (M+, 44), 281 (100). Anal.
Calcd for C17H18N4O3 (326.36): C, 62.57; H, 5.56; N,
17.17. Found: C, 62.30; H, 5.51; N, 16.92.


4.7. General procedure for the preparation of 3-[4-(hetaryl-
aminomethylene)pyrazolyl]-quinolinones (15a–f)


A mixture of compound 14a or 14b (5 mmol) and 2- or
3-aminopyridine or 2-aminopyrimidine (5 mmol), in gla-
cial acetic acid (25 mL), was heated under reflux for 1 h.
The reaction mixture was left to cool to room tempera-
ture and the precipitate so formed was collected by
filtration and crystallized from the suitable solvent.


4.7.1. 4-Hydroxy-1-methyl-3-{5-oxo-4-[(2-pyridylamino)-
methylene]-4,5-dihydro-1H-pyrazol-3-yl} quinolin-2(1H)-
one (15a). Prepared from compound 14a (1.56 g) and
2-aminopyridine (0.48 g) and crystallized from ethanol.
Yield 1.53 g (85%); mp 237–238 �C (lit., 13 yield 76%;
mp 235–236 �C).


4.7.2. 4-Hydroxy-1-methyl-3-{5-oxo-4-[(3-pyridylamino)-
methylene]-4,5-dihydro- 1H-pyrazol-3-yl}quinolin-2(1H)-
one (15b). Prepared from compound 14a (1.56 g) and
3-aminopyridine (0.48 g) and crystallized from acetone.
Yield 1.45 g (80%); mp 242–244 �C. IR (KBr): mmax 3380
(N–H), 3135, 2992, 2883, 1666 (C@O), 1645 (C@O),
1619, 1611, 1586, and 1545 cm�1; 1H NMR (200 MHz,
DMSO-d6): d 3.64 (s, 3H, N–CH3), 6.98–8.09 (m, 8H,
Harom), 8.31 (d, J = 12.8 Hz, 1H, C@CH–N), 9.28 (b,
1H,N–H), 11.30 (b, 1H,N–H), 12.55 (b, 1H,O–H). Anal.
Calcd for C19H15N5O3 (361.36): C, 63.15; H, 4.18; N,
19.38. Found: C, 63.05; H, 3.95; N, 19.21.


4.7.3. 4-Hydroxy-1-methyl-3-{5-oxo-4-[(2-pyrimidylami-
no)methylene]-4,5-dihydro-1H-pyrazol-3-yl}quinolin-2(1H)-
one (15c). Prepared from compound 14a (1.56 g) and
2-aminopyrimidine (0.49 g) and crystallized from

DMF. Yield 1.42 g (78 %); mp 279–280 �C (lit.,13 yield
68%; mp 279–281 �C).


4.7.4. 1-Ethyl-4-hydroxy-3-{5-oxo-4-[(2-pyridylamino)-
methylene]-4,5-dihydro-1H-pyrazol-3-yl} quinolin-2(1H)-
one (15d). Prepared from compound 14b (1.63 g) and
2-aminopyridine (0.48 g) and crystallized from ethanol.
Yield 1.40 g (75%); mp 226–228 �C. IR (KBr): mmax


3320 (N–H), 3180, 2989, 2846, 1663 (C@O), 1648
(C@O), 1618, 1607, and 1566 cm�1; 1H NMR
(200 MHz, DMSO-d6): d 1.38 (t, 3H, N–CH2CH3),
3.84 (q, 2H, N–CH2CH3), 6.94–8.05 (m, 8H, Harom),
8.35 (d, J = 12.2 Hz, 1H, C@CH–N), 9.45 (b, 1H,
N–H), 11.86 (b, 1H, N–H), 12.68 (b, 1H, O–H). Anal.
Calcd for C20H17N5O3 (375.39): C, 63.99; H, 4.56; N,
18.66. Found: C, 63.81; H, 4.52; N, 18.40.


4.7.5. 1-Ethyl-4-hydroxy-3-{5-oxo-4-[(3-pyridylamino)-
methylene]-4,5-dihydro-1H-pyrazol-3-yl}quinolin-2(1H)-
one (15e). Prepared from compound 14b (1.63 g) and
3-aminopyridine (0.48 g) and crystallized from acetone.
Yield 1.74 g (93 %); mp 220–221 �C. IR (KBr): mmax


3335 (N–H), 3176, 2978, 2864, 1658 (C@O), 1641
(C@O), 1621, 1608, and 1562 cm�1; 1H NMR
(200 MHz, DMSO-d6): d 1.42 (t, 3H, N–CH2CH3),
3.87 (q, 2H, N–CH2CH3), 6.88–8.08 (m, 8H, Harom),
8.41 (d, J = 12.4 Hz, 1H, C@CH–N), 9.28 (b, 1H,
N–H), 11.60 (b, 1H, N–H), 12.45 (b, 1H, O–H). Anal.
Calcd for C20H17N5O3 (375.39): C, 63.99; H, 4.56; N,
18.66. Found: C, 63.78; H, 4.43; N, 18.47.


4.7.6. 1-Ethyl-4-hydroxy-3-{5-oxo-4-[(2-pyrimidylamino)-
methylene]-4,5-dihydro-1H-pyrazol-3-yl}quinolin-2(1H)-
one (15f). Prepared from compound 14b (1.63 g) and
2-aminopyrimidine (0.49 g) and crystallized from DMF.
Yield 1.38 g (73%); mp 256–257 �C. IR (KBr): mmax 3324
(N–H), 3208, 2943, 2852, 1661 (C@O), 1638 (C@O),
1616, 1605, and 1556 cm�1; 1H NMR (200 MHz,
DMSO-d6): d 1.41 (t, 3H, N–CH2CH3), 3.86 (q, 2H,
N–CH2CH3), 7.12–8.08 (m, 7H, Harom), 8.40 (d,
J = 12.6 Hz, 1H, C@CH–N), 9.84 (b, 1H, N–H), 12.08
(b, 1H, N–H), 13.21 (b, 1H, O–H). Anal. Calcd for
C19H16N6O3 (376.38): C, 60.63; H, 4.28; N, 22.23. Found:
C, 60.45; H, 4.31; N, 22.05.


4.8. General procedure for the preparation of 3-[4-(pyraz-
olylaminomethylene)pyrazolyl]-quinolinones (16a,b)


A mixture of equimolar amounts (5 mmol) of the pyraz-
olinone 5a or 5b, triethyl orthoformate, and amine 7, in
ethylene glycol (20 mL), was heated under short air
condenser at 110 �C for 30 min. Then, the reaction
temperature was raised gradually to 190 �C during 1 h.
The reaction mixture was left to cool to room tempera-
ture and triturated with cold methanol (20 mL). The
solid deposits so obtained was collected by filtration
and crystallized from the suitable solvent.


4.8.1. 3-{4-[(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-
pyrazol-4-ylamino)-methylene]-5-oxo-4,5-dihydro-1H-pyr-
azol-3-yl}-4-hydroxy-1-methylquinolin-2(1H)-one (16a).
Prepared from compound 5a (1.29 g), triethyl orthofor-
mate (0.9 mL), and amine 7 (1.04 g) and crystallized from
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dioxane. Yield 2.16 g (92%); mp 198–199 �C (lit.,13 yield
84%; mp 195–197 �C).


4.8.2. 3-{4-[(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-
pyrazol-4-ylamino)-methylene]-5-oxo-4,5-dihydro-1H-pyr-
azol-3-yl}-1-ethyl-4-hydroxyquinolin-2(1H)-one (16b).
Prepared from compound 5b (1.36 g), triethyl orthofor-
mate (0.9 mL), and amine 7 (1.04 g) and crystallized
from ethanol. Yield 2.15 g (89%); mp 186–187 �C. IR
(KBr): mmax 3331 (N–H), 3212, 3145, 2956, 2847, 1663
(C@O), 1636 (C@O), 1618, 1608, 1572, 1550, and
1444 cm�1; 1H NMR (200 MHz, DMSO-d6): d 1.37 (t,
3H, N–CH2CH3), 2.21 (s, 3H, 5-CH3pyrazolone), 3.30 (s,
3H, N–CH3pyrazolone), 3.71 (q, 2H, N–CH2CH3), 7.06–
7.78 (m, 8H, Harom), 8.08 (d, J = 7H, 1H, 5-Hquinolinone),
8.52 (d, J = 12.3 Hz, 1H, C@CH–N), 9.65 (b, 1H, N–H),
10.25 (b, 1H, N–H), 12.88 (b, 1H, O–H). Anal. Calcd for
C26H24N6O4 (484.52): C, 64.45; H, 4.99; N, 17.35.
Found: C, 64.17; H, 4.95; N, 17.22.


4.9. Molluscicidal and larvicidal bioassays


4.9.1. Snails source and conditions. Adult laboratory
bred B. alexandrina and S. mansoni miracidia and cerca-
riae were obtained from Schistosoma Biological Supply
Center (SBSC) at Theodor Bilharz Research Institute
(TBRI) to ensure infection-free snails with high suscep-
tibility for infection experiments. Healthy B. alexandrina
(10–12 mm shell diameter) and L. natalensis (10–13 mm
shell height) snails were collected from local irrigation
canals and ponds at Giza and Kalubia and acclimatized
to laboratory conditions for 3 weeks. Groups of 10
experimental snails were then transferred to well-aerated
glass aquaria containing 2 L of dechlorinated water and
kept at 24 ± 1 �C. The snails were fed on boiled or oven-
dried lettuce leaves. Each aquarium was provided with a
polyethylene sheet for ova-position, and the eggs were
counted using a binuclear stereomicroscope. From each
early and late embryonic stage, 100 eggs were used to
study the effect of the molluscicides on egg development
and hatchability.


4.9.2. Molluscicidal activity. Molluscicidal effect of the
new compounds was evaluated according to WHO pro-
cedure22 with slight modification23 by inclusion of an in-
ert solvent to help in the dissolution of samples. The
compounds were dissolved first in a small amount of
DMF and added to dechlorinated water to obtain
0.1% solution. The bioassay involved immersion of
adult snails in the mixed aqueous solution of the inves-
tigated compounds at final concentration ranging from
5 to 100 ppm for 24 h, at room temperature and under
normal diurnal lighting. Then, the aquaria were decant-
ed and the snails were rinsed twice with dechlorinated
water and offered lettuce leaves as food. The test snails
were then left in water for another 24 h as a recovery
period and examined to assess mortality and computed
to estimate the LC10, LC25, LC50, and LC90 values.24


Snails were considered dead if they remained motionless
and did not respond to the presence of food. In the con-
trol experiments, snails were exposed to 0.1% DMF
without addition of the test molluscicides at the same
experimental conditions. Hatchability experiments were

carried out with the LC25 concentrations of the tested
compounds and control group of eggs were maintained
in dechlorinated water. Infection rate and prepatent
period experiments were carried out using four groups
each of 30 snails (4–6 mm shell diameter) maintained
at the LC25 concentrations of each compound for
24 h. From the surviving snails, four groups of 22 snails
per aquarium were exposed to S. mansoni miracidia with
a dose of 10 miracidia/snail for 24 h at room tempera-
ture and ceiling illumination. A control group of 22
snails was exposed to miracidia in the absence of tested
molluscicides.


4.9.3. Larvicidal activity. Miracidal and cercaricidal ef-
fect of the tested five compounds was examined at
LC10, LC25, and LC50 concentrations. Twenty-five milli-
liters of dechlorinated water containing 100 freshly
hatched miracidia or freshly sheded cercariae was mixed
with 25 mL of double concentrations of the candidate
molluscicide solutions. Fifty milliliters of dechlorinated
water containing 100 freshly hatched miracidia or fresh-
ly sheded cercariae was used as a control. The mortality
was microscopically checked at intervals of 5 min and
the times required for 100% mortality of both S. manso-
ni miracidia and cercariae were recorded.


4.9.4. Toxicity test against Daphnia. The tests were con-
ducted in D. magna following the European Guideline.18


The Daphnia-bioassay-used daphnids were bred in cul-
ture medium imitating natural fresh water. Test plates
with D. magna neonates were incubated for 24–48 h at
24 ± 1 �C in dark. Acute toxicity was assessed by noting
the effects of the tested compounds on the mobility of D.
magna. The neonates were considered immobile if, after
48 h of incubation with the toxicant, they remained set-
tled at the bottom of the test container and did not re-
sume swimming with 15 s observation period. For each
test, 20 healthy neonates were exposed to 50 mL of
LC10, LC25, LC50, and LC90 concentrations of the tested
compounds. Triplicate and control experiments were
carried out for each concentration and the average mor-
tality (immobilization) value was calculated.

References and notes


1. WHO, World Health Report, 2004.
2. WHO, TDR/Schistosomiasis, 2002.
3. (a) Abreu, F. C.; Paula, F. S.; Dos Santos, A. F.; SantÁna,
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Abstract—D3 receptor radioligands (E)-4,3,2-[11C]methoxy-N-4-(4-(2-methoxyphenyl)piperazin-1-yl)butyl-cinnamoylamides (4-
[11C]MMC, [11C]1a; 3-[11C]MMC, [11C]1b; and 2-[11C]MMC, [11C]1c) were synthesized for evaluation as novel potential positron
emission tomography (PET) imaging agents for brain D3 receptors. The new tracers 4,3,2-[11C]MMCs were prepared by O-
[11C]methylation of corresponding precursors (E)-4,3,2-hydroxy-N-4-(4-(2-methoxyphenyl)piperazin-1-yl)butyl-cinnamoylamides
(4,3,2-HMCs) using [11C]methyl triflate and isolated by the solid-phase extraction (SPE) purification procedure with 40–65% radio-
chemical yields, decay corrected to end of bombardment (EOB), and a synthesis time of 15–20 min. The PET dynamic studies of the
tracers [11C]1a–c in rats were performed using an animal PET scanner, IndyPET-II, developed in our laboratory. The results show
that the brain uptake sequence was 4-[11C]MMC > 3-[11C]MMC > 2-[11C]MMC, which is consistent with their in vitro biological
properties. The initial PET blocking studies of the tracers 4,3,2-[11C]MMCs with corresponding pretreatment drugs (E)-4,3,2-meth-
oxy-N-4-(4-(2-methoxyphenyl)piperazin-1-yl)butyl-cinnamoylamides (4,3,2-MMCs, 1a–c) had no effect on 4,3,2-[11C]MMCs-PET
rat brain imaging. These results suggest that the localization of 4,3,2-[11C]MMCs in rat brain is mediated by nonspecific processes,
and the visualization of 4,3,2-[11C]MMCs-PET in rat brain is related to nonspecific binding.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The neurotransmitter dopamine is implicated in a number
of physiological and pathophysiological processes, which
regulate brain functions like motion, emotion, and cogni-
tion.1 Five subtypes of brain dopamine receptors have
been classified into twomajor classes: theD1-like receptors
including D1 and D5 receptors and D2-like receptors
including D2, D3, andD4 receptors. The dopamine D2-like


receptor subtypes, D
2
and D3 receptors, are recognized as


potential therapeutic targets for the treatment of various
neurological and psychiatric disorders such as Parkin-
son�s disease, Huntington�s disease, and schizophrenia.2


An in vivo biomedical imaging technique, positron emis-
sion tomography (PET), coupled with appropriate recep-
tor radioligands, has become a clinically valuable and
accepted diagnostic tool to image brain diseases.3 The
dopamine D2-like receptor was the first neuroreceptor to
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be visualized by PET with the tracer 3-N-[11C]methyl-
spiperone ([11C]NMSP).4 There is a growing interest in
developing positron-labeled D2 and D3 receptor antago-
nists as in vivomarkers for use inPET, andmany attempts
have been made in this area.5–7 However, so far only
[11C]raclopride has been extensively used in human clini-
cal PET studies, because of its high affinity and great spec-
ificity for binding to cerebral dopaminergicD2 receptors.


8


We have developed an improved synthetic approach for
the production of [11C]raclopride routinely used in our
PET center for human and animal studies,9,10 and we
are interested in the development of PET D3 receptor
radioligands. (E)-4,2-Methoxy-N-4-(4-(2-methoxyphe-
nyl)piperazin-1-yl)butyl-cinnamoylamides (4-MMC, 1a,
Ki/D3 0.38 nM, Ki/D2 12 nM, ratio D2/D3 32; 2-MMC,
1c, Ki/D3 0.56 nM, Ki/D2 14 nM, ratio D2/D3 25) are
two new high-affinity D3 receptor antagonists recently
developed by Hackling et al.1 Both compounds possess
the combination of favorable pharmacokinetics and
nanomolar Ki binding affinity for D3 receptor, and O-
methyl positions amenable to labeling with carbon-11.
These same properties are often beneficial in a diagnostic
radiotracer.We investigated whether 11C-labeled analogs
of 4-MMC and 2-MMC, (E)-4,2-[11C]methoxy-N-4-(4-
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(2-methoxyphenyl)piperazin-1-yl)butyl)-cinnamoylamides
(4-[11C]MMC, [11C]1a; 2-[11C]MMC, [11C]1c), could be
used to map brain D3 receptors in vivo. As part of our
efforts to evaluate potential brain-imaging agents, we
synthesized 4-[11C]MMC ([11C]1a); (E)-3-[11C]methoxy-
N-4-(4-(2-methoxyphenyl)piperazin-1-yl)butyl-cinna-
moylamide (3-[11C]MMC, [11C]1b); and 2-[11C]MMC
([11C]1c), and performed initial PET imaging studies of
the tracers [11C]1a–c in rat brain.

2. Results and discussion


2.1. Chemistry, radiochemistry, and lipophilicity


The synthetic approach for 4,3,2-[11C]MMCs ([11C]
1a–c) is shown in Scheme 1.

11CH3O


N


O


O


Br


2


HN


N
OMe


3


CH
ref


OH


O
SOCl2
reflux6


7


11CH
CH3C


R


R


R


N


N


NH


O


OMe
HO


R=4-OH, 1d, 4-HMC
R=3-OH, 1e, 3-HMC
R=2-OH, 1f, 2-HMC


Scheme 1. Synthetic approach for the tracers 4,3,2-[11C]MMCs ([11C]1a–c).

The synthesis of the precursors (E)-4,3,2-hydroxy-N-4-
(4-(2-methoxyphenyl)piperazin-1-yl)butyl-cinnamoyla-
mides (4,3,2-HMCs, 1d–f), and reference standards
(E)-4,3,2-methoxy-N-4-(4-(2-methoxyphenyl)piperazin-
1-yl)butyl-cinnamoylamides (4,3,2-MMCs, 1a–c), as
indicated in Scheme 1, was performed using a modifica-
tion of the literature procedure.1 Commercially available
N-(4-bromobutyl)phthalimide (2) was reacted with 1-(2-
methoxyphenyl)piperazine (3) to give an intermediate
(4-(4-(2-methoxyphenyl)piperazin-1-yl)butyl)phthalimide
(4), which was used for next step reaction without fur-
ther purification. The intermediate 4 was reacted with
hydrazine hydrate to provide 4-(4-(2-methoxyphe-
nyl)piperazin-1-yl)butylamine (5) in 92% yield. There
were two methods to prepare the precursors and refer-
ence standards. Method A: 4,3,2-methoxycinnamic
acids (6a–c) and 4,3,2-hydroxycinnamic acids (6d–f)
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were treated with thionyl chloride to produce corre-
sponding 4,3,2-methoxycinnamoyl chlorides (7a–c) and
4,3,2-hydroxycinnamoyl chlorides (7d–f), which were
reacted with compound 5 in triethylamine (TEA) and
dichloromethane to give the reference standards 1a–c
and precursors 1d–f for radiolabeling. Method B: Com-
pounds 6d–f were directly reacted with compound 5 in
TEA and 1,3-dicyclohexylcarbodiimide (DCC) to afford
the precursors 1d–f. The chemical yields of the reference
standards using Method A are moderate, and the chem-
ical yields of the precursors using Method B are higher
than using Method A.


The precursors 1d–fwere labeled by [11C]methyl triflate11


through O-[11C]methylation12 under basic conditions
using tetrabutylammonium hydroxide (TBAH) to give
the target tracers 4,3,2-[11C]MMCs ([11C]1a–c). The trac-
ers were isolated by solid-phase extraction (SPE) purifica-
tion.13 The radiochemical yields for target tracers
[11C]1a–c were 40–65%, based on 11CO2, decay corrected
to end of bombardment (EOB). The synthesis time of the
tracers was 15–20 min. The large polarity difference be-
tween the precursors and the labeledmethylated products
permitted the use of SPE technique for rapid purification
of labeled products from the radiolabeling reaction mix-
ture. The reaction mixture was diluted with NaHCO3


and loaded onto C-18 cartridge by gas pressure. The car-
tridge column was washed with water to remove unre-
acted [11C]methyl triflate, its precursor, and reaction
solvent. The final labeled product was then eluted with
ethanol. Chemical purity, radiochemical purity, and spe-
cific radioactivity were determined by analytical reversed-
phase HPLC methods. The chemical purities of precur-

Figure 1. PET/CT overlay images of the tracer 4-[11C]MMC with no blocker


anesthetized with acepromazine (0.2 mg/kg, i.m.) and torbugesic (0.2 mg/kg,


IndyPET-II for 60 min. The images are sagittal views in which the location

sors 1d–f and reference standards 1a–c were >95%. The
radiochemical purities of target radiotracers [11C]1a–c
were >99%, and the chemical purities of target radiotra-
cers [11C]1a–c were >93%. The specific radioactivity of
target radiotracers [11C]1 and [11C]2 was >1 Ci/lmol at
end of synthesis (EOS). Retention times in the analytical
HPLC system were: tR 1d = 4.13 min, tR 1e = 3.74 min,
tR 1f = 3.46 min; tR [11C]1a = 6.75 min, tR
[11C]1b = 6.48 min, tR [11C]1c = 6.05 min.


The ability of a D3 receptor radioligand to penetrate the
blood–brain barrier (BBB) could be due, at least in part,
to its lipophilicity, and thus wewere interested in identify-
ing an analog thatwas significantly lipophilic brain tracer.
We calculated lipophilicity coefficients (logP) of the trac-
ers 4,3,2-[11C]MMCs based on their retention times that
were measured by C-18HPLCmethod.14 The calculation
results showed that the logP values of the tracers 4,3,2-
[11C]MMCs are 2.86, 2.81, and 2.71, respectively, that
is, the lipophilicity sequence is 4-[11C]MMC > 3-
[11C]MMC > 2-[11C]MMC. Therefore, we assume the
ability to penetrate the BBB is 4-[11C]MMC > 3-
[11C]MMC > 2-[11C]MMC, and 4-[11C]MMC is the most
promising candidate for use as a potential brain imaging
agent in a series of 4,3,2-[11C]MMCs compounds.


2.2. In vivo PET imaging studies


In vivo dynamic PET imaging studies15 of the tracers
4,3,2-[11C]MMCs in young adult female Sprague–Daw-
ley rats were performed in the IndyPET-II scanner16 for
60 min post iv injection of 0.5–1.0 mCi of the tracer in a
rat, and the images are shown in Figures 1–3. All PET

(control) and with blocker 4-MMC (3.0 mg/kg) (blocker) in female rats


i.m.), administrated with 0.5–1.0 mCi radioactivity, and scanned with


of the brain is indicated in the circle region.







Figure 2. PET/CT overlay images of the tracer 3-[11C]MMC with no blocker (control) and with blocker 3-MMC (3.0 mg/kg) (blocker) in female rats


anesthetized with acepromazine (0.2 mg/kg, i.m.) and torbugesic (0.2 mg/kg, i.m.), administrated with 0.5–1.0 mCi radioactivity, and scanned with


IndyPET-II for 60 min. The images are sagittal views in which the location of the brain is indicated in the circle region.


Figure 3. PET/CT overlay images of the tracer 2-[11C]MMC with no blocker (control) and with blocker 2-MMC (3.0 mg/kg) (blocker) in female rats


anesthetized with acepromazine (0.2 mg/kg, i.m.) and torbugesic (0.2 mg/kg, i.m.), administrated with 0.5–1.0 mCi radioactivity, and scanned with


IndyPET-II for 60 min. The images are sagittal views in which the location of the brain is indicated in the circle region.
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images are sagittal views and overlaid with l-CT. The
location of the brain is indicated in the circle region.
We have developed a method17 for registration and

fusion of small animal scans acquired with the Indy-
PET-II scanner and the EVS RS-9 CT scanner (En-
hanced Vision System, London, Ontario), which can
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provide vital information about the anatomic informa-
tion of tissues and organs in small animals. The l-CT
uses X-rays that pass through the animal to obtain
structural information of the animal. It is an ideal
instrument for biomedical research laboratories to non-
destructively acquire 3-D images of both in vivo and
in vitro specimens. The X-ray radiation that is imposed
on the animal is minimum and does not result in any
physiology change. The registration and fusion of EVS
l-CT with IndyPET-II will help to draw the regions of
interest (ROIs) of the images. All images were acquired
in list-mode and sorted into 15 · 20-s frames, 10 · 60-s
frames, and 9 · 300-s frames. Images were reconstructed
using filtered back projection with a 70% Hanning filter
(4.242 cm�1 cutoff frequency). The PET/CT images of
the tracer 4-[11C]MMC from rats 8 to 10 in Figure 1
showed that some brain images are visible with the trac-
er, and some images are not clear. This situation applied
to the PET/CT images of the tracer 3-[11C]MMC from
rats 11 to 13 in Figure 2 and the PET/CT images of
the tracer 2-[11C]MMC from rats 14 to 16 in Figure 3.
Comparing the images of the tracers 4,3,2-[11C]MMCs
in Figures 1–3, we assume the brain uptake sequence
was 4-[11C]MMC > 3-[11C]MMC > 2-[11C]MMC.


In vivo competitive inhibition studies were performed to
assess the in vivo specificity of 4,3,2-[11C]MMCs to brain
D3 receptors and whether the tracer distribution is sus-
ceptible to indirect pharmacological or pharmacody-
namic effects that could complicate uptake site
measurements. Competition or �blocking� study was car-
ried out by pretreating groups of animals with drugs,
unlabeled D3 receptor antagonists, which compete, or
are believed to compete for the same binding site that
tracer interacts with in the animal brain. For the blocking
imaging studies,15 the rats were pretreated by intraperito-
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Figure 4. The kinetics of the tracer 4-[11C]MMC in each rat brain with n


individualized average brain region of interest intensity versus time from inj

neal injection with the drugs 4,3,2-MMCs prior to intra-
venous injection with corresponding tracers 4,3,2-
[11C]MMCs. The blocking images with blockers 4,3,2-
MMCs are shown in Figures 1–3. Similarly, the blocking
studies show that some of the PET/CT brain images of
the tracers 4,3,2-[11C]MMCs with corresponding block-
ers 4,3,2-MMCs from rats 8 to 16 were visible, and some
brain images were not clear as indicated in Figures 1–3.
In comparison of the brain images in the blocking studies
with those in control studies shows that the changes are
no distinct. Therefore, we assume there is not significant
difference between control studies and blocking studies.


The dynamic PET data of the tracers 4-[11C]MMC with
no blocker (control) and with blockers 4-MMC (block-
er) are shown in Figures 4 and 5. The plot in Figure 4 is
the individualized average brain ROI intensity (y-axis)
versus time (x-axis) from injection, which indicated the
kinetics of the tracer 4-[11C]MMC in each individual
animal rats 8, 9, and 10 at each time point in 60 min
of the entire scan time. The plot in Figure 5 is the com-
parison of the accumulated average intensity values (y-
axis) between 4-[11C]MMC with no blocker (control)
and 4-[11C]MMC with blocker 4-MMC (blocker) in
two different experimental animal groups (n = 3) (x-axis)
in 60 min of the entire scan time, which showed that the
tracer 4-[11C]MMC uptake in the brain was changed in
the blocking study. However, a t-test comparing the
means of 4-[11C]MMC with no blocker and with blocker
4-MMC gave a P-value of 0.31, which did not denote
the presence of a statistically significant difference.
Therefore, we conclude that there was no significant
blocking in the data set, the uptakes of 4-[11C]MMC
in rat brain might be the result of nonspecific binding,
and the visualization of 4-[11C]MMC-PET on rat brain
is associated with nonspecific binding.
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Similarly, the dynamic PET data of the tracer 3-
[11C]MMC with no blocker (control) and with blocker
3-MMC (blocker) are shown in Figures 6 and 7. The
plot in Figure 6 is the individualized average brain
ROI intensity (y-axis) versus time (x-axis) from injec-
tion, which indicated the kinetics of the tracer 3-
[11C]MMC in each individual animal rats 11, 12, and
13 at each time point in 60 min of the entire scan time.
The plot in Figure 7 is the comparison of the accumulat-
ed average intensity values (y-axis) between 3-
[11C]MMC with no blocker (control) and 3-[11C]MMC
with blocker 3-MMC (blocker) in two different experi-
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Figure 5. Comparison of the tracer 4-[11C]MMC uptake in rat brain in


the absence and presence of blocker 4-MMC (control group and


blocker group).
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Figure 6. The kinetics of the tracer 3-[11C]MMC in each rat brain with n


individualized average brain region of interest intensity versus time from inj

mental animal groups (n = 3) (x-axis) in 60 min of the
entire scan time, which showed that the tracer 3-
[11C]MMC uptake in the brain was changed in the
blocking study. However, a t-test comparing the means
of 3-[11C]MMC with no blocker and with blocker 3-
MMC gave a P value of 0.79, which did not denote
the presence of a statistically significant difference.
Therefore, we conclude that there was no significant
blocking in the data set, the uptakes of 3-[11C]MMC
in rat brain might be the result of nonspecific binding,
and the visualization of 3-[11C]MMC-PET on rat brain
is associated with nonspecific binding.
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Figure 7. Comparison of the tracer 3-[11C]MMC uptake in rat brain in


the absence and presence of blocker 3-MMC (control group and


blocker group).
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Likewise, the dynamic PET data of the tracer 2-
[11C]MMC with no blocker (control) and with blocker
2-MMC (blocker) are shown in Figures 8 and 9. The
plot in Figure 8 is the individualized average brain
ROI intensity (y-axis) versus time (x-axis) from injec-
tion, which indicated the kinetics of the tracer 2-
[11C]MMC in each individual animal rats 14, 15, and
16 at each time point in 60 min of the entire scan time.
The plot in Figure 9 is the comparison of the accumulat-
ed average intensity values (y-axis) between 2-
[11C]MMC with no blocker (control) and 2-[11C]MMC
with blocker 2-MMC (blocker) in two different experi-
mental animal groups (n = 3) (x-axis) in 60 min of the
entire scan time, which showed that the tracer 2-
[11C]MMC uptake in the brain was changed in the
blocking study. However, a t-test comparing the means
of 2-[11C]MMC with no blocker and with blocker 2-
MMC gave a P-value of 0.29, which did not denote
the presence of a statistically significant difference.
Therefore, we conclude that there was no significant
blocking in the data set, the uptakes of 2-[11C]MMC
in rat brain might be the result of nonspecific binding,
and the visualization of 2-[11C]MMC-PET on rat brain
is associated with nonspecific binding.


The comparison of the accumulated average intensity in
rat brain in the tracers 4,3,2-[11C]MMCs in three differ-
ent experimental animal groups (control) in 60 min of
the entire scan time is shown in Figure 10. A t-test com-
paring the means of 4-[11C]MMC with 3-[11C]MMC,
4-[11C]MMC with 2-[11C]MMC, and 3-[11C]MMC
with 2-[11C]MMC gave a P-value of 0.20, 0.12, and
0.72, respectively, which did not denote the presence
of a statistically significant difference. From Figure 10,
the brain uptake sequence was 4-[11C]MMC > 3-
[11C]MMC > 2-[11C]MMC, which is consistent with
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Figure 8. The kinetics of the tracer 2-[11C]MMC in each rat brain with n


individualized average brain region of interest intensity versus time from inj

their in vitro biological properties (4-MMC, Ki/D3


0.38 nM, Ki/D2 12 nM, ratio D2/D3 32; 3-MMC, N/A;
and 2-MMC, Ki/D3 0.56 nM, Ki/D2 14 nM, ratio D2/
D3 25) that 4-MMC is the most potent D3 receptor
antagonist in 4,3,2-MMCs.1 The previously described
lipophilicity information also partially accounts for this
in vivo imaging result, since the ability to penetrate the
BBB is 4-[11C]MMC > 3-[11C]MMC > 2-[11C]MMC. A
more likely explanation is difference in metabolism of
4,3,2-[11C]MMCs. The ease of metabolism with O-de-
methylation mechanism18 for 4,3,2-[11C]MMCs is 2-
[11C]MMC > 3-[11C]MMC > 4-[11C]MMC as indicated
in Figure 11, therefore, 2-[11C]MMC appears to have a
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faster washout without longer retention in the rat brain
than does 3-[11C]MMC and 4-[11C]MMC.

3. Conclusion


The synthetic procedures that provide new tracers 4,3,2-
[11C]MMCs have been well developed. The initial
PET imaging studies of the tracers 4,3,2-[11C]MMCs
showed that these three tracers had a certain uptake in
the rat brain. Comparative studies of the images and
the average intensity in the rat brain of 4,3,2-[11C]MMCs
showed the brain uptake sequence was 4-[11C]MMC > 3-
[11C]MMC > 2-[11C]MMC. However, the results
from the blocking studies by intraperitoneal injection
with pretreatment drugs 4,3,2-MMCs prior to intrave-
nous injection with corresponding tracers 4,3,2-
[11C]MMCs showed that no specific binding is present
in all of the three tracers. These results suggest that local-
ization of 4,3,2-[11C]MMCs in rat brain is mediated by
non-specific processes, and the visualization of 4,3,2-
[11C]MMCs-PET in rat brain is related to nonspecific
binding.

N


N


ONH


O


11CH3O


R=4-O11CH3, [11C]1a, [11C]4-MMC


R=3-O11CH3, [11C]1b, [11C]3-MMC


R=2-O11CH3, [11C]1c, [11C]2-MMC


HO


Figure 11. Potential metabolic pathways of the tracers 4,3,2-[11C]MMCs ([11

4. Experimental


4.1. General


All commercial reagents and solvents were used without
further purification unless otherwise specified. The
[11C]methyl triflate was made according to the literature
procedure.11 Melting points were determined on a
MEL-TEMP II capillary tube apparatus and were uncor-
rected. 1H NMR spectra were recorded on a Bruker QE
300 NMR spectrometer using tetramethylsilane (TMS)
as an internal standard.Chemical shift data for the proton
resonances were reported in parts per million (d) relative
to the internal standard TMS (d 0.0). Low-resolution
mass spectra (LRMS)were obtained using aBrukerBiflex
IIIMALDI-TOFmass spectrometer, andhigh-resolution
mass spectra (HRMS)measurementswere obtained using
a Kratos MS80 mass spectrometer, in the Department of
Chemistry at Indiana University. Chromatographic sol-
vent proportions are expressed on a volume:volume basis.
Thin-layer chromatographywas run usingAnaltech silica
gel GF uniplates (5 · 10 cm2). Plates were visualized by
UV light. Normal phase flash chromatography was car-
ried out on EM Science silica gel 60 (230–400 mesh) with
a forced flow of the indicated solvent system in the pro-
portions described below. All moisture-sensitive reac-
tions were performed under a positive pressure of
nitrogen maintained by a direct line from a nitrogen
source.


Analytical HPLC was performed using a Prodigy (Phe-
nomenex) 5 lm C-18 column, 4.6 · 250 mm; 3:1:3
CH3CN–MeOH–20 mM, pH 6.7 KHPO4


� (buffer solu-
tion) mobile phase, flow rate 1.5 mL/min, and UV
(240 nm) and c-ray (NaI) flow detectors. Semi-prep C-
18 guard cartridge column 1 · 1 cm was obtained from
E. S. Industries, Berlin, NJ, and part number 300121-
C18-BD 10l. Sterile Millex-GS 0.22 lm vented filter unit
was obtained fromMillipore Corporation, Bedford,MA.


4.2. Synthesis of precursors and reference standards


4.2.1. 4-(4-(2-Methoxyphenyl)piperazin-1-yl)butylamine (5).
A mixture of N-(4-bromobutyl)phthalimide (2) (21 mmol,

Me


N


N


OMeNH


O


R=4-OH, 1d, 4-HMC
R=3-OH, 1e, 3-HMC
R=2-OH, 1f, 2-HMC


O-Demethylation


C]1a–c).
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5.92 g), 1-(2-methoxyphenyl)piperazine (3) (20 mmol,
3.84 g), andK2CO3 (50 mmol, 6.91 g) in acetonitrile or ace-
tone (60 mL) was heated to reflux for 8 h. After further
addition of compound 2 (1 mmol, 0.27 g), the mixture
washeated foranother4 h.Thehot suspensionwasfiltrated
and the residue was washed with acetone three times. The
filtrates were concentrated under reduced pressure to give
an intermediate 4-(4-(2-methoxyphenyl)piperazin-1-yl)bu-
tyl)phthalimide (4), which was not separated and directly
used for next step reaction. Compound 4 (18 mmol,
7.08 g) and hydrazine hydrate (22 mmol, 1.07 g) in metha-
nol (30 mL) were heated to reflux for 2 h. To the hot solu-
tion was added 2 N HCl (20 mL), and reflux was
continuedforanother1 h.After cooling toambient temper-
ature, the mixture was filtrated and the filtrate was evapo-
rated to dryness. This residue was suspended in water and
alkalized with 2 N NaOH. Extraction with ethyl acetate
orCH2Cl2 yielded compound 5 (4.36 g, 92%) as a lowmelt-
ing point andpure enoughwhite solid, which canbe further
purified by column chromatography (10:89:1 CH3OH–
CH2Cl2–NH3ÆH2O), Rf = 0.22 (10:89:1 CH3OH–CH2Cl2–
NH3ÆH2O). 1H NMR (300 MHz, CDCl3): d 1.25–1.58 (m,
4H, CH2CH2), 2.15 (s, 2H, CH2), 2.43 (t, J = 6.40 Hz,
2H, 1-Pipera-CH2), 2.67 (s, 4H, Pipera-H), 2.74 (s, 2H,
NH2), 3.10 (s, 4H, Pipera-H), 3.86 (s, 3H, CH3O), 6.85–
7.01 (m, 4H, Ph–H).


4.2.2. General procedure for the preparation of amides
(E)-4,3,2-methoxy-N-4-(4-(2-methoxyphenyl)piperazin-1-
yl)butyl-cinnamoylamides (4,3,2-MMCs, 1a–c) and (E)-
4,3,2-hydroxy-N-(4-(4-(2-methoxyphenyl)piperazin-1-
yl)butyl)-cinnamoylamides (4,3,2-HMCs, 1d–f). Method
A (1a–f): The 4,3,2-methoxycinnamic acids (6a–c) or
4,3,2-hydroxycinnamic acids (6d–f) (0.06 mol) were
treated with thionyl chloride (20 mL) and two drops of
N,N-dimethylformamide and then heated at reflux for
2–3 h. The excess thionyl chloride was removed by evap-
oration under reduced pressure. Residual thionyl chlo-
ride was removed by co-evaporation with anhydrous
benzene (30 mL) to afford the corresponding 4,3,2-meth-
oxycinnamoyl chlorides (7a–c) and 4,3,2-hydroxycinna-
moyl chlorides (7d–f). A mixture of compound 5
(2 mmol, 0.526 g), TEA (6 mmol, 0.84 mL), and dry
CH2Cl2 (15 mL) was cooled down to 0 �C and was stir-
red under nitrogen for 5 min. Then the corresponding
cinnamoyl chloride (7) (2.2 mmol) was slowly added
and the stirring continued for another 4–15 h. The sol-
vent was removed under reduced pressure. The mixture
was added to water and was extracted with CH2Cl2. The
crude product was purified by silica gel column chroma-
tography (6:94 CH3OH–CH2Cl2) to give pure products
1a–f, Rf = 0.63–0.67 (1:9 CH3OH–CH2Cl2).


Method B (1d–f): A mixture of 4,3,2-hydroxycinnamic
acids (6d–f) (2 mmol, 0.328 g), TEA (4 mmol, 0.41 g),
and compound 5 (2 mmol, 0.526 g) in dry CH2Cl2
(25 mL)was stirred at room temperature for 10 min under
nitrogen. Then DCC (2.6 mmol, 0.536 g) was added and
the stirring continued for another 10–20 h. The mixture
was filtrated, and the residue was washed with water.
The filtrate was evaporated to dryness, whichwas purified
by column chromatography (6:94 CH3OH–CH2Cl2) to
give pure products 1d–f,Rf � 0.63 (1:9CH3OH–CH2Cl2).

4.2.2.1. (E)-4-Methoxy-N-(4-(4-(2-methoxyphenyl)pip-
erazin-1-yl)butyl)-cinnamoylamide (1a). Method A, 78%
yield, mp: 137–139 �C. 1H NMR (300 MHz, CDCl3): d
1.64 (s, 4H, CH2CH2), 2.46 (s, 2H, 1-Pipera-CH2), 2.68
(s, 4H, Pipera-H), 3.16 (s, 4H, Pipera-H), 3.41 (s, 2H,
CH2CONH), 3.81 (s, 3H, OCH3), 3.86 (s, 3H, OCH3),
6.27 (d, J = 15.6 Hz, 1H, CHCO), 6.55 (s, 1H, Ph–H),
6.86–6.93 (m, 5H, Ph–H), 7.01(s, 1H, NH), 7.41 (d, J =
7.60 Hz, 2H, Ph–H), 7.55 (d, J = 15.6 Hz, 1H, Ph–CH).


4.2.2.2. (E)-3-Methoxy-N-(4-(4-(2-methoxyphenyl)pip-
erazin-1-yl)butyl)-cinnamoylamide (1b). Method A, 74%
yield, mp: 71–73 �C. 1H NMR (300 MHz, CDCl3): d
1.65 (s, 4H, CH2CH2), 2.46 (t, J = 7.62 Hz, 2H, 1-Pi-
pera-CH2), 2.67 (s, 4H, Pipera-H), 3.13 (s, 4H, Pipera-
H), 3.42 (t, J = 5.88 Hz, 2H, CH2CONH), 3.84 (s, 3H,
OCH3), 3.86 (s, 3H, OCH3), 6.38 (d, J = 15.4 Hz, 1H,
CHCO), 6.71 (s, 1H, NH), 6.85–7.08 (m, 7H, Ph–H),
7.22–7.27 (m, 1H, Ph–H), 7.50 (d, J = 15.4 Hz, 1H, Ph–
CH). LRMS (CI, m/z): 423 ([M+H]+, 52%), 261 (100%).
HRMS (CI,m/z): calcd for C25H34N3O3 423.2599. Found
423.2512.


4.2.2.3. (E)-2-Methoxy-N-(4-(4-(2-methoxyphenyl)pip-
erazin-1-yl)butyl)-cinnamoylamide (1c). Method A, 75%
yield, mp: 136–138 �C. 1H NMR (300 MHz, CDCl3): d
1.65 (s, 4H, CH2CH2), 2.49 (t, J = 6.62 Hz, 2H, 1-Pi-
pera-CH2), 2.70 (s, 4H, Pipera-H), 3.13 (s, 4H, Pipera-
H), 3.42 (d, J = 5.15 Hz, 2H, CH2CONH), 3.82 (s, 3H,
OCH3), 3.86 (s, 3H, OCH3), 6.38 (d, J = 15.4 Hz, 1H,
CHCO), 6.84–6.97 (m, 6H, Ph–H and NH), 6.98–7.03
(m, 1H, Ph–H), 7.26–7.32 (m, 1H, Ph–H), 7.43 (d,
J = 7.36 Hz, Ph–H), 7.82 (d, J = 15.4 Hz, 1H, Ph–CH).
LRMS (CI, m/z): 423 ([M+H]+, 13.2%), 178 (100%).
HRMS (CI,m/z): calcd for C25H34N3O3 423.2599. Found
423.2519.


4.2.2.4. (E)-4-Hydroxy-N-(4-(4-(2-methoxyphenyl)pip-
erazin-1-yl)butyl)-cinnamoylamide (1d). Method A, 47%
yield; Method B, 76% yield, mp: 124–126 �C. 1H
NMR (300 MHz, CDCl3): d 1.47 (s, 4H, CH2CH2),
2.32 (s, 2H, 1-Pipera-CH2), 2.94 (s, 4H, Pipera-H),
3.16 (d, J = 5.11 Hz, 2H, CH2CONH), 3.34 (s, 4H, Pi-
pera-H), 3.76 (s, 3H, OCH3), 6.37 (d, J = 15.4 Hz, 1H,
CHCO), 6.71 (s, 1H, NH), 6.76–6.95 (m, 6H, Ph–H),
7.27 (d, J = 16.1 Hz, 1H, Ph–CH), 7.35 (d,
J = 8.82 Hz, 2H, Ph–H), 7.97 (t, J = 5.51 Hz, NH),
9.81(s, 1H, OH). LRMS (CI, m/z): 410 ([M+H]+,
12.2%), 405 (100%). HRMS (CI, m/z): calcd for
C24H32N3O3 410.2444. Found 410.3913.


4.2.2.5. (E)-3-Hydroxy-N-(4-(4-(2-methoxyphenyl)pip-
erazin-1-yl)butyl)-cinnamoylamide (1e). Method A, 43%
yield; Method B, 52% yield, mp: 130–132 �C. 1H NMR
(300 MHz, CDCl3): d 1.61 (s, 4H, CH2CH2), 2.50 (t,
J = 6.62 Hz, 2H, 1-Pipera-CH2), 2.75 (s, 4H, Pipera-H),
3.14 (s, 4H, Pipera-H), 3.36 (t, J = 5.61 Hz, 2H,
CH2CONH), 3.84 (s, 3H, OCH3), 6.31 (d, J = 15.4 Hz,
1H, CHCO), 6.76–7.03 (m, 7H, Ph–H), 7.16 (t,
J = 7.70 Hz, 1H, NH), 7.25 (s, 1H, Ph–H), 7.53 (d,
J = 15.4 Hz, 1H, Ph–CH). LRMS (CI, m/z): 410
([M+H]+, 20%), 406 (100%). HRMS (CI, m/z): calcd for
C24H32N3O3 410.2444. Found 410.3915.
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4.2.2.6. (E)-2-Hydroxy-N-(4-(4-(2-methoxyphenyl)pip-
erazin-1-yl)butyl)-cinnamoylamide (1f). Method A, 36%
yield; Method B, 80% yield, mp: 167–169 �C. 1H NMR
(300 MHz, CDCl3): d 1.63 (s, 4H, CH2CH2), 2.19 (s,
1H, OH), 2.48 (s, 2H, 1-Pipera-CH2), 2.73 (s, 4H, Pi-
pera-H), 3.13 (s, 4H, Pipera-H), 3.39 (s, 2H, CH2CONH),
3.86 (s, 3H, OCH3), 6.61 (d, J = 15.4 Hz, 1H, CHCO),
6.80–7.01 (m, 7H, Ph–H), 7.17 (t, J = 7.48 Hz, 1H, NH),
7.28–7.39 (m, 1H, Ph–H), 7.91 (d, J = 15.4 Hz, 1H, Ph–
CH). LRMS (CI, m/z): 410 ([M+H]+, 28%), 137 (100%).
HRMS (CI,m/z): calcd for C24H32N3O3 410.2444. Found
410.3913.


4.3. Synthesis of target tracers


4.3.1. Typical experimental procedure for the radiosyn-
thesis of (E)-4,3,2-[11C]methoxy-N-4-(4-(2-methoxyphe-
nyl)piperazin-1-yl)butyl-cinnamoylamides (4-[11C]MMC,
[11C]1a; 3-[11C]MMC, [11C]1b; 2-[11C]MMC, [11C]1c).
The precursor (1d, 1e, or 1f) (0.6–1.0 mg) was dissolved
in CH3CN (500 lL). To this solution, tetrabutylammo-
nium hydroxide (TBAH) (5 lL, 1 M solution in metha-
nol) was added. The mixture was transferred to a small
volume, three-necked reaction tube. [11C]Methyl triflate
was passed into the air-cooled reaction tube at �15 to
�20 �C, which was generated by a Venturi cooling de-
vice powered with 100 psi compressed air, until radioac-
tivity reached a maximum (�3 min), then the reaction
tube was heated at 70–80 �C for 2 min. The contents
of the reaction tube were diluted with NaHCO3 (1 mL,
0.1 M). This solution was passed onto a C-18 cartridge
by gas pressure. The cartridge was washed with H2O
(2 · 3 mL), and the aqueous washing was discarded.
The product was eluted from the column with EtOH
(2 · 3 mL), and then passed onto a rotatory evaporator.
The solvent was removed by evaporation under high
vacuum. The labeled product [11C]1a, [11C]1b, or
[11C]1c was formulated with saline (1–3 mL), sterile-fil-
tered through a sterile vented Millex-GS 0.22 lm cellu-
lose acetate membrane, and collected into a sterile vial.
Total radioactivity was assayed, and total volume was
noted. The overall synthesis time was �20 min. The de-
cay-corrected yield, from 11CO2, was 40–65%, and the
radiochemical purity was >99% by analytical HPLC.


4.4. PET imaging of the tracers in the Sprague–Dawley
female rats


4.4.1. Dynamic IndyPET-II imaging of the tracers 4,3,2-
[11C]MMCs in the rats. All animal experiments were
performed under a protocol approved by the Indiana
University institutional animal care and use committee.
The IndyPET-II scanner designed and developed by
Rouze and Hutchins16 was used for these studies. The
female Sprague–Dawley rat (250–300 g) was anesthe-
tized with acepromazine (0.2 mg/kg, i.m.) and torbugesic
(0.2 mg/kg, i.m.). Dose in the range of 0.5–1.0 mCi of
4-[11C]MMC, 3-[11C]MMC or 2-[11C]MMC was admin-
istered intravenously to the rat via the tail vein. The
l-PET images of the tracers were acquired in Indy-
PET-II scanner by the ordered subsets expectation
maximization (OSEM) using six subsets/four iterations
for 60 min dynamic scans from a rat post-intravenous

injection of 0.5–1.0 mCi of the tracer, and frame dura-
tions were defined as 300 s for the entire 3600-s scan.


4.4.2. Image registration and fusion. After sedation, the
subject is strapped to a scanning bed, which is mounted
on the EVS l-CT imaging stage for CT image acquisition.
Following the CT scan, the bed is moved from the EVS
l-CT imaging stage to the IndyPET-II imaging stage.
Both stages have identical mounts with precision pins so
that the bed position is reproducible. A six-parameter rig-
id body registration transformof thePET image to theCT
image space is calculated using PET and CT images of a
registration phantom consisting of parallel and perpen-
dicular tubes filled with a mixture of [18F]FDG and
iodinated contrast agent. Transformation parameters
were calculated using an algorithm that finds the ends of
the tubes and calculates a geometric transform using the
locations of the end points in the two image pairs. This
method also provides a measure of fiducial registration
error. Typically, the overall fiducial registration error is
less than 0.4 mm. The phantom derived registration
transformation parameters are applied to the animal CT
andPETdata sets to register the anatomical and function-
al image data sets for further evaluation.


4.4.3. Blocking IndyPET-II imaging of the tracers 4,3,2-
[11C]MMCs with corresponding cold drugs 4,3,2-MMCs.
For the blocking experiments, the rats (250–300 g) were
pretreated by intraperitoneal injection with drugs 4,3,2-
MMCs (3.0 mg/kg) prior to intravenous injection of cor-
responding tracers 4,3,2-[11C]MMCs in the tail vein.After
tracer administration, the animals were handled as de-
scribed above.


4.5. Statistical analysis


The uptake differences between control group and block-
er group for the tracers 4,3,2-[11C]MMCs, 4-[11C]MMC
with 3-[11C]MMC, 4-[11C]MMC with 2-[11C]MMC, and
3-[11C]MMC with 2-[11C]MMC in control group in ani-
mals were examined for statistical significance using the
Student�s t-test. AP-value less than 0.05 denoted the pres-
ence of a statistically significant difference.
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Abstract—Approximately 80–90% of prostate cancers are androgen dependent at initial diagnosis. The androgen receptor (AR) is
present in most advanced prostate cancer specimens and is believed to have a critical role in its development. Today, treatment of
prostate cancer is done by inhibition of AR using antiandrogens such as flutamide (pro-drug of hydroxyflutamide), nilutamide, and
bicalutamide. However, there is currently no noninvasive imaging modalities to detect, guide, and monitor specific treatment of AR-
positive prostate cancer. (R)-3-Bromo-N-(4-fluoro-3-(trifluoromethyl)phenyl)-2-hydroxy-2-methyl-propanamide [18F]-1 and N-(4-
fluoro-3-(trifluoromethyl)phenyl)-2-hydroxy-2-methylpropanamide [18F]-2, derivatives of hydroxyflutamide, were synthesized as a
fluorine-containing imaging agent candidates. A three-step fluorine-18 radiosynthesis route was developed, and the compounds were
successfully labeled with a 10 ± 3% decay corrected radiochemical yield, 95% radiochemical purity, and a specific activity of
1500 ± 200 Ci/mmol end of bombardment (n = 10). These labeled biprobes not only may enable for the future quantitative molec-
ular imaging of AR-positive prostate cancer using positron emission tomography but may also allow for image-guided treatment of
prostate cancer.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The androgen receptor (AR) is a member of the steroid/
thyroid hormone receptor superfamily and plays a crit-
ical role in the development and maintenance of male
secondary sexual phenotypes such as muscle, hair and
bone mass, prostate growth, and spermatogenesis.1–4


The AR is a cellular regulatory protein that upon andro-
gen binding migrates into the nucleus, binds to specific
DNA sequences called androgen response elements,
and modulates the transcription of target genes.1


The AR is also believed to be involved in prostate carci-
nogenesis, and amplification of AR is present in most
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advanced prostate cancer specimens.5,6 Males who are
castrated at a young age do not develop prostate cancer,
implying that androgens are risk factors for prostate
cancer development.6 In addition, prostate-specific
expression of an androgen receptor transgene in a trans-
genic mouse induces prostate intraepithelial neoplasia.6


Prostate cancer is estimated to represent 30% of new can-
cer cases in US men.6 Approximately 80–90% of prostate
cancers are androgen dependent upon initial diagnosis
and endocrine therapy of prostate cancer is directed to-
ward the reduction of serum androgens and inhibition
of AR.7 On the other hand, some very aggressive forms
of prostate cancer were shown to have lost the expression
of AR and are insensitive to inhibition of the AR.6,7 Tes-
tosterone and 5a-dihydrotestosterone (5a-DHT) are nat-
ural steroids that serve as the natural ligands for the AR
and can be used as replacement therapy for androgen
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Figure 2. 18F-radiolabeled nonsteroidal antiandrogen derivatives.
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deficiency.8,9 Different ligands of the AR were reported
and can be divided into two main chemical structures—
steroidal and nonsteroidal—with two different function-
alities—androgenic and antiandrogenic classes.1 Antian-
drogens are used to counteract the undesirable actions of
excessive androgens. Nonsteroidal antiandrogens, such
as flutamide, nilutamide, and bicalutamide (Fig. 1), were
shown to bind exclusively to the AR and, therefore, have
few side effects.1,4 These agents are advantageous over
steroidal antiandrogens (e.g., megestrol acetate and
cyproterone acetate) in terms of specificity, selectivity,
and pharmacokinetic properties and are successfully
used in the clinic for the treatment of AR-dependent
prostate cancer.1,10 Since AR is a specific target for pros-
tate cancer treatment and loss of expression of AR has
been observed in several aggressive tumors, it is critical
to determine its role in individual patients to guide and
monitor treatment. To date, imaging tools, including
positron emission tomography (PET) for diagnosing lo-
cal recurrence and metastatic sites of prostate cancer, are
suboptimal.11–13 PET is a nuclear medicine imaging
modality, which allows for the three-dimensional, quan-
titative determination of the distribution of radioactivity
within the human body.14 PET allows accurate measure-
ment of radioactivity concentration in small volume ele-
ments in vivo as well as the ability to follow tracer
kinetics. PET requires the administration to the subject
of a molecule labeled with a positron-emitting nuclide
such as 15O, 13N, 11C, and 18F, which have half-lives of
2.037, 9.965, 20.39, and 109.8 min, respectively. The
major effort to visualize AR in prostate cancer using
PET has been focused on the labeling of steroids, such
as testosterone and dihydrotestosterone, or synthetic
steroid, mibolerone and metribolone (R1881) deriva-
tives.15 The most advanced PET agent for AR is a
derivative of dihydrotestosterone (Ki = 0.28 nM)4—
[18F]fluoro-dihydrotestosterone.15i,j,k Although the met-
abolic rate of this compound was rapid, fast tumor up-
take and prolonged retention of radioactivity were
observed in human studies.15i,j,k While androgenic ste-
roid radiopharmaceuticals have high affinity to the
AR, they often have inadequate AR selectivity and like
other steroids, tend to bind with other steroid recep-
tors.16 Anilide analogs such as flutamide, nilutamide,
and bicalutamide (Fig. 1) were the first group of nonste-
roidal androgen antagonists to be used as drugs, and
their chemical structures are natural candidates for
PET imaging agent development.


We report our efforts on the design, synthesis and radio-
synthesis of novel prostate cancer PET imaging agent
candidates labeled with fluorine-18. We will begin by
first discussing our unsuccessful approach to aliphatical-
ly incorporate the radiolabeled isotopes, and finally

Figure 1. Nonsteroidal antiandrogens.

report our successful radiosynthesis of (R)-3-bromo-N-
(4-fluoro-3-(trifluoromethyl)phenyl)-2-hydroxy-2-meth-
ylpropanamide [18F]-1 and N-(4-fluoro-3-(trifluoro-
methyl)phenyl)-2-hydroxy-2-methylpropanamide [18F]-
2 hydroxyflutamide derivatives (Fig. 2). These novel
radiopharmaceuticals may not only enable future nonin-
vasive-specific molecular imaging of AR-dependent
prostate cancer using PET but also for image-guided
treatment of prostate cancer.

2. Results and discussion


Hydroxyflutamide is a symmetric nonchiral molecule
(Ki = 175 nM);17 however, substitution of a single
hydrogen atom by halogen on one of the methyl groups
of the hydroxyflutamide molecule, introduces an asym-
metry, which results in the formation of a chiral center.
Several reports have indicated the large differences in
biological activity (AR-binding constants) of different
stereoisomers of hydroxyflutamide derivatives such as
bromine, fluorine, and iodine relative to flutamide and
bicalutamide. It was found that the R-enantiomers of
these derivatives would typically have much higher
AR-binding constants than their S counterparts [(R)-3-
bromo hydroxyflutamide Ki = 0.3 nM; (S)-3-bromo
hydroxyflutamide, Ki = 16.5 nM] flutamide and bicalu-
tamide (11 nM).2 According to the present working
hypothesis, it was assumed that radiolabeled ligands
with higher AR-binding constants would produce better
images, due to higher target affinity. On the basis of
this assumption, a radiochemical transformation was
designed to synthesize the (R)-enantiomer of 3-[18F]fluo-
ro-2-hydroxy-2-methyl-N-(4-nitro-3-(trifluoromethyl)-
phenyl)propanamide [18F]-6 in a one-step radiosynthesis
(Fig. 4). Since the nonlabeled fluorine derivative only
served as the chromatographic reference standard for
the identification of the labeled analog by HPLC, it
was prepared as a racemic mixture by a three-step syn-
thesis (Fig. 3), starting with biphasic reaction of fluoro-
acetone solution in diethyl ether with aqueous NaCN to
form the corresponding cyanohydrin 318 with a 50%
yield (Fig. 3). Refluxing of 3 in concentrated HCl pro-
duced (±)-3-fluoro-2-hydroxy-2-methylpropanoic acid







Figure 4. First attempt to synthesize [18F]-radiolabeled hydroxyflutamide derivative [18F]-6. Reagents and conditions: (i) methacryloyl chloride,


NaOH(aq), acetone, 0 �C; (ii) N-bromosuccinimide, CCl4, DMF, 0 �C; (iii) 24% HBr(aq), 105 �C; (iv) thionyl chloride, dimethylacetamide; 4-nitro-3-


(trifluoro-methyl)benzenamine, �12 �C; (v) K[18F]FÆKryptofix complex, DMSO, 110 �C; (vi) acetic anhydride, dimethylaminopyridine, pyridine,


35 �C.


Figure 3. Synthesis of compound 6. Reagents and conditions: (i) NH4Cl(q), NaCN(aq), diethyl ether, 10 �C; (ii) concd HCl(aq), reflux, 3 h; (iii) thionyl


chloride, dimethylacetamide; 4-nitro-3-(trifluoro-methyl)benzenamine, �12 �C.
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418 with a 32% yield similar to the reported procedure.
Attempts to improve the yield of this latter step by using
different acids such as H2SO4 or H3PO4, or under other
temperature conditions, resulted in even lower yields. In
the third step, the coupling process was performed via in
situ generation of acyl chloride 5 that was obtained by
the reaction of hydroxy acid 4 with thionyl chloride in
dry dimethylacetamide at �12 �C. Formation of com-
pound 6 was found to be sensitive to the reaction tem-
perature. Optimization of this parameter showed that
the highest yield of the product of 45% was obtained
when the reaction temperature was kept within
�12 ± 5 �C range.


Compound 1119 and its derivatives served as precursors in
attempts to radiolabel the (R)-enantiomer of 3-[18F]fluo-
ro-2-hydroxy-2-methyl-N-(4-nitro-3-(trifluoro-meth-
yl)phenyl)propanamide [18F]-6 (Fig. 4). On the basis of
the published procedures, pure (R)-enantiomer of com-
pound 11was prepared in four steps (Fig. 4). The required

chirality was defined by utilizing DD-Proline as a chiral aux-
iliary.19 The synthesis was started by coupling of methac-
ryloyl chloride with DD-Proline in 2.0 M NaOH aqueous
solution in acetone at 0 �C.20 It was found that the use
of freshly distilled methacryloyl chloride and careful con-
trol of pH conditions within a 10.3 ± 0.3 range are prereq-
uisites for this reaction and the desired (R)-1-(2-
methylacryloyl)pyrrolidine-2-carboxylic acid 719 was iso-
lated with a 81% yield. In the following cyclization step,
substantial improvement in the yield of (3R,8aR)-3-(bro-
momethyl)-3-methyl-tetrahydro-3H-pyrrolo[2,1-c][1,4]oxa-
zine-1,4-dione 819 (from 64% to 96%)was achieved by using
a light-protected reaction vessel and amixture of dryCCl4
and DMF (4:5) as the solvent. Compound 8 was then
hydrolyzed in aqueous HBr at 105 �C to the correspond-
ing hydroxy acid 919 with a 84% yield. Conversion
of 9 into (R)-3-bromo-2-hydroxy-2-methyl-N-(4-nitro-
3-(trifluoro-methyl)phenyl)-propanamide 1119 was
achieved by reacting in situ generated acyl chloride 10
with 4-nitro-3-(trifluoromethyl)-benzenamine in dry
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dimethylacetamide at �12 �C. Compound 11 was ob-
tained with a 45% yield after silica gel chromatography
followed by selective precipitation from a diethyl ether/
hexanes solution.


Attempts to substitute the bromine of compound 11 with
[18F]fluoride ion were unsuccessful and only H[18F]F gas
was detected. It was proposed that under fluorination
conditions, the hydroxyl group of compound 11 would
undergo deprotonation. This would interfere with the
labeling reaction since it would capture most of the
fluoride ions. Thus, the acetyl protecting group was
introduced by reacting 11with acetic anhydride and dim-
ethylaminopyridine in dry pyridine. Similarly, the pro-
tected precursor, compound 12, did not produce any
fluorination products and therefore, it was concluded that
the bromide atom should be replaced by a much better
leaving group. Several good leaving groups, based on sul-
fonyl moiety, are frequently used in 18F-radiopharmaceu-
tical precursors, among them being the nosyl, tosyl, and
triflate groups. Compound 12 was subjected to a series
of reactions where silver salts of triflate, nosylate, and tos-
ylate in dry acetonitrile or THF were used, under light-
protecting conditions (Fig. 5). Due to the expected reac-
tivity of sulfonyl derivatives, a preliminary analysis of
crude reaction mixtures was performed by 1H, 13C
NMR, and MS, immediately after silver bromide filtra-
tion and evaporation of the reaction solvent. It was found

Figure 5. Synthesis of compound 15. Reagents and conditions: (i) silver t


tosylate, acetonitrile, 60 �C.


Figure 6. Attempt to convert potential precursor 15 to compound [18F]-6. Re


(ii) 1.0 M HCl(aq), 105 �C.

that reaction of 12 with silver triflate furnished the epox-
ide 13;20 reaction with silver nosylate in dry THF at 60 �C
furnished the (S)-3-hydroxy-2-methyl-1-(4-nitro-3-(tri-
fluoro-methyl)phenylamino)-1-oxopropan-2-yl acetate
14. The only desired derivative that could be obtained
with a 39% yield, followingRP-C18 column chromatogra-
phy, was the acetyl-protected tosylate derivative 15, by
the reaction of 12 and silver tosylate (Fig. 5).


Attempts to convert precursor 15 to the target com-
pound [18F]-6 included a two-step reaction, in which
15 was reacted with K[18F]FÆKryptofix complex in dry
DMSO at 110 �C, followed by treatment with 1.0 M
aqueous HCl at 105 �C (Fig. 6). The radio-HPLC anal-
ysis of the products at the end of the reaction with
[18F]fluoride indicated formation of low quantities of
compound [18F]-16 probably because of (a) the tosyl
group is not a sufficient leaving group (b) The amide
NAH is also acidic because the electronegativity associ-
ated with the aromatic ring also undergoes deprotona-
tion that interferes with the labeling reaction by
capturing some of the fluoride ions. However, acid
hydrolysis did not produce the desired product [18F]-6.
Increasing the temperature of the hydrolysis step above
110 �C resulted in the formation of side products, most
probably due to the hydrolysis of the amide bond. It was
then suggested that a better leaving and labile protecting
groups may produce better results.

riflate, acetonitrile, 60 �C; (ii) silver nosylate, THF, 60 �C; (iii) silver


agents and conditions: (i) K[18F]FÆKryptofix complex, DMSO, 110 �C;
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Following a search for a better protecting group that
could be easily removed, the O-BOC derivative 18 was
selected.21 Compound 11 was treated with (BOC)2O
under various conditions. Figure 7 and Table 1 present
the results obtained during the development of suitable
conditions for the synthesis of the target BOC-derived
intermediate 18.


Reaction of 11 with (BOC)2O, dimethylaminopyridine,
and pyridine in acetonitrile at 40 �C produced exclusive-
ly epoxide 13.3 Replacing the media to a less polar
solvent such as toluene resulted in the formation of
lactam 17, as a major product. The changes in products
obtained under the different conditions could be de-
scribed with two different reaction mechanisms (Fig.
8). With acetonitrile, the formation of epoxide 13 was
derived from a base-assisted intramolecular attack of
the hydroxyl group on the methylenebromide moiety.
On the other hand, with toluene, due to intramolecular
hydrogen bonds,19,22 the preferred conformation of 11
was placing the anilide nitrogen toward the methylene
group and enabling intramolecular ring closure to form
lactam 17. These suggested mechanisms are supported
by the work of Morris and co-workers23 who performed
an infrared spectroscopic study of hydroxyflutamide
derivatives and related compounds. By examining the
intramolecular hydrogen bonding in these types of mol-
ecules, they concluded that a single dominant conforma-

Figure 7. Reaction of compound 11 with (BOC)2O under various conditions.


in Table 1.


Table 1. Changes in product distribution due to variations in reaction conditi


actual isolated yields of the products


Solvent Amount of base Amou


(BOC


i. Acetonitrile 0.25 equiv DMAP + 1.50 equiv pyridine 2.0


ii. Toluene 0.25 equiv DMAP + 1.50 equiv pyridine 5.0


iii. Toluene 1.50 equiv pyridine 5.0

tion could have an important influence on the ability of
the OH group to act as a hydrogen bond donor. More-
over, these proposed mechanisms are also supported by
1H NMR measurements of compound 11 in CD3CN
and C6D6. Substantial changes in chemical shifts, from
4.69 ppm (in CD3CN) to 2.30 ppm (in C6D6) of the
OH proton in compound 11, are indicative that with
acetonitrile, intramolecular hydrogen bonds are disrupt-
ed by the solvent, making the proton of the OH group to
be more acidic (Table 2).


Performing the reaction in the absence of dimethylami-
nopyridine produced a mixture of products from which
the desired BOC derivative 18 was isolated with a 25%
yield (Fig. 7). Upon increasing the temperature of the
latter process to 60 �C, a substantial reduction in the
yield of the desired product was observed. Attempts to
obtain the nosylate derivative of 18 by reaction with sil-
ver nosylate in dry acetonitrile at room temperature and
up to 40 �C resulted in the recovery of the starting mate-
rial, while increased temperatures led to the decomposi-
tion of 18. It was suggested that since the BOC group
was too bulky, it may have blocked the SN2 attack on
the methylenebromide moiety.


At that point, the strategy was reevaluated and another
position for incorporating the fluorine atom was
selected. Specifically, the labeling was performed on

Reagents, specific conditions and obtained product yields are presented


ons of 11 with (BOC)2O. Indicated yields of products correspond to the


nt of


)2O (equiv)


Temperature


(�C)
Yield of


13 (%)


Yield of


17 (%)


Yield of


18 (%)


40 98 0 0


40 <2 90 <2


40 37 37 25







Figure 8. Proposed reaction mechanisms of the conversion of 11 to: (i) 13 in acetonitrile and (ii) 17 in toluene.


Table 2. Chemical shifts in 1H NMR spectra of NH and OH protons


of compound 11 and of flutamide in CD3CN and C6D6


Solvent OH (11) d NH (11) d NH (flutamide) d


CD3CN 4.69 9.87 10.16


C6D6 2.30 8.36 10.12
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the aromatic ring replacing the nitro group to form new
labeled derivatives of hydroxyflutamide [18F]-1 and
[18F]-2 (Fig. 2). On the basis of the published studies,
these derivatives should also have high affinity to the
AR.1 Nonlabeled chromatographic standards 1 and 2
were synthesized. Compound 9 and 2-hydroxy-2-meth-
ylpropanoic acids were used as starting materials for
the syntheses of compounds 1 and 2, under similar
conditions described above, and were obtained with
56% (1) and 61% (2) isolated yields.


Compound 19 served as the key starting material for the
radiosynthesis of compounds [18F]-1 and [18F]-2 (Fig. 9).
It could be obtained by oxidation of the commercial
4-nitro-3-(trifluoromethyl)-aniline, using various oxida-
tion methods, such as 3-chloro-peroxybenzoic acid24 or
combination of hydrogen peroxide and trifluoroacetic

Figure 9. Radiosynthesis of [18F]-radiolabeleld hydroxyflutamide derivative


acetonitrile, dichloromethane, 0 �C; (ii) K[18F]FÆKryptofix complex, DMSO


oxalyl chloride, dimethylformamide, 0 �C; (v) 2-hydroxy-2-methylpropanoic

anhydride.25 Both of these methods resulted with very
low conversions (20%). The final method used for oxida-
tion was with the HOFÆCH3CN complex in aqueous ace-
tonitrile26 which furnished 19 with a 95% yield and a
synthesis time of 5 min. Compound 19 was reacted with
the K[18F]FÆKryptofix complex in DMSO, using a con-
ventional microwave oven heating. [18F]fluoride SN2
nucleophilic attack took place on the most reactive
elecrophilic aromatic carbon attached to the nitro group
and a to the trifluoromethyl group27 as analyzed by cold
standards coinjection to the HPLC. The corresponding
fluorine-18-labeled derivative [18F]-20 was obtained
exclusively with a 60% radiochemical yield. The second
step of the radiosynthesis was the reduction of the nitro
residue to the corresponding amino [18F]-21, with a 50%
radiochemical yield, using Raney nickel and hydrazine
hydrate at 55 �C.27 The third and final step was coupling
of compound 9 and 2-hydroxy-2-methylpropanoic acid
chlorides28 with the labeled amino moiety (30% radio-
chemical yield) to give the labeled hydroxyflutamide
derivatives [18F]-1 and [18F]-2 with an overall decay cor-
rected yield of 10 ± 3% (end of synthesis), a total synthe-
sis time of 4 h and SA of 1500 ± 200 Ci/mmol EOB
(determined by HPLC and calibration curve with non-
labeled standard; n = 10).

s [18F]-1 and [18F]-2. Reagents and conditions: (i) HOFÆCH3CN(aq),


, microwave; (iii) Raney nickel, hydrazine hydrate; (iv) compound 9,


acid, oxalyl chloride, dimethylformamide, 0 �C.
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3. Conclusions


The objective of the described work was to develop
radiosynthetic methodologies for the preparation of
novel 18F-containing hydroxyflutamide derivatives, with
potential affinity for the androgen receptor. These com-
pounds may present a better alternative to radiolabeled
steroid-based androgen ligands for noninvasive molecu-
lar imaging of AR-dependent prostate cancer using
PET. This developed methodology for nonsteroidal ani-
lide-type 18F-labelled radiopharmaceuticals can serve as
a platform for the preparation of a wide spectrum of
specific prostate cancer PET imaging agents and may
lead to image-guided treatment of prostate cancer.

4. Experimental


4.1. General methods


All operations with air- and moisture-sensitive com-
pounds were performed by the Schlenk techniques un-
der argon atmosphere. All solvents were of analytical
grade or better. Toluene and THF were distilled over
sodium/benzophenone; other solvents were purchased
as anhydrous. 1H and 13C NMR spectra were recorded
on 200 or 400 MHz spectrometers in CDCl3 or DMSO-
d6.


1H and 13C NMR signals are reported in ppm. 1H
NMR signals are referenced to the residual proton
(7.26 ppm for CDCl3 or 2.50 ppm for DMSO-d6) of a
deuterated solvent and for 13C NMR spectra, the signal
of CDCl3 (77.16 ppm) or DMSO-d6 (39.52 ppm) was
used as a reference. 13C NMR spectra interpretations
were supported by DEPT experiments. Mass spectra
were obtained on a spectrometer equipped with CI,
EI, and FAB probes and on a spectrometer equipped
with ESI probe. HRMS results were obtained on MAL-
DI-TOF and ESI mass spectrometers. IR spectra were
recorded on FTIR spectrometer. Optical activity of
the chiral molecules was measured in a polarimeter
equipped with optical rotation 1 dc cell in CH2Cl2 or
DMSO solutions. The progress of reactions was moni-
tored by TLC (SiO2) and visualized by UV light or
developed with vanillin spray (1.0 g in 95.0 mL ethanol,
5.0 mL water, and 1.0 mL concentrated H2SO4) or with
iodine chamber. Flash chromatography was carried out
on SiO2 (0.04–0.063 mm). Microwave heating was per-
formed in a conventional oven operating at 500 W (full
power). HPLC was performed on system with variable
wavelength detector operating at 254 nm, unless other-
wise noted, and with a radioactivity detector with a
NaI crystal. Two systems were used: a reverse phase sys-
tem employing C-18 column (5 lm, 250· 10 mm) and
35% CH3CN/65% H2O as eluent, at flow rate of
3.5 mL/min. Fractions of 4.0 mL were collected. Analy-
sis of formulated radiotracer was performed on a re-
versed phase system using a C-18 column (10 lm,
300· 3.9 mm) and 40% CH3CN/60% H2O as solvents
at a flow rate of 1 mL/min. The selected eluent fractions
were diluted with water, loaded onto an activated
(EtOH) and equilibrated (water) C-18 Sep-Pak (classic,
short body). The cartridge was washed with 10% EtOH
and 90% saline.

4.1.1. (±)-3-Fluoro-2-hydroxy-2-methylpropanenitrile (3).
To a stirred solution of NH4Cl (16.0 g, 299 mmol) in
water (45 mL), a solution of fluoroacetone (17 mL,
236 mmol) in diethyl ether (50 mL) at 10 �C was added.
Then, to the resulting emulsion, a solution of NaCN
(13.0 g, 265 mmol) in water (30 mL) was added and
the reaction mixture was stirred at room temperature
for 10 h. After that time, organic and aqueous phases
were separated, the aquoeus phase was extracted with
diethyl ether (3· 200 mL), and ethereal extracts were
combined with organic phase and dried over MgSO4.
Evaporation of organic solution gave 3 as a yellow oil
(12.13 g, 50%) that was used further without purifica-
tion. 1H NMR (400 MHz, DMSO-d6): d 1.47 (d, 3H,
J = 2 Hz), 4.35, 4.46 (ABq, 2H, J = 2.5 Hz). 13C NMR
(100 MHz, DMSO-d6): d 23.22 (d, J = 9 Hz), 66.75 (d,
J = 19 Hz), 86.44 (d, J = 178 Hz), 121.06 (d,
J = 3.5 Hz). 19F NMR (376 MHz, CDCl3): d �129.53
(dd, JHAF = 54 .41 Hz). IR (CH2Cl2): 3562, 2980, 1601,
1045, 885/cm.


4.1.2. (±)-3-Fluoro-2-hydroxy-2-methylpropanoic acid
(4). A stirred suspension of 3 (12.0 g, 116 mmol) in con-
centrated aqueous HCl (30 mL) was refluxed for 3 h.
After cooling to room temperature, a white precipitate
was filtered out and washed with cold ether to give 4
as a white solid (4.59 g, 32%). Mp 97.0–98.6 �C (lit.18


99–100 �C). 1H NMR (400 MHz, DMSO-d6): d 1.23
(d, 3H, J = 2 Hz), 4.38 (ddd, 2H, J = 57, 48, 9 Hz). 13C
NMR (100 MHz, DMSO-d6): d 21.51 (d, J = 18 Hz),
73.20 (d, J = 18 Hz), 87.72 (d, J = 173 Hz), 174.02 (d,
J = 4.5 Hz). 19F NMR (376 MHz, DMSO-d6): d
�131.98 (ddd, J = 722, 278, 55 Hz). HR-MS (CI): m/z
123.0 (MH+, 100); m/z calcd for C4H8FO3 (MH+):
123.0457. Found: 123.0452. IR (KBr): 3109, 2933,
1753, 1157, 815/cm.


4.1.3. (±)-3-Fluoro-2-hydroxy-2-methyl-N-(4-nitro-3-(tri-
fluoromethyl)phenyl)propanamide (6). To a solution of 4
(4.59 g, 37.62 mmol) in dry dimethylacetamide (44 mL),
thionyl chloride (3.45 mL, 48 mmol) was added drop-
wise at �12 �C under Ar. At the same temperature,
the resulting mixture was stirred for 3 h and then a
solution of 4-nitro-3-(trifluoromethyl)benzenamine
(7.75 g, 38 mmol) in dry dimethylacetamide (51 mL)
was added dropwise. The reaction mixture was allowed
to warm up to room temperature and stirred for addi-
tional 6 h. After dimethylacetamide evaporation, the
resulting orange oil was purified by flash chromatogra-
phy (SiO2; CH2Cl2; Rf = 0.3) to give crude 6 as a yel-
low solid that was further purified by selective
precipitation from diethyl ether/hexanes to yield pure
6 as a light-yellow solid (5.25 g, 45%). Mp 99.8–
101.1 �C. 1H NMR (400 MHz, CDCl3): d 1.71 (d, 3H,
J = 2 Hz), 4.70 (dd, 1H, J = 48, 10.5 Hz), 4.81 (dd,
1H, J = 48, 10.5 Hz), 8.03 (dd, 1H, J = 8.5, 12 Hz),
7.07 (d, 1H, J = 8.5 Hz), 8.14 (d, 1H, J = 2 Hz). 13C
NMR (100 MHz, CDCl3): d 17.21 (d, J = 4.5 Hz),
83.12 (d, J = 180 Hz), 85.18 (d, J = 18.5 Hz), 121.44
(q, J = 272 Hz), 124.32, 126.41, 1344.77, 1447.05,
151.63, 170.71 (d, J = 3.5 Hz). HRMS (MALDI-
TOF): m/z 133.03 (MNa+, 100); m/z calcd for
C11H11N2O4F4 (MH+): 311.0649. Found: 311.0650.
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IR (KBr): 3447, 1735, 1032, 519/cm. UV–vis (MeCN):
kmax 201, 253 nm.


4.1.4. (R)-1-(2-Methylacryloyl)pyrrolidine-2-carboxylic
acid (7). To a solution of DD-proline (50.0 g, 434 mmol)
in 2.0 M aqueous NaOH (240 mL) and acetone
(240 mL), a solution of methacryloyl chloride (32 mL,
443 mmol) in acetone (240 mL) was added dropwise at
0 �C. During the addition, the reaction pH was moni-
tored and kept within 10.3 ± 0.3 range via simultaneous
dropwise addition of 2.0 M aqueous NaOH. After the
end of addition, the reaction mixture was allowed to
warm up to room temperature and stirred for additional
4 h. Following the evaporation of acetone, the mixture
was acidified to pH 2 with concentrated HCl and NaCl
was added till saturation. The resulting solution was
extracted with ethyl acetate (3· 250 mL) and combined
organic extracts were dried over MgSO4. After solvent
evaporation, the crude product was purified by crystalli-
zation (ethyl acetate/hexanes) to yield 7 as a white solid
(64.05 g, 81%). Mp 103.5–104.5 �C (lit.19 102.5–
103.5 �C). 1H NMR (200 MHz, DMSO-d6) [Major rot-
amer]: d 1.94 (s, 3H), 1.90–2.10 (m, 2H), 2.25–2.40 (m,
2H), 3.35–3.55 (m, 2H), 4.32–4.35 (m, 1H), 5.20, 5.33
(ABq, 2H, J = 12.0 Hz); [Minor rotamer]: d 1.88 (s,
3H), 1.90–2.10 (m, 2H), 2.25–2.40 (m, 2H), 3.60–3.65
(m, 2H), 4.52–4.55 (m, 1H), 5.20–5.33 (ABq, 2H,
J = 24 Hz). 13C NMR (50 MHz, DMSO-d6) [Major rot-
amer]: d 19.53, 24.72, 28.91, 48.77, 58.25, 116.44, 140.83,
169.13, 173.27; [Minor rotamer]: d 19.66, 22.35, 30.97,
40.67, 60.25, 115.28, 141.60, 170.01, 174.04. MS (CI):
m/z 184.1 (MH+, 100). IR (KBr): 3509, 2960, 1734,
1587, 1458, 1174/cm.


4.1.5. (3R,8aR)-3-(Bromomethyl)-3-methyl-tetrahydro-
3H-pyrrolo[2,1-c][1,4]oxazine-1,4-dione (8). To a solu-
tion of 7 (112.59 g, 615 mmol) in dry CCl4 (320 mL)
and dry DMF (400 mL), a solution of NBS (142.20 g,
800 mmol) in dry DMF (500 mL) was added dropwise
in light-protected environment at 0 �C. After the end
of addition, the reaction mixture was stirred at 0 �C
for 2 h, allowed to warm up to room temperature and
stirred for additional 48 h. Following the evaporation
of CCl4, saturated NaCl aqueous solution (700 mL)
was added and the mixture was extracted with ethyl ace-
tate (3· 400 mL). The combined organic extracts were
washed with water (3· 200 mL) and dried over MgSO4.
After ethyl acetate evaporation, the crude product was
purified by crystallization (CH2Cl2/hexanes) to yield 8
as a white solid (154.64 g, 96%). Mp 158.1–159.9 �C
(lit.19 152–154 �C). 1H NMR (200 MHz, DMSO-d6): d
1.67 (s, 3H), 1.85–2.10 (m, 2H), 2.31–2.43 (m, 2H),
3.48–3.69 (m, 2H), 3.96, 4.13 (ABq, 2H, J = 12.0 Hz),
4.81 (dd, 1H, J = 7.5, 9.5 Hz). 13C NMR (50 MHz,
DMSO-d6): d 21.63, 22.95, 29.01, 37.86, 45.47, 57.265,
83.92, 163.11, 167.33. MS (CI): m/z 262.0 (MH+, 100).
IR (KBr): 3861, 1744, 1686, 1449, 1061, 649/cm.


4.1.6. (R)-3-Bromo-2-hydroxy-2-methylpropanoic acid
(9). A solution of 8 (10.0 g, 38.15 mmol) in 24% aqueous
HBr (170 mL) was heated to 105 �C for 90 min. After
cooling to room temperature, solid NaCl was added till
saturation and the mixture was extracted with ethyl ace-

tate (4· 200 mL). The combined ethyl acetate fractions
were extracted with saturated NaHCO3 aqueous solu-
tion (4· 200 mL), the resulting aqueous solution was
acidified to pH 1, and then was extracted with ethyl ace-
tate (4· 200 mL). The combined ethyl acetate extracts
were dried over MgSO4 and evaporated to yield 9 as a
white solid (5.86 g, 84%). Mp 111.4–113.1 �C (lit.19


106.5–109.0 �C). 1H NMR (200 MHz, DMSO-d6): d
1.47 (s, 3H), 3.62, 3.75 (ABq, 2H, J = 10.0 Hz). 13C
NMR (50 MHz, DMSO-d6): d 24.55, 41.02, 73.19,
174.60. MS (CI): m/z 182.9 (M+, 25), 103.0 (M+�Br,
100).


4.1.7. (R)-3-Bromo-2-hydroxy-2-methylpropanoyl chlo-
ride (10). A round bottom flask with a nitrogen flow
connector was charged with compound 9 (40 mg,
0.22 mmol) in 2.0 mL of dry dichloromethane. To this
solution, oxalyl chloride (38.5 lL, 0.44 mmol) in dry
DMF (100 lL) was added under nitrogen at �5 �C to
�10 �C. The resulting mixture was stirred for 3 h under
the same conditions. The excess of oxalyl chloride and
the dichloromethane were evaporated under vacuum.
Compound 10 was used for the radiosynthesis without
further purification.


4.1.8. (R)-3-Bromo-2-hydroxy-2-methyl-N-(4-nitro-3-(tri-
fluoromethyl)phenyl)propanamide (11). To a solution of 9
(5.0 g, 27.32 mmol) in dry dimethylacetamide (32 mL),
thionyl chloride (2.5 mL, 31.90 mmol) was added drop-
wise at �12 �C under Ar. At the same temperature, the
resulted mixture was stirred for 3 h and then a solution
of 4-nitro-3-(trifluoromethyl)benzenamine (5.63 g,
27.32 mmol) in dry dimethylacetamide (37 mL) was
added dropwise. The reaction mixture was allowed to
warm up to room temperature and stirred for additional
6 h. After dimethylacetamide evaporation, the crude
orange oil was purified by flash chromatography
(SiO2; CH2Cl2; Rf = 0.3) to give a yellow wax that was
further purified by selective precipitation from diethyl
ether/hexanes solution to give 11 as a light-yellow solid
(4.56 g, 45%). Mp 103.0–103.8 �C (lit.19 100.0–
101.5 �C). 1H NMR (200 MHz, DMSO-d6): d 1.50 (s,
3H), 3.60, 3.85 (ABq, 2H, J = 10.5 Hz), 6.43 (s, 1H),
8.21 (d, 1H, J = 9.0 Hz), 8.37 (dd, 1H, J = 2.0, 9.0 Hz),
8.57 (d, 1H, J = 2.0 Hz), 10.60 (s, 1H). 13C NMR
(100 MHz, DMSO-d6): d 24.79, 41.28, 74.35, 118.21 (q,
J = 6 Hz), 122.37, 122.98 (q, J = 33 Hz), 123.02,
127.15, 141.60, 142.89, 173.55. MS (CI): m/z 373.0
(MH+, 7), 291.1 (MH+�HBr, 100).


4.1.9. (R)-3-Bromo-2-methyl-1-(4-nitro-3-(trifluorometh-
yl)phenylamino)-1-oxopropan-2-yl acetate (12). To a
solution of 11 (400 mg, 1.078 mmol) and DMAP
(13 mg, 0.106 mmol) in dry pyridine (5.0 mL) acetic
anhydride (310 lL, 3.279 mmol) was added by syringe.
The mixture was heated at 35 �C under Ar for 10 h.
After solvent evaporation, the crude yellow oil was puri-
fied by flash chromatography (SiO2; ethyl acetate/hex-
anes, 2:3) to give 15 as a light-yellow oil (270 mg,
61%). ½a�20D �17 (c 1.5, CH2Cl2).


1H NMR (400 MHz,
CDCl3): d 1.90 (s, 3H), 2.29 (s, 3H), 3.99, 4.31 (ABq,
2H, J = 11 Hz), 7.94 (d, 1H, J = 10 Hz), 8.02–8.03 (m,
2H), 8.43 (s, 1H). 13C NMR (100 MHz, CDCl3): d
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21.84, 21.97, 34.84, 82.85, 119.01 (q, J = 6 Hz), 120.40,
123.17, 125.19 (q, J = 34 Hz), 127.06, 141.18, 143.51,
168.62, 169.44. HR-MS (CI): m/z 413.0 (MH+, 100);
m/z calcd for C13H12BrF3N2O5 (MH+): 412.99241.
Found: 412.99296. IR (CH2Cl2): 3411, 1753, 1532,
1170, 912/cm. UV–vis (MeCN): kmax 224, 286 nm.


4.1.10. (S)-N-(3-(Trifluoromethyl)-4-nitrophenyl)-2-
methyloxirane-2-carboxamide (13). To a solution of 11
(300 mg, 0.808 mmol) and DMAP (25 mg, 0.205 mmol)
and dry pyridine (100 lL, 1.236 mmol) in dry acetoni-
trile (32 mL) heated to 40 �C under Ar, di-tert-butyl
dicarbonate (372 lL) was added by syringe in one por-
tion. The resulting yellow solution was stirred at 40 �C
for 10 h. After solvent evaporation, the crude product
was purified by chromatography (SiO2; CH2Cl2/ethyl
acetate/ hexanes, 18%:18%:64%; Rf = 0.38) to give
13 as a yellow oil (230 mg, 98%). ½a�20D �36 (c 1.6,
CH2Cl2).


1H NMR (400 MHz, CDCl3): d 1.85 (s, 3H),
3.73, 3.85 (ABq, 2H, J = 12 Hz), 8.02 (dd, 1H, J = 9,
2 Hz), 8.07 (d, 1H, J = 9 Hz), 8.12 (d, 1H, J = 2 Hz).
13C NMR (100 MHz, CDCl3): d 21.21, 33.60, 84.31,
123.96, 125.24 (q, J = 34 Hz), 126.46, 129.13, 134.64,
147.15, 151.50, 171.20. MS (ESI): m/z 289.20 (M�H+,
100), 306.90 (M+H2O, 100). IR (CH2Cl2): 3023, 2932,
1758, 1540, 1250, 418/cm. UV–vis (MeCN): kmax


253 nm. Compound 13 was also obtained by reaction
of 12 with silver triflate in acetonitrile at 60 �C.


4.1.11. (S)-3-Hydroxy-2-methyl-1-(4-nitro-3-(trifluoro-
methyl)phenylamino)-1-oxopropan-2-yl acetate (14). To
a solution of 12 (77 mg, 0.187 mmol) in dry THF
(15 mL), solid silver p-nitrobenzenesulfonate (64 mg,
0.208 mmol) was added in a light-protected environment
at room temperature under Ar, the vessel was sealed and
stirred at room temperature for 10 h. After filtration of
silver bromide and solvent evaporation, the crude brown
wax was purified by flash chromatography (SiO2; ethyl
acetate/hexanes, 2:3) to give 14 as a yellow solid
(62 mg, 95%). Mp 116.5–117.1 �C. ½a�20D �15 (c 2.3,
CH2Cl2).


1H NMR (400 MHz, CDCl3): d 1.56 (s, 3H),
2.16 (s, 3H), 4.43, 4.51 (ABq, 2H, J = 12 Hz), 8.03 (d,
1H, J = 9 Hz), 8.07 (dd, 1H, J = 9, 2 Hz), 8.13 (d, 1H,
J = 2 Hz), 9.22 (s, 1H). 13C NMR (100 MHz, CDCl3):
d 21.96, 23.55, 29.88, 69.86, 118.38 (q, J = 6 Hz),
122.18, 127.26, 141.53, 172.20, 172.93. MS (CI): m/z
351.1 (MH+, 100). HR-MS (CI): m/z calcd for
C13H14F3N2O6 (MH+): 351.080396. Found:
351.080649. IR (KBr): 3487, 3316, 2928, 1526, 1142,
807/cm. UV–vis (MeCN): kmax 198, 227, 294 nm.


4.1.12. (S)-2-Methyl-1-(4-nitro-3-(trifluoromethyl)phe-
nylamino)-1-oxo-3-(tosyloxy)propan-2-yl acetate (15).
To a solution of 12 (77 mg, 0.187 mmol) in dry THF
(15 mL) solid silver p-toluenesulfonate (78 mg,
0.280 mmol) was added in a light-protected environment
at room temperature under Ar, the vessel was sealed and
heated at 65 �C for 10 h. After filtration of silver bro-
mide and solvent evaporation, the crude brown wax
was purified by flash chromatography (RP-C18;
CH3CN) to give 15 as a yellow solid (37 mg, 39%).
Mp 144–146 �C. ½a�20D �4 (c 0.6, MeOH). 1H NMR
(200 MHz, CDCl3): d 1.73 (s, 3H), 2.23 (s, 3H), 2.44

(s, 3H), 4.31, 4.83 (ABq, 2H, J = 11 Hz), 7.31 (d, 2H,
J = 8 Hz), 7.71 (d, 2H, J = 8 Hz), 7.94–7.99 (m, 3H),
8.42 (s, 1H). 13C NMR (50 MHz, CDCl3): d 14.77,
19.98, 22.44, 70.67, 82.41, 119.45, 123.39, 127.51,
128.45, 130.62, 132.75, 141.51, 146.16, 169.03, 169.41.
MS (CI): m/z 505.10 (MH+, 15). UV–vis (MeCN): kmax


290 nm.


4.1.13. tert-Butyl-(S)-1-(3-(trifluoromethyl)-4-nitrophen-
yl)-3-methyl-2-oxoazetidin-3-yl carbonate (17). To a solu-
tion of 11 (300 mg, 0.808 mmol) and DMAP (25 mg,
0.205 mmol) and dry pyridine (100 lL, 1.236 mmol) in
dry toluene (32 mL) heated to 40 �C under Ar, di-tert-bu-
tyl dicarbonate (930 lL) was added by syringe in one por-
tion. The resulting yellow solutionwas stirred at 40 �C for
10 h. After solvent evaporation, the crude product was
purified by chromatography (SiO2; CH2Cl2/ethyl ace-
tate/hexanes, 18%:18%:64%;Rf = 0.54) to give 17 as a yel-
low solid (284 mg, 90%). Mp 142–145 �C. ½a�20D +24 (c 2.0,
CH2Cl2).


1H NMR (400 MHz, CDCl3): d 1.51 (s, 9H),
1.79 (s, 3H), 3.84, 4.20 (ABq, 2H, J = 3 Hz), 7.69 (dd,
1H, J = 1, 4.5 Hz), 7.75 (d, 1H, J = 1 Hz), 8.00 (d, 1H,
J = 4.5 Hz). 13C NMR (100 MHz, CDCl3): d 19.70,
27.68, 52.97, 84.46, 115.59 (q, J = 5.5 Hz), 119.69,
125.81 (q, J = 34 Hz), 127.50, 141.49, 143.05, 151.448,
165.27. HRMS (MALDI-TOF): m/z 413.08 (MNa+,
80); m/z calcd for C16H17N2O6F3Na (MNa+): 413.0936.
Found: 413.0812. IR (KBr): 2971, 1766, 1576, 1136,
826/cm. UV–vis (MeCN): kmax 225, 307 nm.


4.1.14. (R)-2-(3-(Trifluoromethyl)-4-nitrophenylcarba-
moyl)-1-bromopropan-2-yl-tert-butyl carbonate (18). To
a solution of 11 (300 mg, 0.808 mmol) in dry pyridine
(100 ll, 1.236 mmol) and dry toluene (32 mL) heated
to 42 �C under Ar, di-tert-butyl dicarbonate (930 lL)
was added by syringe in one portion. The resulting yel-
low solution was stirred at 42 �C for 10 h. After solvent
evaporation, the crude product was purified by chroma-
tography (SiO2; CH2Cl2/ethyl acetate/hexanes,
18%:18%:64%; Rf = 0.58. Under these chromatographic
conditions Rf of 11 = 0.17, Rf of 13 = 0.38 and Rf of
17 = 0.54) to give 18 as a yellow oil (95 mg, 25%). ½a�20D
�4 (c 2.5, CH2Cl2).


1H NMR (400 MHz, CDCl3): d
1.55 (s, 9H), 1.87 (s, 3H), 3.99, 4.33 (ABq, 2H,
J = 11 Hz), 7.99 (d, 1H, J = 9 Hz), 8.04 (dd, 1H, J = 9,
2 Hz), 8.07 (d, 1H, J = 2 Hz), 8.61 (s, 1H). 13C NMR
(100 MHz, CDCl3): d 23.80, 27.26, 57.99, 79.98, 84.65,
118.73, 122.76, 124.10, 126.48, 129.15, 140.60, 143.31,
14.74, 149.49, 150.57, 168.71. HRMS (MALDI-TOF):
m/z 493.02 (MNa+, 100); m/z calcd for C16H18N2O6F3-


NaBr (MNa+): 493.0192. Found: 493.0151. IR
(CH2Cl2): 3401, 2929, 1754, 1533, 1153, 811/cm. UV–
vis (MeCN): kmax 290 nm.


4.1.15. (R)-3-Bromo-N-(4-fluoro-3-(trifluoromethyl)phen-
yl)-2-hydroxy-2-methylpropanamide (1). To a solution of
9 (1.0 g, 5.464 mmol) in dry dimethylacetamide (10 mL),
thionyl chloride (0.5 mL, 6.892 mmol) was added drop-
wise at �12 �C under Ar. At the same temperature, the
resulted mixture was stirred for 3 h and then 4-fluoro-
3-(trifluoromethyl)benzenamine (0.8 mL, 6.222 mmol)
was added dropwise. The reaction mixture was allowed
to warm up to room temperature and stirred for
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additional 16 h. After dimethylacetamide evaporation,
the crude orange oil was purified by flash chromatogra-
phy (SiO2; CH2Cl2; Rf = 0.2). Compound 1 was obtained
as a white solid (1.04 g, 56%). Mp 103.0–104.5 �C. ½a�20D
�28 (c 0.5, CH2Cl2).


1H NMR (400 MHz, CDCl3): d
1.66 (s, 3H), 3.39 (s, 1H), 3.63, 4.04 (ABq, 2H,
J = 10.5 Hz), 7.21 (t, 1H, J = 9.0 Hz), 7.77 (dt, 1H,
J = 9.0, 4.0 Hz), 7.92 (dd, 1H, J = 6.0, 4.0 Hz), 8.85 (s,
1H). 13C NMR (100 MHz, CDCl3): d 24.91, 41.41,
75.44, 117.49, 117.65 (d, J = 22 Hz), 118.84 (q,
J = 5.0 Hz), 122.35 (q, J = 122.0 Hz), 125.27 (d,
J = 8.0 Hz), 133.28, 156.40 (d, J = 253.0 Hz), 171.48.
19F NMR (376 MHz, CDCl3): d �119.34, �61.93. MS
(CI): m/z 344.1 (MH+, 100), 343.1 (M+, 20). HRMS
(MALDI-TOF): m/z calcd for C11H10NO2F4NaBr
(MNa+): 365.9723. Found: 365.9692. IR (KBr): 3333,
2928, 1674, 1513, 1133, 609/cm. UV–vis (MeCN): kmax


283, 241 nm.


4.1.16. N-(4-Fluoro-3-(trifluoromethyl)phenyl)-2-hy-
droxy-2-methylpropanamide (2). To a solution of 2-hy-
droxy-2-methylpropanoic acid (1.5 g, 14.408 mmol) in
dry dimethylacetamide (35 mL), thionyl chloride
(1.3 mL, 17.920 mmol)was addeddropwise at�12 �Cun-
derAr. At the same temperature, the resultedmixture was
stirred for 3 h and then 4-fluoro-3-(trifluoromethyl)ben-
zenamine (1.90 mL, 14.76 mmol) was added dropwise.
The reaction mixture was allowed to warm up to room
temperature and stirred for additional 16 h. After dime-
thylacetamide evaporation, the crude orange oil was puri-
fied by flash chromatography (SiO2; CH2Cl2; Rf = 0.1).
Compound 2 was obtained as a light yellow solid
(2.327 g, 61%). Mp 93.3–94.9 �C. 1H NMR (400 MHz,
CDCl3): d 1.58 (s, 6H), 2.79 (s, 1H), 7.19 (t, 1H,
J = 9.5 Hz), 7.75 (dt, 1H, J = 4.0, 9.0 Hz), 7.93 (dd, 1H,
J = 3.0, 6.0 Hz), 8.91 (s, 1H). 13C NMR (100 MHz,
CDCl3): d 28.89, 75.40, 118.41 (d, J = 22 Hz), 119.44 (q,
J = 6 Hz), 123.33 (q, J = 271 Hz), 125.87 (d, J = 8 Hz),
134.73 (d, J = 3.5 Hz), 157.10 (d, J = 250 Hz), 175.77.
19F NMR (376 MHz, CDCl3): d �120.08, �61.94. MS
(CI): m/z 266.2 (MH+, 100). HRMS (CI): m/z calcd for
C11H12NO2F4 (MH+): 266.080417. Found: 266.080291.
IR (KBr): 3291, 2926, 1668, 1134, 671/cm. UV–vis
(MeCN): kmax 284, 241 nm.


4.1.17. 1,4-Dinitro-2-(trifluoromethyl)benzene (19). A
solution of 3-(trifluoromethyl)-4-nitrobenzenamine
(1.0 g, 4.854 mmol) in CH2Cl2 (50 ml) was added to a
solution of HOF26 in aqueous CH3CN (0.4 M, 24 mL)
at 0 �C. The reaction mixture was stirred for 5 min.
Evaporation gave 19 as a yellow solid (1.145 g, 95%).
Mp 35.0–36.0 �C. 1H NMR (400 MHz, DMSO-d6): d
8.46 (d, 1H, J = 9 Hz), 8.69 (d, 1H, J = 2.5 Hz), 8.77
(dd, 1H, J = 9, 2.5 Hz). 13C NMR (100 MHz, DMSO-
d6): d 119.80, 122.37–122.71 (m), 123.80 (q, J = 5 Hz),
127.36, 129.95, 149.18, 150.17. 19F NMR (376 MHz,
DMSO-d6): d �59.99. MS (CI): m/z 237.1 (MH+, 25).
IR (KBr): 3102, 1550, 1294, 1172, 839/cm. UV–vis
(MeCN): kmax 248 nm.


4.1.18. K[18F]FÆKryptofix 2.2.2 complex. [18F]Fluoride
ion was produced by the 18O(p,n) 18F nuclear reaction
on 2 mL enriched [18O]water (95% isotopic purity) as a

target at the Hadassah-Hebrew University IBA 18/9
cyclotron and then transferred into a fluorination mod-
ule by a flow of argon. After trapping, it was loaded on
an anion exchange column, dried, eluted with 1 mL of
K2CO3 solution (2.76 mg/mL), and transferred to the
reactor and finally to the collecting vial. Reactive organ-
ic [18F]fluoride ion was prepared by adding 50–100 lL of
the K[18F]F solution to Kryptofix 2.2.2 (1.0 mg,
2.7 lmol) in acetonitrile. Azeotropic removal of water
and acetonitrile was achieved by heating under a stream
of nitrogen. The dried K[18F]FÆKryptofix 2.2.2 complex
was then dissolved in 300 lL anhydrous DMSO for use
in the radiolabeling.


4.1.19. (R)-3-Bromo-N-(4-[18F]fluoro-3-(trifluorometh-
yl)phenyl)-2-hydroxy-2-methylpropanamide ([18F]-1).
The K[18F]FÆKryptofix 2.2.2 complex in DMSO
(300 lL) was added to 19 (2–3 mg, 8–13 lmol) in a
screw-cap test tube (8 mL). The tube was capped, shak-
en and heated in the microwave for 3.5 min. After cool-
ing to ambient temperature in a water bath, the vial
content was diluted with 10 mL of water and loaded
onto an activated (EtOH) and equilibrated (water) C18


Sep-Pak cartridge (classic, short body). The cartridge
was washed with water (10 mL) and [18F]-20 was eluted
with EtOH (2 mL) into a small glass test tube. [18F]-20
was analyzed using HPLC and compared to cold stan-
dards (Sigma) by coinjection; this analysis indicated that
only the nitro group at the ortho to the trifluoromethyl
group was substituted exclusively. The reduction vessel
was prepared by adding to a V-vial (5 mL), sequentially,
a few borosilicate glass beads, EtOH–water (100 lL,
4:1), Raney nickel (50% slurry in water, 250 lL), and
hydrazine monohydrate (60 lL, 1.2 lmol). After cap-
ping with a septum-equipped screw cap (vented with a
large diameter needle), the vial was shaken and placed
in a 55 �C heating block for 5 min. The solution of
[18F]-20 in ethanol was diluted with water (0.5 mL)
and was added slowly to the reduction vessel. After
5 min, an additional portion of hydrazine hydrate
(40 lL, 0.8 lmol) was added to the reaction vessel.
The reaction was stirred for additional 10 min and then
the vessel was cooled to ambient temperature in a water
bath and the vial content was filtered through a 0.45 mm
filter (polypropylene) into another glass test tube. [18F]-
21 was analyzed using HPLC and compared to cold
standard (Sigma) by coinjection. To the filtered solution
of [18F]-21 water (10 mL) was added and loaded onto an
activated (EtOH) and equilibrated (water) C18 Sep-Pak
cartridge (classic, short body). The cartridge was washed
with dry dimethylacetamide (0.7 mL) into a 10 mL flask,
which contained 10 under nitrogen at 0 �C. The reaction
solution was stirred for 0.5 h in an ice bath and addi-
tional 1 h at room temperature to give 30% conversion
to the product [18F]-1. The solution was filtered through
a 0.2 mm filter (nylon) and injected onto the reverse
phase HPLC (semipreparative column). [18F]-1 was elut-
ed with a retention time of 28 min with a decay corrected
radiochemical yield of 10% (SOS). The product was then
analyzed by analytical reversed phase HPLC [retention
time = 15.2 min; chemical purity 90%; radiochemical
purity 95%, SA of 1500 Ci/mmol (EOB)] and compared
with nonlabeled standard by coinjection.
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4.1.20. N-(4-[18F]Fluoro-3-(trifluoromethyl)phenyl)-2-hy-
droxy-2-methylpropanamide ([18F]-2). Compound [18F]-2
was prepared in the same manner as described above
and obtained with a decay corrected radiochemical yield
of 10% (SOS). [18F]-2 was analyzed by analytical
reversed phase HPLC with a retention time of 10 min,
chemical purity of 95%; radiochemical purity of 95%,
SA of 1500 Ci/mmol (EOB) and compared with nonla-
beled standard by coinjection.
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Abstract—A series of C-4-anilino- and C-4-imido-substituted new podophyllotoxin congeners have been designed, synthesized, and
evaluated for their cytotoxicity and DNA topoisomerase-II (topo-II) inhibition potential. Some of these compounds have exhibited
promising in vitro anticancer and topo-II inhibition activity.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Podophyllotoxin (1) is a naturally occurring aryltetralin
lignan obtained from a number of plant species of the
Podophyllum family.1,2 It has cytotoxic properties and
is known as an antimicrotubule agent acting at the colchi-
cine-binding site on tubulin. However, the semisynthetic
derivatives of podophyllotoxin, namely etoposide3,4 (2)
and teniposide5 (3), inhibit DNA topoisomerase-II
(topo-II) by stabilizing the covalent topo-II DNA cleav-
able complex.6 Both these compounds are in clinical
usage for the treatment of various cancers including small
cell lung cancer, testicular carcinoma, and lymphoma.3,7


Their therapeutic use has encountered certain limitations
such as acquired drug resistance and poor water solubili-
ty. To overcome such problems, extensive synthetic ef-
forts have been carried out by a number of researchers.
This led to the development of etopophos (4), NK 611
(5), and GL 331 (6). Etopophos is a water-soluble pro-
drug which readily converts into the active drug and
exhibits similar biological profile to that of etoposide.7b,7c


The other analogs of podophyllotoxin like NK 611 (5)
and GL 331 (6) are in different stages of clinical studies.
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During the course of preparing new C-4-nonsugar deriv-
atives of podophyllotoxin, it has been observed that the
N-linked congeners like GL 331 (6) and NPF (7) have
exhibited improved cytotoxicity and topo-II inhibition
activity (Fig. 1).4a,5,8 A recent study on molecular-area-
oriented chemical modifications of podophyllotoxin has
revealed certain structural features that are critical for
the topo-II inhibition.9 The comparative molecular field
analysis 8b,9 model further demonstrated that bulky sub-
stituents at C-4 might be favorable for topo-II inhibition
(Fig. 2). Recently, we have been involved in the develop-
ment of new synthetic procedures10 for the podophyllo-
toxin-based compounds and also in the design and
synthesis of new analogs of podophyllotoxin as potential
anticancer agents.11 In conjunction with these efforts, it
was of interest to prepare 4b-(200-benzoyl) anilino- and
4b-imido-substituted podophyllotoxin analogs12 with
the objective to enhance their topo-II inhibition as well
as in vitro anticancer activity particularly by increasing
the bulkiness at the C-4 position.

2. Chemistry


The synthesis of C-4b-substituted analogs of podophyl-
lotoxin has been carried out from podophyllotoxin (1).
The key intermediate for the preparation of the new
analogs is 4b-bromopodophyllotoxin/4b-bromo-4 0-
demethylpodophyllotoxin (8) that was obtained by a
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Figure 2. Pharmacophore model of podophyllotoxin analogs.


Figure 1. Structures of podophyllotoxin (1), etoposide (2), teniposide (3), etopophos (4), NK 611 (5), GL 331 (6), and NPF (7).
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previously reported method13 employing HBr in dichlo-
romethane. The intermediate (8) thus obtained has been
utilized for the synthesis of the final target molecules
10a–j and 11a–e. Compounds 10a–j are obtained by
coupling of 8 with substituted 2-aminobenzophenones
employing Bu4NI, and NEt3 in tetrahydrofuran (THF)
at room temperature in good yields (40–70%), whereas
coupling of 8 with various imides like succinimide,
phthalimide, and naphthalimide using Bu4NI, and
NEt3 in THF at room temperature gives the correspond-
ing 4b-imido-substituted podophyllotoxin analogs
(11a–e) in 30% yield (Scheme 1).

3. Biological evaluation


These 4b-anilino- and 4b-imido-substituted podophyllo-
toxin analogs have been tested for their cytotoxic activi-
ties against six human cancer cell lines that comprise of
DU145, HT29, MCF7, MCF7ADR, NCIH460, and

U251. The screening procedure is based on the routine
method adopted by NCI as described in the previous re-
port.11a These analogs of podophyllotoxin (10a–j and
11a–d) have exhibited an interesting profile of in vitro
anticancer activity. The compound 10j having C1 and F
substituents in 4b-(200-benzoyl) anilino-substituted series
is highly potent against all the cancer cell lines and similar-
ly 11d has exhibited very high in vitro anticancer activity
(Tables 1 and 2). However, the cytotoxicity (IC50 in KB
cell lines) of compound 6 has been reported5 as 1.3 lM.
On the basis of the in vitro anticancer activity, 10j has
been investigated for its in vivo activity but unfortunately
this compound has problems of bioavailability.


Some representative compounds in the 4b-anilino series
(10a, 10c, 10e, and 10g) have been evaluated in the 60
cancer cell line assay of NCI (Table 3). Interestingly,
both the 4 0-O-methyl and the 4 0-O-demethyl analogs
exhibited good in vitro anticancer activity. As demon-
strated by the mean graph pattern for compound 10c







Scheme 1. Reagents and conditions: (i) HBr, CH2Cl2, 0 �C, 45 min (8a); HBr, CH2Cl2, 0 �C, rt, 48 h (8b); (ii) Bu4NI, Et3N, THF, rt; (iii) succinimide,


phthalimide, naphthalimide, Bu4NI, Et3N, THF, rt.
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(Fig. 3), it is seen that it exhibits not only significant
activity but also more sensitivity for certain cancer cell
lines. Therefore, from the structure–activity relationship
point of view, it is not clear about the role played by this
functionality. In literature, it has been observed that
demethylation of the 4 0-methoxy moiety eliminates anti-
mitotic activity but there is no clarity about its relation-
ship for the topo-II inhibition activity. For the
podophyllotoxin lignans, DNA topo-II is the pharmaco-
logical target of clinical relevance; therefore, some repre-
sentative compounds have been evaluated for its
inhibition. Most of the compounds (e.g., 10b, 10g, 10j,
and 11d) exhibited comparable in vitro inhibition of
topo-II catalytic activity to m-AMSA and the results
are illustrated in Figure 4. The topo-II-mediated relaxa-
tion assay performed is according to the previous
procedure.14

4. Conclusion


In summary, the newly designed and synthesized C-4-
modified podophyllotoxin congeners exhibit promising
in vitro cytotoxic activities in a number of human cancer

cell lines. Two of the compounds from this series exhib-
ited interesting DNA topo-II inhibition activity, sug-
gesting that these new molecules also exhibit biological
activity based on this mechanism similar to the etopo-
side prototypes. Further, these results agree with the
hypothesis that the bulky substitution at C-4 position
can enhance the activity profile for this class of com-
pounds. This investigation suggests that these podophyl-
lotoxin congeners irrespective of their interaction with
DNA possess potential in vitro anticancer activity.
Moreover, efforts are in progress to improve the bio-
availability of these compounds.

5. Experimental


The NMR spectra are recorded on Varian Gemini
200 MHz spectrometer, using TMS as an internal refer-
ence. IR spectra are recorded on Perkin-Elmer model
683 or 1310 spectrometer with sodium chloride optics.
Mass spectra are recorded on CEC-21-100B, Finnigan
Mat 1210, or Micromass 7070 spectrometer operating
at 70 eV using a direct inlet system. Optical rotations
are measured on Jasco Dip 360 digital polarimeter.







Table 1. Average GI50 values of the 4b-anilino-substituted analogs of


podophyllotoxin in six cell lines


Compound R R1 R2 GI50 (lM)


Etoposidea (2) — — — 0.80–116


10a CH3 H H 0.04–0.5


10b H H H 15–382


10c CH3 4-Cl 2-Cl 0.059–0.876


10d H 4-Cl 2-Cl 0.10–0.24


10e CH3 4-NO2 H <10 nm–0.28


10f H 4-NO2 H 0.01–0.24


10g CH3 4-Cl H 0.07–1.10


10h H 4-Cl H 14–270


10i CH3 4-Cl 2-F 0.14–0.30


10j H 4-Cl 2-F 0.004–0.10


a Values from NCI database.


Table 2. Average GI50 values of the 4b-imido-substituted analogs of


podophyllotoxin in six cell lines


Compound X R GI50 (lM)


Etoposidea (2) — — 0.80–116


11a Succinimido H 0.16–0.50


11b Succinimido CH3 0.03–0.40


11c Phthalimido H 0.10–0.24


11d Phthalimido CH3 0.004–0.02


11e Naphthalimido CH3 —


aValues from NCI database.


Table 3. In vitro cytotoxicity of compounds 10a, 10c, 10e, and 10g in


selected human cancer cell lines


Cancer panel/cell line GI50 (lM)


10a 10c 10e 10g


Leukemia


CCRF-CEM 0.36 0.04 — 0.41


SR 0.34 0.03 0.15 0.27


Nonsmall cell lung


NCI-H522 0.25 0.09 0.14 0.15


Colon


KM 12 0.25 0.03 0.25 0.20


CNS


SF-295 0.34 0.05 0.27 0.36


SF-539 0.25 0.02 0.18 0.26


Renal


ACHN 0.35 0.02 0.21 0.48


Breast


HS-578T 0.34 0.02 0.51 —
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Melting points are determined on an electrothermal
melting point apparatus and are uncorrected. TLC is
performed with E. Merck precoated silica gel plates
(60F-254) with iodine as a developing agent. Acme, In-
dia silica gel (100–200 mesh) is used for column
chromatography.

5.1. Chemistry


5.1.1. 4b-Bromopodophyllotoxin (8a). To a stirred solu-
tion of podophyllotoxin (1) (1.1 g, 2.65 mmol) in dichlo-
romethane and 1 mL of ether, molecular sieves (4Å)
powder was added. Dry HBr gas was bubbled through
the solution to saturation (about 45 min) at 0 �C. Later,
the solution was filtered (to remove molecular sieves
powder) and the solvent was removed under reduced
pressure. The product obtained in 60% yield and utilized
for next step without purification.


5.1.2. 4 0-O-Demethyl-4b-bromo-4-desoxypodophyllotoxin
(8b). To a stirred solution of podophyllotoxin (1) (1.1 g,
2.65 mmol) in dichloromethane and 1 mL of ether,
molecular sieves (4Å) powder was added. Dry HBr gas
was bubbled through the solution to saturation (about
45 min) at 0 �C. The reaction mixture was allowed to stir
for 48 h at room temperature and filtered to remove the
molecular sieves powder. The filtrate was evaporated
under reduced pressure to leave the residue, which was
used for next step without further purification.


5.1.3. 4b-100-[200-(Benzoyl) anilino]-4-desoxypodophyllo-
toxin (10a). 4b-Bromo-4-desoxypodophyllotoxin (0.1 g,
0.21 mmol) was reacted with 2-aminobenzophenone
(0.045 g, 0.23 mmol) in the presence of Et3N (0.032 g,
0.32 mmol) and Bu4N


+I� (0.015 g, 0.042 mmol) in dry
tetrahydrofuran at room temperature for 4 h. After com-
pletion of the reaction, the solvent was removed in vacuo.
The residuewas subjected to silica gel column chromatog-
raphy using chloroform/methanol (9.8:0.2) as an eluent.


Yield 60%, mp 140–142 �C; ½a�25D �112 (c 0.1, CHCl3);
IR (KBr) 3400, 2900, 1780, 1500, 1480, 1410, 1300,
1250 cm�1; 1H NMR (CDCl3) d 8.82 (d, 1H), 7.50 (m,
7H), 6.80 (s, 1H), 6.75 (d, 1H), 6.68 (d, 1H), 6.55 (s,
1H), 6.35 (s, 2H), 5.96 (d, 2H), 4.92 (m, 1H), 4.65 (d,
1H), 4.35 (t, 1H), 3.96 (t, 1H), 3.82 (d, 9H), 3.20 (q,
1H), 3.05 (m, 1H); MS 593 (M+�). Anal. Calcd for
C35H31NO8: C, 70.82; H, 5.26; N, 2.36. Found: C,
70.85; H, 5.28; N, 2.39.







Figure 4. Inhibition of DNA topoisomerase-II catalyzed relaxation of


supercoiled DNA by compounds 10b, 10g, 10j, and 11d. Lanes 1–5:


Compounds 10b, 10g, 10j, and 11d (200, 100, 50, 25, and 10 lM,


respectively); lane 6: m-AMSA (200 lM) postive control; lane 7: Topo-


II a negative control; lane 8: 0.6 lg PRYG plasmid DNA.


Figure 3. Log10GI50, log10TGI, and log10LC50 data from the NCI 60 cell line screen for the compound 10c.
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5.1.4. 4 0-O-Demethyl-4b-100-[200-(benzoyl) anilino]-4-des-
oxypodophyllotoxin (10b). 4b-Bromo-4 0-O-demethyl-4-
desoxypodophyllotoxin (0.1 g, 0.21 mmol) was reacted
with 2-aminobenzophenone (0.045 g, 0.23 mmol) in
the presence of Et3N (0.032 g, 0.32 mmol) and
Bu4N


+I� (0.015 g, 0.042 mmol) in dry tetrahydrofu-
ran at room temperature for 4 h. After completion
of the reaction, the solvent was removed in vacuo.
The residue was subjected to silica gel column chro-
matography using chloroform/methanol (9.8:0.2) as
an eluent.

Yield 50% mp 154–156 �C; ½a�25D 111 (c 1.1, CHCl3);
IR (KBr) 3550, 3400, 2900, 1750, 1650, 1500, 1480,
1410, 1300, 1250 cm�1; 1H NMR (CDCl3) d 8.85 (d,
1H), 7.50 (m, 7H), 6.80 (s, 1H), 6.75 (d, 1H), 6.68
(d, 1H), 6.55 (s, 1H), 6.35 (s, 2H), 5.96 (d, 2H),
5.38 (s, 1H), 4.92 (m, 1H), 4.65 (d, 1H), 4.35 (t,
1H), 3.96 (t, 1H), 3.82 (s, 6H), 3.20 (q, 1H), 3.05
(m, 1H); MS 579 (M+�). Anal. Calcd for
C34H29NO8: C, 70.46; H, 5.04; N, 2.42. Found: C,
70.50; H, 5.08; N, 2.39.


5.1.5. 4b-100-[200-(2-Chlorobenzoyl)-400-chloroanilino]-4-
desoxypodophyllotoxin (10c). 4b-Bromo-4-desoxypodo-
phyllotoxin (0.10 g, 0.21 mmol) was reacted with 2-ami-
no-2 0,5 0-dichlorobenzophenone (0.06 g, 0.23 mmol) in
the presence of Et3N (0.032 g, 0.32 mmol) and Bu4N


+I�


(0.015 g, 0.042 mmol) in dry tetrahydrofuran at room
temperature for 5 h. After completion of the reaction,
the solvent was removed in vacuo. The residue was
subjected to silica gel column chromatography using
chloroform/methanol (9.7:0.3) as an eluent.


Yield 64% mp 142–145 �C; ½a�25D �84 (c 0.87, CHCl3); IR
(KBr) 3350, 2900, 1760, 1640, 1550, 1480, 1250 cm�1;
1H NMR (CDCl3) d 9.10 (d, 1H), 7.40 (m, 5H), 7.20
(d, 1H), 6.78 (s, 1H), 6.75 (d, 1H), 6.52 (s, 1H), 6.35
(s, 2H), 5.96 (d, 2H), 4.97 (m, 1H), 4.65 (d, 1H), 4.35
(t, 1H), 3.90 (t, 1H), 3.77 (d, 9H), 3.20 (q, 1H), 3.10
(m, 1H); MS 663 (M+�). Anal. Calcd for C35H29Cl2NO8:
C, 63.45; H, 4.41; N, 2.11. Found: C, 63.48; H, 4.44; N,
2.14.
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5.1.6. 4 0-O-Demethyl-4b-100-[200-(2-chlorobenzoyl)-400-
chloroanilino]-4-desoxypodophyllotoxin (10d). 4b-Bro-
mo-4 0-O-demethyl-4-desoxypodophyllotoxin (0.10 g,
0.21 mmol) was reacted with 2-amino-2 0,5 0-dichloro-
benzophenone (0.06 g, 0.23 mmol) in the presence of
Et3N (0.032 g, 0.32 mmol) and Bu4N


+I� (0.015 g,
0.042 mmol) in tetrahydrofuran at room temperature
for 5 h. After completion of the reaction, the solvent
was removed in vacuo. The residue was subjected to sil-
ica gel column chromatography using chloroform/meth-
anol (9.7:0.3) as an eluent.


Yield 70% mp 151–153 �C; ½a�25D �91 (c 0.93, CHCl3); IR
(KBr) 3320, 2900, 1760, 1650, 1550, 1480, 1410,
1250 cm�1; 1H NMR (CDCl3) d 9.10 (d, 1H), 7.40 (m,
5H), 7.20 (d, 1H), 6.77 (s, 1H), 6.70 (d, 1H), 6.30 (s,
2H), 5.96 (d, 2H), 5.40 (s, 2H), 4.90 (m, 1H), 4.65 (d,
1H), 4.30 (t, 1H), 4.10 (t, 1H), 3.80 (s, 6H), 3.20 (q,
1H), 3.10 (m, 1H); MS 649 (M+�). Anal. Calcd for
C34H27Cl2NO8: C, 62.97; H, 4.20; N, 2.16. Found: C,
62.94; H, 4.23; N, 2.14.


5.1.7. 4b-100-[200-(Benzoyl)-400-nitroanilino]-4-desoxypodo-
phyllotoxin (10e). 4b-Bromo-4-desoxypodophyllotoxin
(0.1 g, 0.21 mmol) was reacted with 2-amino-5-nitro-
benzophenone (0.056 g, 0.23 mmol) in the presence of
Et3N (0.032 g, 0.32 mmol) and Bu4N


+I� (0.015 g,
0.042 mmol) in dry tetrahydrofuran at room tempera-
ture for 8 h. After completion of the reaction, the sol-
vent was removed in vacuo. The residue was subjected
to silica gel column chromatography using chloroform/
methanol (9.5:0.5) as an eluent.


Yield 40%, mp 163–167 �C; ½a�25D �85 (c 1.2, CHCl3); IR
(KBr) 3450, 2950, 1740, 1650, 1550, 1480, 1250 cm�1;
1H NMR (CDCl3) d 9.50 (d, 1H), 8.57 (d, 1H), 8.32
(q, 1H), 7.60 (m, 4H), 6.75 (d, 1H), 6.70 (s, 1H) 6.60
(d, 1H), 6.40 (d, 1H), 6.30 (s, 2H), 6.00 (d, 2H), 5.05
(m, 1H), 4.70 (d, 1H), 4.40 (t, 1H), 3.90 (t, 1H), 3.80
(d, 9H), 3.15 (d, 1H), 2.95 (m, 1H); MS 638 (M+�). Anal.
Calcd for C35H30N2O10: C, 65.83; H, 4.73; N, 4.39.
Found: C, 65.85; H, 4.76; N, 4.41.


5.1.8. 4 0-O-Demethyl-4b-100-[200-(benzoyl)]-400-nitroanili-
no]-4-desoxypodophyllotoxin (10f). 4b-Bromo-4 0-O-dem-
ethyl-4-desoxypodophyllotoxin (0.1 g, 0.21 mmol) was
reacted with 2-amino-5-nitro-benzophenone (0.056 g,
0.23 mmol) in the presence of Et3N (0.032 g, 0.32 mmol)
and Bu4N


+I� (0.015 g, 0.042 mmol) in dry tetrahydrofu-
ran at room temperature for 8 h. After completion of the
reaction, the solvent was removed in vacuo. The residue
was subjected to silica gel column chromatography
using chloroform/methanol (9.5:0.5) as an eluent.


Yield 38%, mp 169–171 �C; ½a�25D �89 (c 1.0, CHCl3); IR
(KBr) 3560, 3400, 2900, 1740, 1650, 1500, 1480,
1250 cm�1; 1H NMR (CDCl3) d 9.47 (d, 1H), 8.55 (d,
1H), 8.30 (q, 1H), 7.60 (m, 4H), 6.80 (d, 1H), 6.70 (s,
1H), 6.55 (s, 1H) 6.35 (d, 1H), 6.30 (s, 2H), 6.00 (d,
2H), 5.87 (s, 1H), 5.00 (m, 1H), 4.65 (d, 1H), 4.30 (m,
2H), 3.80 (d, 6H), 3.15 (d, 1H), 3.00 (m, 1H); MS 624
(M+�). Anal. Calcd for C34H28N2O10: C, 65.38; H,
4.52; N, 4.49. Found: C, 65.35; H, 4.56; N, 4.51.

5.1.9. 4b-100-[200-(Benzoyl)-400- chloroanilino]-4-desoxypod-
ophyllotoxin (10g). 4b-Bromo-4-desoxypodophyllotoxin
(0.10 g, 0.21 mmol) was reacted with 2-amino-5-chloro-
benzophenone (0.053 g, 0.23 mmol) in the presence of
Et3N (0.032 g, 0.32 mmol) and Bu4N


+I� (0.015 g,
0.042 mmol) in dry tetrahydrofuran at room tempera-
ture for 6 h. After completion of the reaction, the sol-
vent was removed in vacuo. The residue was subjected
to silica gel column chromatography using chloroform/
methanol (9.7:0.3) as an eluent.


Yield 56% mp 139–142 �C; ½a�25D �103 (c 0.93, CHCl3);
IR (KBr) 3350, 2900, 1780, 1660, 1500, 1480, 1410,
1250 cm�1; 1H NMR (CDCl3) d 8.72 (d, 1H), 7.60 (m,
7H), 6.80 (s, 1H), 6.75 (d, 1H), 6.55 (s, 1H), 6.35 (s,
2H), 5.98 (d, 2H), 4.95 (m, 1H), 4.65 (d, 1H), 4.40 (t,
1H), 3.95 (t, 1H), 3.80 (d, 9H), 3.20 (q, 1H), 3.10 (m,
1H); MS 628 (M+�). Anal. Calcd for C35H30ClNO8: C,
66.93; H, 4.81; N, 2.23. Found: C, 66.94; H, 4.84; N,
2.26.


5.1.10. 4 0-O-Demethyl-4b-100-[200-(benzoyl)]-400-chloroani-
lino]-4-desoxypodophyllotoxin (10h). 4b-Bromo-4 0-O-
demethyl-4-desoxypodophyllotoxin (0.1 g, 0.21 mmol)
was reacted with 2-amino-5-chlorobenzophenone
(0.053 g, 0.23 mmol) in the presence of Et3N (0.032 g,
0.32 mmol) and Bu4N


+I� (0.015 g, 0.042 mmol) in dry
tetrahydrofuran at room temperature for 6 h. After
completion of the reaction, the solvent was removed in
vacuo. The residue was subjected to silica gel column
chromatography using chloroform/methanol (9.7:0.3)
as an eluent.


Yield 50%, mp 146–149 �C; ½a�25D �105 (c 0.97, CHCl3);
IR (KBr) 3500, 3360, 2900, 1750, 1640, 1500, 1480,
1230 cm�1; 1H NMR (CDCl3) d 8.68 (d, 1H), 7.52 (m,
7H), 6.72 (s, 1H), 6.65 (d, 1H), 6.50 (s, 1H) 6.30 (s,
2H), 5.96 (d, 2H), 5.35 (s, 1H), 4.85 (m, 1H), 4.60 (d,
1H), 4.30 (t, 1H), 3.85 (d, 1H), 3.80 (s, 6H), 3.10 (q,
1H), 3.00 (m, 1H); MS 614 (M+�). Anal. Calcd for
C34H28ClNO8: C, 66.50; H, 4.60; N, 2.28. Found: C,
66.54; H, 4.57; N, 2.26.


5.1.11. 4b-100-[200-(2-Fluorobenzoyl)-400-chloroanilino]-4-
desoxypodophyllotoxin (10i). 4b-Bromo-4-desoxypodo-
phyllotoxin (0.10 g, 0.21 mmol) was reacted
with 2-amino-5-chloro-2 0-fluorobenzophenone (0.057 g,
0.23 mmol) in the presence of Et3N (0.032 g, 0.32 mmol)
and Bu4N


+I� (0.015 g, 0.042 mmol) in dry tetrahydrofu-
ran at room temperature for 5 h. After completion of the
reaction, the solvent was removed in vacuo. The residue
was subjected to silica gel column chromatography
using chloroform/methanol (9.7:0.3) as an eluent.


Yield 68% mp 123–128 �C; ½a�25D �89 (c 1.0, CHCl3); IR
(KBr) 3400, 2950, 1760, 1650, 1500, 1480, 1300,
1250 cm�1; 1H NMR (CDCl3) d 9.10 (d, 1H), 7.45 (m,
6H), 6.80 (s, 1H), 6.75 (d, 1H), 6.55 (s, 1H), 6.35 (s,
2H), 6.00 (d, 2H), 4.95. (m, 1H), 4.70 (d, 1H), 4.40 (t,
1H), 3.95 (t, 1H), 3.82 (d, 9H), 3.20 (q, 1H), 3.10 (m,
1H); MS 646 (M+�). Anal. Calcd for C35H29ClFNO8:
C, 65.07; H, 4.52; N, 2.17. Found: C, 65.09; H, 4.55;
N, 2.19.
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5.1.12. 4 0-O-Demethyl-4b-100-[200-(2-fluorobenzoyl)-400-
chloroanilino]-4-desoxypodophyllotoxin (10j). 4b-Bro-
mo-4 0-O-demethyl-4-desoxypodophyllotoxin (0.10 g,
0.21 mmol) was reacted with 2-amino-5-chloro-2-fluoro-
benzophenone (0.057 g, 0.23 mmol) in the presence of
Et3N (0.032 g, 0.32 mmol) and Bu4N


+I� (0.015 g,
0.042 mmol) in dry tetrahydrofuran at room temperature
for 5 h. After completion of the reaction, the solvent was
removed in vacuo. The residue was subjected to silica gel
column chromatography using chloroform/methanol
(9.7:0.3) as an eluent.


Yield 60% mp 164–167 �C; ½a�25D �85 (c 1.01, CHCl3); IR
(KBr) 3520, 3440, 2900, 1750, 1650, 1500, 1480, 1300,
1250 cm�1; 1H NMR (CDCl3) d 9.05 (d, 1H), 7.48 (m,
6H), 6.80 (s, 1H), 6.75 (d, 1H), 6.52 (s, 1H), 6.35 (s, 2H),
6.00 (d, 2H), 5.10 (s, 1H), 4.98 (m, 1H), 4.70 (d, 1H), 4.40
(t, 1H), 3.95 (t, 1H), 3.82 (s, 6H), 3.20 (q, 1H), 3.10 (m,
1H); MS 632 (M+�). Anal. Calcd for C34H27ClFNO8: C,
64.61; H, 4.31; N, 2.22. Found: C, 64.64; H, 4.35; N, 2.18.


5.1.13. 4 0-O-Demethyl-4b-succinimido-4-desoxypodo-
phyllotoxin (11a). 4b-Bromo-4 0-O-demethyl-4-desoxyp-
odophyllotoxin (0.10 g, 0.21 mmol) was reacted with
succinimide (0.024 g, 0.23 mmol) in the presence of
Et3N (0.032 g, 0.32 mmol) and Bu4N


+I� (0.015 g,
0.042 mmol) in dry tetrahydrofuran at room temperature
for 6 h. After completion of the reaction, the solvent was
removed in vacuo. The residue was subjected to silica gel
column chromatography using ethyl acetate/hexane (7:3)
as an eluent.


Yield 30% mp 197–201 �C; ½a�25D �104 (c 0.05, EtOAc:-
MeOH); IR (KBr) 3500, 2880, 1800, 1630, 1530,
1250 cm�1; 1H NMR (CDCl3) d 6.85 (s, 1H), 6.55 (s,
1H), 6.25 (s, 2H), 6.00 (d, 2H), 5.35 (s, 1H), 4.85. (d,
1H), 4.58 (d, 1H), 4.35 (d, 2H), 3.78 (s, 6H), 3.24 (q,
1H), 2.75 (s,4H), 2.30 (m, 1H);MS 481 (M+�). Anal. Calcd
for C25H23NO9: C, 62.37; H, 4.82; N, 2.91. Found: C,
62.35; H, 4.80; N, 2.89.


5.1.14. 4b-Succinimido-4-desoxypodophyllotoxin (11b).
4b-Bromo-4-desoxypodophyllotoxin (0.10 g, 0.21 mmol)
was reacted with succinimide (0.023 g, 0.23 mmol) in the
presence of Et3N (0.032 g, 0.32 mmol) and Bu4N


+I�


(0.015 g, 0.042 mmol) in dry tetrahydrofuran at room
temperature for 6 h. After completion of the reaction,
the solvent was removed in vacuo. The residue was sub-
jected to silica gel column chromatography using ethyl
acetate/hexane (7:3) as an eluent.


Yield 30% mp 168–172 �C; ½a�25D �97 (c 0.6, EtOAc:-
MeOH, 1:1); IR (KBr) 2850, 1800, 1620, 1500, 1480,
1410, 1250 cm�1; 1H NMR (CDCl3) d 6.85, (s, 1H), 6.52
(s, 1H), 6.25 (s, 2H), 5.90 (d, 2H), 4.85 (d, 1H), 4.55 (d,
1H), 4.35 (d, 2H), 3.75 (d, 9H), 3.25 (q, 1H), 2.75 (s,
4H), 2.40 (m, 1H); MS 495 (M+�). Anal. Calcd for
C26H25NO9: C, 63.03; H, 5.09; N, 2.83. Found: C,
63.06; H, 5.12; N, 2.87.


5.1.15. 4b-Phthalimido-4-desoxypodophyllotoxin (11c).
4b-Bromo-4-desoxypodophyllotoxin (0.10 g, 0.21 mmol)
was reacted with phthalimide (0.033 g, 0.23 mmol) in the

presence of Et3N (0.032 g, 0.32 mmol) and Bu4N
+I�


(0.015 g, 0.042 mmol) in dry tetrahydrofuran at room
temperature for 5 h. After completion of the reaction,
the solvent was removed in vacuo. The residue was sub-
jected to silica gel column chromatography using ethyl
acetate/hexane (8:2) as an eluent.


Yield 30% mp 135–139 �C; ½a�25D �69 (c 1.1, CHCl3); IR
(KBr) 2940, 1760, 1740, 1530, 1410, 1250 cm�1; 1H
NMR (CDCl3): d 7.85 (m, 2H), 7.75 (m, 2H), 6.75 (s,
1H), 6.55 (s, 1H), 6.20 (s, 2H), 5.97 (d, 2H), 4.57 (d,
1H), 4.33. (d, 1H), 4.27 (d, 2H), 3.75 (d, 9H), 3.35 (q,
1H), 2.80 (m, 1H); MS 544 (M+�). Anal. Calcd for
C30H25NO9: C, 66.29; H, 4.64; N, 2.58. Found: C,
66.26; H, 4.62; N, 2.61.


5.1.16. 4 0-O-Demethyl-4b-phthalimido-4-desoxypodo-
phyllotoxin (11d). 4b-Bromo-4 0-O-demethyl-4-desoxyp-
odophyllotoxin (0.10 g, 0.21 mmol) was reacted with
phthalimide (0.034 g, 0.23 mmol) in the presence of
Et3N (0.032 g, 0.32 mmol) and Bu4N


+I� (0.015 g,
0.042 mmol) in dry tetrahydrofuran at room tempera-
ture for 5 h. After completion of the reaction, the sol-
vent was removed in vacuo. The residue was subjected
to silica gel column chromatography using ethyl ace-
tate/hexane (8:2) as an eluent.


Yield 30% mp 156–160 �C; ½a�25D �58 (c 1.0, CHCl3); IR
(KBr) 3300, 2940, 1760, 1740, 1530, 1410, 1250 cm�1;
1H NMR (CDCl3) d 7.85 (m, 2H), 7.75 (m, 2H), 6.78
(s, 1H), 6.55 (s, 1H), 6.22 (s, 2H), 5.95 (d, 2H), 5.32 (s,
1H), 4.55. (d, 1H), 4.35 (d, 1H), 4.29 (d, 2H), 3.80 (s,
6H), 3.35 (q, 1H), 2.85 (m, 1H); MS 530 (M+�). Anal.
Calcd for C29H23NO9: C, 65.78; H, 4.38; N, 2.65.
Found: C, 65.74; H, 4.32; N, 2.61.


5.1.17. 4b-Naphthalimido-4-desoxypodophyllotoxin (11e).
4b-Bromo-4-desoxypodophyllotoxin (0.10 g, 0.21 mmol)
was reacted with naphthalimide (0.056 g, 0.23 mmol) in
the presence of Et3N (0.032 g, 0.32 mmol) and Bu4N


+I�


(0.015 g, 0.042 mmol) in dry tetrahydrofuran at room
temperature for 7 h. After completion of the reaction,
the solvent was removed in vacuo. The residue was sub-
jected to silica gel column chromatography using ethyl
acetate/hexane (8:2) as an eluent.


Yield 30% mp 132–136 �C; ½a�25D �64 (c 0.7, CHCl3);
1H


NMR (CDCl3) d 7.72 (m, 2H), 7.55 (m, 2H), 6.8 (s, 1H),
6.55 (t, 2H), 6.23 (s, 2H), 6.10 (s, 1H), 5.97 (d, 2H), 4.58.
(d, 1H), 4.35 (d, 1H), 4.28 (t, 2H), 3.76 (d, 9H), 3.35 (dd,
1H), 2.85 (m, 1H). MS 593 (M+�). Anal. Calcd for
C34H27NO9: C, 68.80; H, 4.58; N, 2.36. Found: C,
68.84; H, 4.53; N, 2.40.


5.2. Biological evaluation


5.2.1. In vitro evaluation of cytotoxic activity. In routine
screening, each agent is tested over a broad concentra-
tion range (10-fold dilutions starting from >100 lM to
�10 nM) against six human cancer cell lines comprised
of different tumor types. Standard compound doxorubi-
cin is tested in each assay as a positive control. The cells
are maintained in growing condition in RPMI 1640
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medium containing 10% fetal calf serum and incubated
at 37 �C under 5% CO2 atmosphere. All cell lines are
inoculated onto a series of standard 96-well microtiter
plate on day 0, followed by 24 h incubation in the ab-
sence of test compound. The inoculation densities used
in this screen are as per the procedure of Monks
et al.15 All NCEs are dissolved in DMSO and diluted
further in culture medium. An aliquot of each dilution
is added to the growing cells in 96-well plates and incu-
bated for 48 h. After incubation, the assay is terminated
by adding 50 lL of trichloro acetic acid and incubating
at 4 �C for 30 min. The precipitated cells are washed and
stained with sulphorhodamine B dye for 30 min and the
excess dye is washed off with acetic acid. Adsorbed dye
is solublized in Tris base (alkaline pH) and quantitated
by measuring the OD at 490 nm in an ELISA reader.
GI50 (concentration that inhibits the cell growth by
50%) is calculated according to the method of Boyd.16


5.2.2. Immunoprecipitation of topoisomerase-II a. Brain
extracts (100 lg total protein) prepared from cerebellum
of embryos (E11, E18, and 1-day-old) and whole brain,
cerebellum, cerebral cortex, and midbrain regions of the
young, adult, andold age groupswere taken inEppendorf
tubes for immunoprecipitation and topo-II a or b anti-
body (1:1000 dilution in immunoprecipitation buffer con-
taining 100 mM Tris–HCl, pH 8, 750 mM NaCl, 2 mM
EDTA, 1 mM PMSF, and 0.75% Nonidet) was added
to each sample. The antigen–antibody mixture was incu-
bated at room temperature for 1 h and 25 ll of 6%protein
Anagarose beadswas added.The beadswere incubated at
4 �C for 15 min, spun down and the supernatant was re-
moved. The protein An agarose beads were washed twice
with 0.5% Triton X-100 in PBS. The beads were directly
used for monitoring the relaxation activity of topo-II.17
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Abstract—Chemical modification and inactivation of aminoglycosides by many different enzymes expressed in pathogenic bacteria
are the main mechanisms of bacterial resistance to these antibiotics. In this work, we designed inhibitors that contain the 1,3-di-
amine pharmacophore shared by all aminoglycoside antibiotics that contain the 2-deoxystreptamine ring. A discovery library of
molecules was prepared by attaching different side chains to both sides of the 1,3-diamine motif. Several of these diamines showed
inhibitory activity toward two or three different representative aminoglycoside-modifying enzymes (AGMEs). These studies yielded
the first non-carbohydrate inhibitor N-cyclohexyl-N 0-(3-dimethylamino-propyl)-propane-1,3-diamine (Compound G,H) that is com-
petitive with respect to the aminoglycoside binding to the enzyme aminoglycoside-200-nucleotidyltransferase-Ia (ANT(200)). Another
diamine molecule N-[2-(3,4-dimethoxyphenyl)-ethyl]-N 0-(3-dimethylamino-propyl)-propane-1,3-diamine (Compound H,I) was
shown to be a competitive inhibitor of two separate enzymes (aminoglycoside-3 0-phosphotransferase-IIIa (APH(3 0)) and ANT(200))
with respect to metal–ATP. Thermodynamic and structural-binding properties of the complexes of APH(3 0) with substrates and
inhibitor were shown to be similar to each other, as determined by isothermal titration calorimetry and NMR spectroscopy.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The therapeutic use of aminoglycoside antibiotics
(Fig. 1) began in the mid-1940s when streptomycin, iso-
lated from Streptomyces griseus, was developed as the
first effective treatment for tuberculosis.1,2 Since then,
many new aminoglycosides have been isolated and syn-
thetic derivatives prepared. These antibiotics are the
weapons of choice against certain gram-negative bacilli,
including Pseudomonas. However, as with many other
antibiotics, resistance to these drugs has developed and
now compromises their usage.3,4 Resistance to amino-
glycosides is caused primarily by plasmid-encoded en-
zymes that covalently modify certain functional groups
and prevent the aminoglycosides from interacting with
their target—the small subunit of the bacterial ribo-
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some.5,6 Three types of covalent modifications: acetyla-
tion, nucleotidylation, and phosphorylation reactions
are achieved by many different aminoglycoside-modify-
ing enzymes (AGMEs).7,8 Thus, inhibition of AGMEs
may allow aminoglycosides to regain their antibiotic
efficacy.


Carbohydrate-based inhibitors of AGMEs, such as
those resulting from the removal of selected hydroxyl
or amino groups of the aminoglycoside scaffold, are
known. More recently, various inhibitors based on
neamine dimers,9,10 glycodiversification strategy,11 pseu-
do-pentasaccharide analogs of neomycin,12 amikacin
derivatives,13,14 2-deoxystreptamine (DOS) derivatives,15


and cyclic aminoglycosides16 have been prepared. Fewer
efforts are directed toward non-carbohydrate aminogly-
coside mimetics, such as small-molecule RNA binders,17


benzimidazoles,18 and cationic peptides.19


Most clinically utilized aminoglycosides have a DOS as
their aglycone. In general, these aminoglycosides are
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Figure 1. Aminoglycosides with 4,6-(left panel) and 4,5-(right panel) disubstituted 2-deoxystreptamine ring. Left panel (from top): kanamycin A,


amikacin, and tobramycin. Right panel (from top): ribostamycin, paromomycin, and lividomycin A. Letter and prime notations for the first three


rings are also shown on top.
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4,5- or 4,6-substituted at the DOS ring and can be
pseudotri-, tetra-, or pentasaccharides (Fig. 1). Amino-
glycosides with a 4,5- or 4,6-substituted DOS ring can
also be classified as neomycin- and kanamycin-type anti-
biotics, respectively. In this work, we selected the sim-
plest common pharmacophore to aminoglycosides
bearing a 2-DOS aglycone: the 1,3 diamine motif
(Fig. 2) and designed an exploratory library of non-car-
bohydrate aminoglycoside analogs to evaluate the po-
tential of this functional group in producing molecules
that recognize, bind, and inhibit multiple AGMEs.
These analogs contain a 1,3-diamine unit that is
flanked by a diverse array of side-chain functionality.
This proof-of-concept study yielded the first non-
carbohydrate inhibitor that is competitive with the
aminoglycoside substrates of an aminoglycoside

Figure 2. The 1,3 diamine motifs of kanamycin A (top) and the


compound H,I (bottom).

nucleotidyltransferase (the aminoglycoside-200-nucleotid-
yltransferase-Ia ANT(200)).

2. Results and discussion


The diamines were prepared by the matrix synthesis
using a one-pot reaction (Scheme 1). Two equivalents
of primary amines A–I (Fig. 3) were reacted with one
equivalent of 1,3-dichloropropane in a solvent-free reac-
tion at an elevated temperature for 48 h20 Two SN2 reac-
tions took place to yield one or three diamines, based
upon starting materials, with the product secondary
amines salting out as dihydrochlorides. Thus, in one
step, we were quickly able to produce 45 compounds
containing the 1,3-x motif. The reaction mixtures were
easily deconvoluted by testing three related samples,
that is, A,A; A,B; and B,B. The chemistry of this syn-
thetic route was complicated by the tendency of amine
H to undergo side reactions. Amine H contains a tertia-
ry nitrogen atom that can act as an internal strong base
to desalt the product secondary amine and allow it to re-
act with another molecule of 1,3-dichloropropane. This
process leads to the formation of undesired high molec-
ular weight adducts. Several test wells containing amine
H were active in our primary screen; therefore, an alter-
nate synthetic route was needed to validate hits resulting
from these wells.


The alternate synthetic devised route is shown in Scheme
2. The first amine is added to acryloyl chloride, yielding
an a,b-unsaturated amide containing one of the desired
side-chains. The second amine is subsequently added by
a Michael addition to the a,b-unsaturated amide by the







Scheme 1. Synthesis of compounds A,A–I,I. (a) R-NH2 (amines A–I); (b) R 0-NH2 (amines A–I).


Figure 3. Diamine compounds that showed inhibitory activity to one or more AGME.


Scheme 2. Synthesis of compounds A,H; G,H; andH,I. Reagents: (a) R-NH2, pyridine, DCM; (b) R 0-NH2, EtOH; (c) THFÆBH3 complex, THF; and


(d) 6 N HCl, MeOH.
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second amine. The resulting compound is purified by
flash chromatography and then reduced with borane in
tetrahydrofuran to afford the desired diamine. One
advantage of this synthesis over the previous one is the
greater control of reactivity. Another is the production
of a single diamine, as opposed to a mixture of up to
three compounds.


Three representative AGMEs7 were chosen to evaluate
the activity of these compounds. Aminoglycoside 3 0-

phosphotransferase-IIIa (APH(3 0)) transfers a phos-
phate group from ATP to the 3 0-hydroxyl group of
appropriately functionalized aminoglycosides. The
200-nucleotidyltransferase-Ia (ANT(200)) catalyzes the
transfer of adenosine monophosphate from ATP to
the 200-hydroxyl group of appropriately functionalized
aminoglycoside antibiotics. Aminoglycoside 3-acetyl-
transferase-IIIb (AAC(3)) catalyzes the transfer of an
acetyl group from acetyl CoA to the 3-amino group of
aminoglycosides containing a 2-deoxystreptamine ring.
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These enzymes represent three distinct covalent modifi-
cations, two different co-substrates (Metal–ATP with
nucleotidyl- and phosphotransferases and acetylCoA
with the acetyltransferase), and different levels of amino-
glycoside substrate specificity. Moreover, they also vary
in the distance between the site of covalent modification
and the 1,3-diamine unit of the 2-deoxystreptamine ring.


Enzymatic screening of the synthetic diamines proceed-
ed as follows: all crude reaction mixtures were screened
for inhibition of aminoglycoside modification with
APH(3 0). A smaller set of samples, more than half of
the total number of those tested with APH(3 0), were
screened with AAC(3). From these, a subset of com-
pounds were chosen for inhibitory activity and ease of
purification, and these compounds were HPLC purified
and retested with AAC(3), ANT(200), and APH(3 0). The
most potent inhibitor of all three enzymes was tested to
determine the type of inhibition. Percent inhibition for
diamines that inhibit more than one AGME is shown
in Table 1.


The AGME that was most affected by these compounds
was AAC(3). Eighteen of the 45 compounds tested were
inhibitors of this enzyme. Compounds containing amine
H (3-(dimethylamino)propylamine) were inhibitors of
AAC3, decreasing the rate of catalysis to less than
30% of the uninhibited rate.


In contrast, a smaller number of compounds retarded
the rate of catalysis of APH(3 0). There was not as strong
a trend in the chemical structures of the active com-
pounds as there was for AAC(3); however, all com-
pounds that inhibited APH(3 0) contained amine H
(3-(dimethylamino)propylamine), amine I (3,4-dimeth-
oxyphenethylamine), or both. The common theme for
inhibitors of APH(3 0) was an aromatic or cyclohexyl
ring plus a dimethylamino group or diol.


Even fewer among these compounds seem to be inhibi-
tors of ANT(200). Only five of the purified diamines test-
ed showed significant inhibition of this enzyme. Similar
to APH(3 0), all the compounds that inhibit ANT(200)
contain either amine H, amine I, or both.


Compounds G,H and H,I were the most potent com-
pounds identified by the primary screen and were subse-
quently resynthesized by the second route in greater

Table 1. Inhibition of enzymatic activity by �0.5 mM diamine


compounds (% inhibition with respect to full activity. Errors �10%)a


Diamine APH(30) AAC(3) ANT(200)


B,I 18 21 23


C,H 13 58 28


C,I 13 27 16


D,H 21 62 0


F,H 21 68 0


G,H 28 77 22


H,I 54 63 42


a Substrate and enzyme concentrations used were: 50 lM kanamycin A


with 2 l APH(30) or 1 lM AAC(3) and 100 lM tobramycin with


0.24 lM ANT(200).

scale and purity (Scheme 2). These compounds were
tested to determine the nature of inhibition with
APH(3 0) and ANT(200). The results of these assays indi-
cate a difference in the action of the two compounds.
Compound G,H is competitive with the aminoglycoside
substrate for ANT(200) but not for APH(3 0). Data shown
in Figure 4A yielded a Ki of 540 ± 32 lM for this
inhibition.


2.1. Compound G,H is the first non-carbohydrate inhibitor
of an AGME that is competitive with the aminoglycoside
substrate


Conversely, compound H,I is competitive with metal–
ATP for both enzymes that require it for catalysis.
The Ki values for H,I are comparable—160 ± 30 lM
for APH(3 0) and 125 ± 24 lM for ANT(200). Competi-
tive inhibition of ANT(200) by H,I is shown in Figure
4B. Due to the low solubility of AAC(3) and ANT(200)
and availability of X-ray structure for APH(3 0), further
structural studies were performed with APH(3 0) and
complexes of APH(3 0) with ATP or compound H,I by
isothermal titration calorimetry (ITC), NMR, and dock-
ing calculations. These studies are described in the
following paragraphs.

Figure 4. Inhibition of enzymatic activity of ANT(200) by compounds


G,H (A) and H,I (B). (A) Competitive inhibition with respect to


tobramycin: (j) No inhibitor, (m) 0.625 mM, (.) 1.25 mM, and (�)


2.5 mM G,H. (B) Competitive inhibition with respect to MgATP: (j)


No inhibitor, (m) 0.625 mM, and (.) 1.25 mM H,I. In both plots, the


rate is shown as the change in absorbance per unit time and data are


shown with linear regression lines.







Table 2. ITC-derived thermodynamic parameters for CaATP and H,I


Binding to APH(30)-IIIaa


N KD (lM) DH
(kcal/mol)


�TDS
(kcal/mol)


DG
(kcal/mol)


CaATP 0.93 35 �3.5 �2.9 �6.4


H,I 0.98 47 �8.6 2.5 �6.1


a Determined at 303 K. Standard errors: N, 15%; KD, 10%; DH, 8%;


TDS, 16%; and DG, 1%.


Table 3. ITC-derived thermodynamic parameters for kanamycin A


binding to APH(30)-IIIa and its complexes with CaATP and H,Ia


N KD


(lM)


DH
(kcal/mol)


�TDS
(kcal/mol)


DG
(kcal/mol)


APH(3 0)-IIIa 0.8 5.4 �31.9 24.4 �7.5


APH(3 0)-IIIa–
CaATP


0.9 1.0 �11.3 2.8 �8.5


APH(3 0)-IIIa–
H,I


0.9 1.3 �9.4 1.2 �8.2


a Determined at 310 K. Standard errors: N, 9%; KD, 8%; DH, 7%; TDS,
16%; and DG; 1%.
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The use of isothermal titration calorimetry allowed for
a direct thermodynamic characterization of various
complexes of APH(3 0), substrates, and inhibitor. Bind-
ing of CaATP and compound H,I to APH(3 0) takes
place with similar affinity (Table 2). Binding of both
compounds to APH(3 0) shows a very similar free ener-
gy change; however, the binding of compound H,I to
the enzyme is entropically disfavored, which is com-
pensated by a large enthalpic term. This is not unex-
pected since compound H,I is much more flexible in
solution than free ATP and loss of rotational and
translational freedom of molecule on binding to the
enzyme is entropically more disfavored than it is with
ATP. Similarities in the binding of compound H,I and
CaATP also extend to the ternary enzyme–CaATP/
H,I–kanamycin A complexes. As shown in Figure 5,
titration of APH(3 0)–CaATP or APH(3 0)–H,I with
kanamycin A showed that affinity of kanamycin A
to both complexes was identical and was also en-
hanced when compared to its affinity to the apoen-
zyme (Table 3). These observations are consistent
with the complexes of APH(3 0)–H,I and APH(3 0)–
CaATP having similar active site organizations. When
the competitive nature of compound H,I inhibition
with respect to ATP is considered, it is possible that
APH(3 0) active site undergoes similar conformational

Figure 5. Titration of APH(30) (A), APH(30)–CaATP (B), and APH(30)–H,I


bottom panels show the best fits that yielded parameters shown in Table 2.

changes in the complexes of the enzyme with H,I
and CaATP.


Further evidence for similar binding patterns of a met-
al–ATP complex and compound H,I was obtained by
NMR spectroscopy. Figures 6 and 7 show a set of
15N–1H HSQC spectra obtained by using a uniformly
enriched 15N-APH(3 0). The spectra acquired with the
binary complexes of enzyme–CaATP or enzyme–H,I
are similar to each other but different from that acquired
with the enzyme–kanamycin A complex. Figure 6 shows
the full spectra obtained with apoenzyme, enzyme–
CaATP, enzyme–H,I, and enzyme–kanamycin A com-
plexes. These spectra also showed that the enzyme is
quite flexible in solution, even with bound CaATP or
H,I, and some of the resonances of this 31 kDa protein
are broadened under these conditions. This is not sur-
prising because this enzyme can modify many structural-
ly different aminoglycosides; hence, it must have a
flexible structure in solution to accommodate these sub-
strates. Contrary to this, a significant increase in the dis-
persion of cross-peaks is visible in the spectrum of the
binary enzyme–kanamycin A complex, suggesting the
formation of a �firmer� complex with this substrate. This

(C) with kanamycin A. Top panels show the raw ITC data, while the







Figure 6. 15N–1H HSQC spectra acquired with APH(3 0) alone (A), APH(30)–kanamycin A (B), APH(3 0)–CaATP (C), and APH(30)–H,I (D).
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is in concert with the observed dissociation constants of
the binary enzyme–ligand complexes, which indicate
that kanamycin A has the tightest binding to the en-
zyme. In Figure 7, the region of each spectrum showing
the tryptophan side-chain nitrogen–proton correlations
is displayed as an expanded plot. Of the five trypto-
phanes of APH(3 0), only W159 is located near the ami-
noglycoside-binding site,21 while the ATP-binding
region of APH(3 0) does not contain any tryptophan res-
idues. Therefore, tryptophan resonances can be used as
probes to confirm the presence or absence of a substrate
in the aminoglycoside-binding site; the binding of ATP
(or metal–ATP) is not expected to cause any changes
in chemical shifts of tryptophan residues. The expanded
regions clearly show that, as expected, the spectra of
binary enzyme–CaATP and enzyme–H,I complexes are
similar to that obtained with the apoenzyme. However,
this region is significantly different in the binary en-
zyme–kanamycin A spectrum, indicating changes in
the environment of W159 and other tryptophan resi-
dues. These observations are again consistent with the
binding of compound H,I to the ATP site.


Docking calculations were used to predict the conforma-
tion of compound H,I in the active site of APH(3 0), as
well as to predict the contacts made by H,I in the active
site. The docked conformation of compound H,I in the
active site of APH(3 0) is shown in Figure 8. Compound
H,I contains a set of key features that are required for
binding to the nucleotide-binding pocket of APH(3 0).
First, one of the methoxy groups on the aromatic ring
forms a hydrogen bond with the backbone NH group

of A93. A hydrogen bond with the backbone NH of
A93 is also important for ATP binding to APH(3 0);
and a similar interaction has been found for isoquinoline
sulfonamide kinase inhibitors bound to protein ki-
nases22 The hydrogen bond between H,I and A93 pro-
motes stacking of the 3,4-dimethoxyphenyl ring in an
antiparallel fashion with the side-chain of Y42. In addi-
tion, there are three potential interactions between the
amino groups of compound H,I and the active site of
APH(3 0). These interactions take place, with D22, E24,
and D190. This final contact provides an indication of
the relatively larger size of H,I as compared to ATP,
D190 is part of the aminoglycoside subpocket and is be-
lieved to act as the catalytic base.23 Figure 9 shows a
structural comparison of the diamines containing an
aromatic ring and amine H. Thereby offering an expla-
nation for the observed lower levels of inhibition affor-
ded by compounds A,H (green); C,H (blue); and F,H
(orange). These compounds would not be able to main-
tain contact with Y42 by aromatic stacking and one or
more of the charge-based contacts simultaneously. Sim-
ilarly, although C,H and F,H contain hydrogen bond
acceptor groups, they are not situated in such a way
as to form the same network of enzyme–ligand interac-
tions available to H,I (shown in red).


Figure 10 shows the requirements for binding of diam-
ines to three different AGMEs based on 55 compounds
tested in this work. It appears that the amine H moiety
(colored blue for all three structures) is a key feature for
recognition by these enzymes, as the most active
diamines against all three enzymes contain amine H.







Figure 7. Expanded regions of the HSQC spectra shown in Figure 6; apoenzyme (A), APH(30)–kanamycin A (B), APH(30)–CaATP (C), and


APH(3 0)–H,I (D).


Figure 8. The compound H,I docked into the ATP-binding site of APH(3 0) (A). Close-up of the ATP-binding site with docked H,I (B). This figure


was created with PyMol. (DeLano, W. L. The PyMOL Molecular Graphics System (2002) DeLano Scientific, San Carlos, CA, USA. http://


www.pymol.org.)
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Compound H,I (top) is competitive with ATP for
APH(3 0) and ANT(200). The proposed structure of H,I
in the complex with APH(3 0) suggests that binding to
the ATP site of APH(3 0) is mediated by one or more
of the amino groups along with a hydrogen bond
between the phenoxy hydrogen bond donor and A93,
and a possible aromatic stacking interaction. Com-
pounds A,H, C,H, and F,H, which lack a full comple-
ment of enzyme–ligand interactions available to H,I,

are not competitive with ATP when assayed with
APH(3 0). We note that conclusions about the structural
requirements for binding of inhibitors to these three en-
zymes are based on a small library of compounds. Thus,
they may represent only a small fraction of structural
units that can be recognized by these enzymes.


The relationship between inhibitory activity of diamine
compounds and multiple amino groups is not surprising,



http://www.pymol.org.

http://www.pymol.org.





Figure 9. Superpositioning of compounds A,H (green), C,H (blue),


F,H (orange), and H,I (red) docked into the active site of aminogly-


coside-3 0-phosphotransferase-IIIb.


Figure 10. Requirements for binding of diamines to aminoglycoside-


modifying enzymes. Shared motifs among the three different enzymes


are shown in blue.
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however, as the amino groups of aminoglycosides are
key recognition elements for RNA, as well as AGMEs.
What is somewhat surprising is the wide variety of func-
tionality that was tolerated in the second side-chain.
Specifically, compound G,H, which inhibited all three
enzymes, has neither hydrogen bond donors nor polar
groups of any kind on the amine G side-chain. Com-
pound G,H is a competitive inhibitor of ANT(200)
with respect to the aminoglycoside substrate
(Ki = 540 ± 32). Thus, compound G,H highlighted the
differences in the aminoglycoside-binding pockets of
APH(3 0) and ANT(200). Interestingly, compound G,H
was also the most potent inhibitor of in vivo growth
of Escherichia coli AGME transformants. Compound
G,H inhibited cell growth for all three transformants
at both concentrations. At 10 mM, growth was 50% to
75% that of the control wells for the E. coli transfor-
mants producing AAC(3) and APH(3 0). Cell growth
was inhibited to 30% of the absorbance of the growth

control for the wells containing the ANT(200) E. coli
transformants.

3. Conclusions


A study directed at finding novel, non-carbohydrate
inhibitors of aminoglycoside-modifying enzymes yielded
several molecules that inhibit multiple aminoglycoside-
modifying enzymes. A stepwise synthesis was developed
to prepare larger amounts of the most active com-
pounds. Multiple experimental techniques, including
ITC and NMR, were used to characterize inhibitor
binding to one of the AGMEs.


Of the diamines tested, compound H,I has been identi-
fied as an inhibitor of all three AGMEs studied and is
a competitive inhibitor of ATP binding for two of the
enzymes (APH(3 0) and ANT(200)). It binds to APH(3 0)
as in a similar fashion to ATP, as evidenced by compar-
ison of the APH(3 0)–CaATP–kanamycin A and
APH(3 0)–H,I–kanamycin A ternary complexes using
ITC and NMR. The presence of a hydrogen bond donor
and positively charged nitrogen atoms are predicted to
be the key factors in binding. This pattern is reminiscent
of the isoquinoline sulfonamide class of protein kinase
inhibitors.22


A common theme for the active compounds is the pres-
ence of amine H, which contains a propyldimethylamino
side-chain. This functionality is reminiscent of amino-
glycosides, which contain multiple amino groups. De-
spite the fact that compound G,H lacks a hydrogen
bond donor on the cyclohexyl ring, it inhibited all three
enzymes tested and is the first competitive inhibitor of
ANT(200) with respect to the aminoglycoside substrate.
Thus, compound G,H demonstrated the potential of this
conceptually simple approach to develop non-carbohy-
drate aminoglycoside analogs. This compound will be
used as a starting point for the design of more potent,
non-carbohydrate inhibitors of AGMEs.

4. Materials and methods


4.1. General


All chemicals used in enzyme preparation and assays
were purchased from Sigma (St. Louis, MO) unless
otherwise noted. Deuterated solvents were purchased
from Cambridge Isotope Laboratories (Andover, MA).


All starting materials for synthesis of diamines were
purchased from Aldrich Chemical Company (Milwau-
kee, WI). All reagent-grade solvents used for purifica-
tion of the diamines were purchased from Fischer
Scientific (Suwanee, GA). Product purification was
performed by HPLC on a Gilson 215 HPLC (Middle-
town, WI) equipped with an Xterra� Prep MS C18
5 lm, 19 · 100 mm column, Waters (Milford, MA).
Select product identifications and characterizations
were performed first by ESI MS on a Bruker Esquire
LCMS, Bruker Daltonics (Billerica, MA). Further
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characterization of select compounds was performed
by 1H NMR recorded on a Varian INOVA-500
NMR spectrometer. 1H–15N HSQC TROSY spectra
of various enzyme–ligand complexes were recorded
on a Varian INOVA-600 NMR spectrometer,
equipped with triple resonance probe, using uniformly
enriched 15N-APH(3 0).

4.2. Protein preparation and purification


APH(3 0) was overexpressed in E. coli, isolated, and puri-
fied according to the procedure described by McKay
et al.,24 with the modifications described in Özen and
Serpersu.25 Briefly, cells were grown in Luria broth
(LB) media in New Brunswick (Edison, NJ) BioFlo
110 fermentor vessel at 37 �C. Cells were harvested five
hours after induction with 1 mM IPTG and were then
lysed by passage through French press in 50 mM Tris,
5 mM EDTA, 200 mM NaCl, 1 mM PMSF, and
0.2 mM DTT solution. Cell debris was removed by cen-
trifugation and the supernatant was diluted with buffer
A (50 mM Tris, 1 mM EDTA), pH 8.0, before loading
it onto a strong anion exchanger POROS 20HQ column
(250 · 4.6 mm) attached to BIOCAD 700E perfusion
chromatography workstation from Applied Biosystems.
A linear gradient of 0–20% with buffer B in buffer A was
applied through five column volumes to elute contami-
nant proteins. The pure APH(3 0)-IIIa was then eluted
with two column volumes of 20% buffer B in buffer A.
Pooled fractions were dialyzed against buffer A, freeze-
dried, and stored at �80 �C. AAC(3)-IIIb and
ANT(200)-Ia were also overexpressed in E. coli, isolated,
and purified according to the procedures described
earlier,26,27 respectively.

4.3. Preparation of diamine samples for testing


Most of the samples prepared from crude reaction mix-
tures were dissolved in 50% DMSO–water. All samples
that were not soluble under these conditions were dis-
solved in 100% DMSO. In the first round enzymatic
screen (reaction mixtures), the concentrations of the dia-
mine samples ranged from 0.2 to 3 mM. In enzymatic
assays of purified diamines, the concentration of dia-
mine used in the assay was 0.625–2.5 mM depending
upon the enzyme tested.


4.4. Enzyme assays


Inhibition pattern of enzymes by diamines was deter-
mined by Lineweaver–Burk plots of data (Fig. 4). The
lines were fitted by the least-squares analysis. Below
are given the assay conditions for each enzyme.


APH(3 0)—The assay for ATP-dependent phosphoryla-
tion of kanamycin A was performed, as described in
McKay et al.24 The assays were performed at 27 �C.
The assay mix was adjusted to contain 10% hexylene
glycol for compounds with low water solubility. Enzy-
matic activity of APH(3 0) was not affected in the pres-
ence of 10% hexylene glycol. For the kinetic assays,
the concentrations of kanamycin A were in the range

of 50–400 lM, while those of ATP in the range of 25–
400 lM.


AAC(3)—The assays were performed according to the
procedure used to determine the activity of other acetyl-
transferases28,29 with modifications described in Owston
and Serpersu.26 The assay was based on the determina-
tion of product pyridine-4-thiolate formed as the
reaction product CoA reacted with 4,4 0-dithio-dipyri-
dine, present in the assay mixture. Thus, the amount
of CoA formation was continuously monitored by
measuring the absorbance at 324 nm using an extinction
coefficient of 19,800 M�1 cm�1 for the product pyridine-
4-thiolate.


ANT(200)—The assays were performed according to the
procedure reported from this laboratory.27,30 The assay
was based on the determination of inorganic phosphate
after hydrolysis of the reaction product pyrophosphate
by a pyrophosphatase enzyme. For the kinetic assays,
the concentrations of ATP were in the range of 250–
800 lM.


4.5. General procedure for preparation of diamines
A,A–I,I in parallel


Synthesis of diamine compounds A,A–I,I was carried
out in a parallel array in 13 · 100 mm screw-capped
tubes, whereby nine primary amines were selected and
each given a letter designation A–I, respectively. This ar-
ray resulted in a total of 45 individual reactions using a
1:1:1 ratio of reactants, where a 1 mmol of each of two
primary amines was reacted with 1 mmol of 1,3-dichlo-
ropropane (95 lL). The labeling, name, and quantity
of each amine used were as follows: (A) 2-Chlorobenzyl-
amine (121 lL); (B) 3-amino-1,2-propanediol (78 lL);
(C) 2-(aminomethyl)pyridine (103 lL); (D) 2-amino-1-
butanol (94.5 lL); (E) furfurylamine (88.4 lL); (F)
2-(2-aminoethoxy)ethanol (100 lL); (G) cyclohexyl-
amine (114.4 lL); (H) 3-(dimethylamino)propylamine
(126 lL); and (I) 3,4-dimethoxyphenethylamine
(169 lL). The disubstitution reactions were carried out
under neat conditions at 100 �C for 48 h. The reaction
mixtures were gently agitated by hand, intermittently
to ensure complete mixing of all reactants. Included as
part of the 45 reactions, compounds A,A; B,B; C,C;
D,D; E,E; F,F; G,G; H,H; and I,I were all synthesized.
This was done to provide a control for those com-
pounds, as it was realized that each of those compounds
would be formed as a product homologous addition in
each of the reactions for which they were involved. Ini-
tially, these reaction mixtures were tested in crude form.
The most active compounds from the initial screen (B,I;
C,H; C,I; D,H; F,H; G,H; and H,I) were then partially
purified by HPLC and again screened for enzyme inhibi-
tion activity (Table 1).


4.6. General procedure for discrete preparation of
diamines A,H; G,H; and H,I


A discrete synthesis for compounds A,H; G,H; and H,I
was carried out to provide compounds as trihydrochlo-
ride salts.







K. T. Welch et al. / Bioorg. Med. Chem. 13 (2005) 6252–6263 6261

Step 1 (formation of acrylamides). The reactions were
carried out in three discrete, previously dried 100 mL
reaction vessels. To a stirred solution of acryloyl chlo-
ride (4.9 mmol, 400 lL for compound A,H and
11 mmol, 894 ll for compounds G,H and H,I) in dichlo-
romethane (50 mL) at �70 �C was added dropwise each
of the three amines (A 4 mmol, 500 ll; G 10 mmol,
1.66 mL; or I 10 mmol, 1.14 mL) to one of each of the
reaction vessels, followed by the addition of pyridine
(12 mmol, 970 lL for compound A,H and 30 mmol,
2.43 mL for G,H and H,I) to each of the reaction ves-
sels. The reaction mixtures were allowed to slowly warm
up to ambient temperature and stirred for 12 h. Each
reaction mixture was then washed with aqueous NaH-
CO3 three times, followed by washing once with saturat-
ed brine. The organic layers from each reaction mixture
were then dried over anhydrous Na2SO4 and evaporated
in vacuo to complete dryness. Each of the acrylamide
intermediates was obtained in approximately 80–90%
yield based on crude weight. The compounds produced
were sufficiently purified by TLC and NMR analysis to
be used directly for the next reaction with no further
purification.


Step 2 (Michael addition of amine H). Each of the acryl-
amide intermediates was dissolved in ethanol (5 mL for
compound A,H and 10 mL for compounds G,H and
H,I) and transferred to three discrete Radley�s carousel
reaction vessels. Following it, three equivalents of amine
H were added to each of the reaction vessels (9.44 mmol,
1.2 mL for compound A,H and 27 mmol, 3.4 mL for
compounds G,H and H,I) and the reaction mixtures
were stirred at 80 �C for 48 h. They were then evaporat-
ed in vacuo under high heat and pressure to remove eth-
anol and excess amine H. The oily residues were purified
by flash chromatography using a linear gradient from
10% to 50% methanol in chloroform.


4.6.1. N-(2-Chlorobenzyl)-3-(3-dimethylamino-propyla-
mino)-propionamide (A,H amide intermediate). (840 mg,
78%). 1H NMR (500 MHz, CDCl3) d 8.12 (br s, 1H),
7.31–7.26 (m, 2H), 7.18–7.12 (m, 2H), 4.42 (d,
J = 5.9 Hz, 2H), 3.01(t, J = 6.1 Hz, 2H), 2.90 (t,
J = 6.1 Hz, 2H), 2.61 (t, J = 5.9 Hz, 2H), 2.44 (t,
J = 6.4 Hz, 2H), 2.17 (s, 6H), 1.72 (qin, J = 6.1 Hz,
2H); (ESI, Pos.) m/z 298.3 (M+H)+.


4.6.2. N-Cyclohexyl-3-(3-dimethylamino-propylamino)-
propionamide (G,H amide intermediate). (970 mg, 38%).
1H NMR (500 MHz, CDCl3) d 7.66 (br s, 1H), 3.73–
3.64 (m, 1H), 2.80 (t, J = 6.1 Hz, 2H), 2.60 (t,
J = 6.8 Hz, 3H), 2.27 (t, J = 7.1 Hz, 4H), 2.15 (s, 6H),
1.83–1.77 (m, 2H), 1.65–1.56 (m, 4H), 1.55–1.48 (m,
1H), 1.35–1.24 (m, 2H), 1.17–1.04 (m, 3H); (ESI, Pos.)
m/z 256.2 (M+H)+.


4.6.3. N-[2-(3,4-Dimethoxyphenyl)-ethyl]-3-(3-dimethyla-
mino-propylamino)-propionamide (H,I amide intermedi-
ate). (1.89, 56%). 1H NMR (500 MHz, CDCl3) d 7.76 (t,
J = 4.9 Hz, 1H), 6.74–6.69 (m, 1H), 6.68–6.62 (m, 2H),
3.77 (d, J = 5.9 Hz, 6H), 3.40 (q, J = 7.1 Hz, 2H), 2.73
(t, J = 6.1 Hz, 2H), 2.67 (t, J = 7.3 Hz, 2H), 2.49 (t,
J = 7.1 Hz, 2H), 2.23 (t, J = 5.6 Hz, 2H), 2.18 (t,

J = 7.1 Hz, 2H), 2.11 (s, 6H), 2.11–2.10 (br s, 1H),
1.49 (qin, J = 7.1 Hz, 2H); (ESI, Pos.) m/z 338.6
(M+H)+.


Step 3 (reduction of the amides). Each of the corre-
sponding amides (840 mg, 2.8 mmol A,H; 970 mg,
3.8 mmol G,H; and 1.89 g, 5.6 mmol H,I) was dissolved
in THF (15 mL for compound A,H and 40 mL for com-
pounds G,H and H,I). To this, a solution of THF/BH3


complex was added (6 mmol for compound A,H and
18 mmol for compounds G,H andH,I) and the reactions
were refluxed for 48 h. Note. The reduction of the amide
intermediate for compound A,H was attempted first.
The reduction procedure for A,H was repeated a second
time, as it was realized that the reduction was incom-
plete. For this reason, a large excess of THF/BH3 com-
plex was used (3–5 equiv) in the subsequent two amide
reductions for compounds G,H and H,I. The reaction
mixtures were cooled to ambient temperature and then
quenched with the drop wise addition of 6 N HCl in
methanol. The reaction mixtures were allowed to stir
for an additional 3 h, and then evaporated to dryness
in vacuo. Each of the dried reaction mixtures was redis-
solved in acidic methanol (50 mL) and again evaporated
to dryness. The products were obtained as white crystal-
line solids by recrystallization from ethanol/chloroform
(1:3).


4.6.4. N-[3-(2-Chlorobenzylamino)-propyl]-N 0,N 0-dimeth-
yl-propane-1,3-diamine trihydrochloride (A,H). The
product A,H (323 mg, 21%) was obtained as a fine,
white crystalline powder, mp 210–213 �C. 1H NMR
(500 MHz, D2O) d 7.47 (t, J = 7.6 Hz, 2H), 7.39 (t,
J = 7.8 Hz, 1H), 7.34 (t, J = 7.6 Hz, 1H), 4.35 (s, 2H),
3.21–3.13 (m, 4H), 3.09 (q, J = 8.1 Hz, 4H), 2.83 (s,
6H), 2.13–2.03 (m, 4H); 13C NMR (75 MHz, D2O) d
133.8, 131.7, 131.2, 129.6, 127.7, 127.4, 53.8, 48.1,
44.2, 44.0, 43.8, 42.4 (2C), 22.1, 20.7; (ESI, Pos.) m/z
284.2 (M+H)+.


4.6.5. N-Cyclohexyl-N 0-(3-dimethylamino-propyl)-pro-
pane-1,3-diamine trihydrochloride (G,H). The product
G,H (334 mg,10%) was obtained as a fine, white crystal-
line powder, mp 239–242 �C. 1H NMR (500 MHz, D2O)
d 3.16 (t, J = 8.1 Hz, 2H), 3.12–2.98 (m, 7H), 2.82 (s,
6H), 2.14–1.90 (m, 6H), 1.80–1.66 (br s, 2H), 1.56 (d,
J = 12.9 Hz, 1H), 1.30–1.15 (m, 4H), 1.14–1.01 (m,
1H); 13C NMR (75 MHz, D2O) d 57.0, 53.8, 44.3,
44.0, 42.4 (2C), 40.7, 28.3 (2C), 24.0, 23.4(2C), 22.4,
20.7; (ESI, Pos.) m/z 242.4 (M+H)+; CHN Anal. Calcd
for C14H34Cl3N3Æ2H2O: C, 43.47; H, 9.90; N, 10.86.
Found: C, 43.55; H, 9.92; N, 10.80.


4.6.6. N-[2-(3,4-Dimethoxyphenyl)-ethyl]-N 0-(3-dimeth-
ylamino-propyl)-propane-1,3-diamine trihydrochloride
(H,I). The product H,I (720 mg, 17%) was obtained as
a fine, white crystalline powder, mp 254–256 �C. 1H
NMR (500 MHz, D2O) d 6.92 (d, J = 7.8 Hz, 1H),
6.89 (s, 1H), 6.82 (d, J = 8.3 Hz, 1H), 3.8 (d,
J = 7.8 Hz, 6H), 3.24 (t, J = 7.6 Hz, 2H), 3.20–3.14 (m,
2H), 3.12–3.04 (m, 6H), 2.89 (t, J = 7.6 Hz, 2H), 2.83
(s, 6H), 2.12–1.98 (m, 4H); 13C NMR (75 MHz, D2O)
d 147.9, 146.9, 128.9, 121.0, 112.0, 111.9, 55.3 (2C),
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53.8, 48.3, 44.2, 44.0, 43.9, 42.7 (2C), 30.7, 22.0, 20.7;
(ESI, Pos.) m/z 324.5 (M+H)+; CHN Anal. Calcd for
C18H36Cl3N3O2: C, 49.95; H, 8.38; N, 9.71. Found: C,
49.82; H, 8.54; N, 9.70.


4.7. Isothermal titration calorimetry


Isothermal titration calorimetry (ITC) experiments were
performed at 37 �C using a VP-ITC calorimeter from
Microcal, Inc. (Northampton, MA). The enzyme and li-
gand solutions were prepared in 50 mM Tris buffer, pH
7.5, containing 50 mM KCl. The enzyme solution was
extensively dialyzed against this buffer and ligand solu-
tions were prepared in the final dialysate. Enzyme and
ligand solutions were degassed before titrations. Sample
cell and syringe contained 90 lM APH(3 0) and 1.5 mM
kanamycin A, respectively, in all titrations. In ternary
complex experiments, kanamycin A solution containing
1.5 mM Ca2+ and 1.0 mM ATP or 2.0 mM diamine H,I
was titrated into an enzyme solution containing matched
concentrations of Ca2+ and ATP or diamine H,I. Under
these conditions, more than 95% of APH(3 0) was present
either in enzyme–CaATP or enzyme–H,I complex dur-
ing the onset of titrations. Binding data were corrected
by performing appropriate ligand- to buffer-dilution
titrations. For all experiments, injection volume was
set to 10 lL and injections were separated by 240 s. Cell
stirring speed was 300 rpm. One set of binding site(s)
model of Origin software package was used for data fit-
ting to obtain binding parameters N (stoichiometry), KA


(association constant), and DH (enthalpy change). The
dissociation constant, free energy of binding (DG) and
entropy change (DS) were obtained using Eqs. 1–3.


KD ¼ 1=KA; ð1Þ


DG ¼ �RT lnKA; ð2Þ


DG ¼ DH � TDS; ð3Þ

CaATP, a competitive inhibitor of the enzyme,31 was
used, instead of the catalytically required cofactor
MgATP, to prevent product formation in ternary com-
plex titrations.


4.8. NMR spectroscopy


All proton spectra for the characterization of com-
pounds A,A to I,I were acquired on a 500 MHz Varian
INOVA spectrometer. All the spectra with enzyme–sub-
strate and enzyme–inhibitor complexes were acquired
on a 600 MHz Varian INOVA spectrometer using uni-
formly 15N-enriched APH(3 0). NMR samples contained
219 lM APH(3 0) in 25 mM Tris–HCl, pH 7.5, contain-
ing 25 mM KCl. When present, kanamycin A was
450 lM, Ca2+ and ATP were each 0.5 mM, and H,I
was 1.0 mM. A sensitivity-enhanced 1H–15N HSQC
spectrum,32 with the TROSY option,33 from the Bio-
Pack set of pulse sequences for the Varian spectrometer,
was acquired in the phase-sensitive mode using the
States-Haberkorn method for quadrature detection in

the indirect dimension.34 Datasets were obtained with
a spectral width of 8000 Hz in the 1H dimension and
2127.55 Hz in the 15N dimension and 128 scans of 512
real time points for each of 80 t1 increments were record-
ed. The data were processed using the Felix processing
software package (Accelerys, San Diego, CA). The 15N
dimension was zero-filled to 256 pts, with the sensitivity
enhancement option selected on the left half of the
spectrum.


4.9. Docking calculations


The docking calculations were performed using the
Flexidock program within the SYBYL� 6.9 software
package (Tripos, Inc., St. Louis, MO). The crystal struc-
ture of aminoglycoside phosphotransferase 3 0-IIIa
cocrystallized with AMPPNP (PDB #1J7U) was used
for all docking calculations.35 The enzyme-binding site
was based upon the position of the bound AMPPNP;
and the binding site was prepared for calculations
according to the Flexidock setup dialog. No water mol-
ecules or metal ions were included in the calculation.
Residues within three angstroms of the ANPPNP that
contained a carboxylate group were selected as contain-
ing hydrogen bond acceptors. Alanine 93 was selected as
containing a hydrogen bond donor. The diamines were
built using the Sketch module of SYBYL 6.9. All the
torsion angles in the chain were set to 180� and then
the energy was minimized to give the starting structure
for the docking calculations. All nitrogen atoms in each
diamine molecule were modeled as positively charged,
and Gasteiger–Huckel charges were calculated for each
of the diamines. Two docking calculations were per-
formed on each diamine, representing two different
alignments in the binding pocket that were 180� apart.
The first orientation aligned the aromatic ring of the dia-
mine with the adenine ring system of ANPPNP, with the
rest of the diamine oriented to loosely match the posi-
tioning of the sugar phosphate backbone. The second
orientation aligned the amino terminal group of the dia-
mine (the tertiary amino group of amineH) with the NH
in the adenine ring of AMPPNP that forms a hydrogen
bond with the backbone carbonyl of alanine 93. The rest
of the molecule was oriented to loosely match the posi-
tioning of the sugar phosphate moiety. The charged
amino groups were selected as hydrogen bond donors
and oxygen atoms with available lone pairs were identi-
fied as hydrogen bond acceptors. The maximum number
of generations was raised to 30,000 and each calculation
produced 20 docked structures. Diamine H,I, the only
compound proven to be a competitive inhibitor of
APH(3 0) with respect to MgATP, was the only one to
yield an energy minimum inside the ATP-binding site.


4.10. Whole-cell assays


Whole-cell assays were performed with the purified diam-
ines and the E. coli transformants used to produce the
AGMEs. The assays were performed in 96-well plates
with selected diamine compounds. Diamines B,I; C,H;
C,I; D,H; E,H; G,H; and H,I were assayed at concentra-
tions of 10 and 50 mM.The 96-well plateswere inoculated
with the transformants to yield an initial absorbance of







K. T. Welch et al. / Bioorg. Med. Chem. 13 (2005) 6252–6263 6263

0.03 U/well. Cell growth was monitored using a Labsys-
tems Multiskan MCC/340 Spectrophotometer manufac-
tured by Fisher Scientific. Absorbance was compared
with those of control cultures on the same plate every
8 h for 36 h by reading the absorbance at 600 nM.
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Abstract—A series of compounds combining the b-lactam and polyphenol scaffold have been prepared and evaluated for inhibition
of human leukocyte elastase and matrix metallo-proteases MMP-2 and MMP-9. The design of these compounds has been based on
the �overlapping-type� strategy where two pharmacophores are linked in a single molecule. The most powerful compound against
elastase was an N-galloyl-4-alkyliden b-lactam, [3-[1-(tert-butyl-dimethyl-silanyloxy)-ethyl]-4-oxo-1-(3,4,5-tris-benzyloxy-benzoyl)-
azetidin-2-ylidene]-acetic acid ethylester, with an IC50 of 0.5 lM; while the most powerful against MMP-2 was a 4-alkyliden
b-lactam arylated on the C-3 hydroxy side chain (3,5-bis-benzyloxy-4-hydroxy-benzoic acid 1-(2-benzyloxycarbonylmethylene-
4-oxo-azetidin-3-yl)-ethyl ester) with an IC50 of 4 lM. Of the total 35 compounds tested, high levels of inhibition of elastase and
of MMPs were separately exerted by distinct molecules.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1.

1. Introduction


b-Lactam compounds really are �evergreen� bioactive
molecules. Starting from the antimicrobial potency
exerted by naturally occurring bicyclic compounds (pen-
icillins and cephalosporins), today new variants with
monocyclic structure (azetidinones) are showing new
and specific biological activities. In fact, b-lactam relat-
ed compounds are irreversible inhibitors of a wide range
of serine proteases including elastase,1 b-lactamase,2


phospholipase A2,3 and bacterial signal peptidase,4 the
key step in this process being the acylation of the serine
at the enzyme active site by the b-lactam ring.


We recently developed the synthesis of new monocyclic
b-lactam derivatives, 4-alkyliden-azetidinones, charac-
terized by a C@C bond on the C-4 position of the ring
(Fig. 1).5


As compared to other b-lactam inhibitors, this novel
structure was responsible for an increased inhibition of
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human leukocyte elastase (LE), a very potent degrada-
tive weapon released by inflammatory cells, and media-
tor of some severe pathologies such as pulmonary
emphysema. Furthermore, some of these new deriva-
tives were the first b-lactams shown to be active at
micromolar concentrations against two matrix metallo-
proteases instrumental in cancer invasion and metasta-
sis, MMP-2 and MMP-9.6


In animal models, generic matrix protease inhibitors are
able to reduce inflammatory tissue damage, and prevent
tumor dissemination.7 The possibility of acquiring an
extraprotection against excessive proteolytic activities
through designer drugs has led to the development of
a number of synthetic inhibitors; however, when assayed
in clinical trials, these compounds failed to live up to
expectations, mostly because of their systemic toxicity.8
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Scheme 2. Reagents and conditions: (a) HCl 1 M, CH3CN. (b)


ArCOCl, SnCl4 5%, benzene, reflux.
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Certain plant compounds can exert anti-inflammatory,
anti-tumor growth, anti-angiogenic, anti-invasive, and
anti-metastatic effects without apparent toxicity,9–12


and (�) epigallocatechin-3-gallate (EGCG), the major
flavonoid contained in green tea, has proved to be a
good inhibitor of MMP-2 and MMP-9,13 macrophage
metallo-elastase MMP-12,14 and leukocyte serine-elas-
tase LE.15


To test whether the introduction of phenolic moieties to
the b-lactam scaffold can increase binding affinity with
specific enzymes, we have designed and synthesized
new molecules with a central 4-alkyliden b-lactam scaf-
fold to which aromatic—in particular, polyphenolic—
branches are anchored, and for some, we have indeed
found improved efficacy in inhibition of LE, MMP-2,
and MMP-9.

2. Results and discussion


2.1. Chemistry


Our earlier work demonstrated that 4-alkyliden func-
tionality is essential for switching on inhibitory proper-
ties.6 In the design of these new compounds, we make
use of a central 4-alkyliden b-lactam scaffold which pre-
sents three sites for introduction of molecular diversity:
(1) the C-3 hydroxyethyl side chain, (2) the C-4 carboxy
function, and (3) the b-lactam nitrogen atom.


The Lewis acid-mediated reaction of 4-acetoxy-azetidi-
nones with a-diazo carbonyls represents the key step
in the synthesis of 4-alkylidene-azetidinone precursors.
Thus, compounds 1–4 were prepared starting from com-
mercially available (3R,4R)-4-acetoxy-3-[(1R)-1-(tert-
butyldimethylsilyloxy)-ethyl]-azetidin-2-one and the
corresponding diazoacyl compound (Scheme 1) follow-
ing a procedure already developed in our laboratory.5


The reaction proceeds smoothly, yielding E and/or Z
isomers of the corresponding 4-alkylidene-b-lactams
with ethyl- or benzyldiazoacetate. Critical to the success
of the reaction was a stoichiometric amount of TiCl4 or
AlCl3, and an excess of the diazo-compound associated
with a requirement for trimethylsilyl protection of the b-
lactam nitrogen atom.


The diastereomeric products E and Z were easily sepa-
rated by column chromatography, allowing access to
stereochemically pure compounds.


Treatment of 1, 2, and 3 with HCl in acetonitrile pro-
duced deprotected derivatives 5–7 (Scheme 2). The con-

Scheme 1.

ditions of the O-acylation of these compounds required
an acidic catalyst, because, as we demonstrated, 4-
alkyliden b-lactams are quite sensitive to basic condi-
tions.16 Thus, the aromatic or phenolic function was
introduced via a tin tetrachloride catalyzed reaction
(Scheme 2).


Hydrogenolysis of benzyl esters and of O-benzyl phenols
yielded the corresponding carboxylic acids and phenols
14, 18, 23, 24, and 25 (Scheme 3).


Starting from carboxylic acid 26, obtained from benzyl
ester 2 via hydrogenolysis, we introduced different aro-
matic moieties by treatment with amines, phenols, or
benzyl alcohols (compounds 27–34, Scheme 4).


Starting from the 4-alkyliden b-lactams 3 and 4, we ob-
tained N-benzoylated derivatives 35–39 by coupling
with the corresponding benzoyl chlorides (Scheme 5).
Compounds 37 and 38 were subsequently treated with
H2 and Pd on C, giving the fully debenzylated deriva-
tives 40 and 41, respectively (Scheme 5).


All compounds were purified by silica gel chromato-
graphy and new derivatives fully characterized (see
Section 5).

3. Biochemistry


The inhibition exerted on human LE and gelatinases
MMP-2 and MMP-9 by the various molecules was as-
sayed using a chromogenic substrate for elastase, and
gelatin zymography for the gelatinases, as described in
Section 5. The results are shown in the tables as percent-
age of inhibition at 100 lM and IC50 values: Table 1 re-
ports data for 4-alkyliden b-lactams arylated on the
hydroxy side chain, Table 2 for those modified on the
C-4 side chain, and Table 3 for N-benzoyl-4-alkyliden
b-lactams.







Scheme 3. Reagents: (a) H2, Pd on C, THF–MeOH.


Scheme 4.


Scheme 5. Reagents: (a) ArCOCl, K2CO3, acetone. (b) H2, Pd on C,


THF–MeOH.
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When used at 100 lM, the majority of the 18 com-
pounds of the first group (Table 1) showed a certain de-
gree of LE inhibition, but for six of them the inhibition
was greater than 75%, with compounds 15 and 22 close
to 100%, and 15 showing the lowest IC50 (1 lM). The
substitution pattern on the C-3 aromatic fragment was
important; in particular a higher number of substituents
afforded higher activity. It should be underlined that the
inhibitory potency against LE increases with hydropho-
bic substituents on the aromatic fragment (compounds
13, 15, and 22), with a significant effect of the para-ben-
zyloxy one (cf. compounds 19, 21, and 15). Among the

OH derivatives, only compound 23, characterized by a
galloyl fragment, presented a significant potency.
Regarding the substituent R on the 4-alkyliden-carboxy
side chain, in general benzyl esters exerted a better inhib-
itory activity, while carboxylic acid had a lower potency.


Four compounds in Table 1 showed some activity
against MMPs. Only two members of this group—
namely 19 and 23—were effective in blocking MMP-2
activity, with 19 showing the lowest IC50 (4 lM), but
23 significant against MMP-9 with an IC50 of 50 lM.
If we compare 19, 21, and 23, it is interesting to note
that the structural motif that switched on the inhibition
against MMPs was the 3,4,5-trihydroxy framework (gal-
loyl moiety) with improved and specific activity of the
3,5-dibenzyloxy-4-hydroxy derivative 19 against MMP-
2. Moreover, when compared to EGCG—which has a
15 lM IC50 against MMP-2—compound 19 represents
an excellent inhibitor with a potency equivalent to
EGCG and the best of the b-lactams.


Data in Table 2 show that modifications of the C-4 car-
boxy residue had little influence on the anti-LE activity,
even if of the 10 members of this group 27 and 34 are
worthy of mention, with LE inhibition percentages at
100 lM of 74 and 81, respectively.


Structural modifications on C-4 conferred anti-gelatina-
sic potency to some extent, even if the majority of these
derivatives showed weak inhibition of MMP-2 and







Table 1. 4-Alkyliden b-lactams arylated on the C-3 hydroxy side chain: human LE, MMP-2, and MMP-9 inhibition results


Compound Ar R Isomer Human LE MMP-2 MMP-9


Inhibition %


at 100 lM
IC50 (lM) Inhibition %


at 100 lM
IC50 (lM) Inhibition %


at 100 lM
IC50 (lM)


8 Et Z 11 — — — — —


9 Et E 39 — — — — —


10 Et Z 29 — — — — —


11 Bn Z 50 50 — — — —


12 Et Z 82 25 33 — 24 —


13 Et E 50 100 — — — —


14 H Z 11 — — — — —


15 Et Z 98 1 43 — 10 —


16 Et Z 15 — — — — —


17 Bn Z 77 10 — — — —


18 H Z 59 60 — — — —


19 Et Z 59 25 81 4 36 —


20 Bn Z 79 15 — — — —


21 Et Z 58 n.d.a — — — —


(continued on next page)
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Table 1 (continued)


Compound Ar R Isomer Human LE MMP-2 MMP-9


Inhibition %


at 100 lM
IC50 (lM) Inhibition %


at 100 lM
IC50 (lM) Inhibition %


at 100 lM
IC50 (lM)


22 Et Z 97 6 — — — —


23 Et Z 82 20 61 70 70 50


24 Et Z 5 — — — — —


25 H Z 37 — — — — —


a n.d., not determined, due to non-constant slope of the inhibition exerted.
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MMP-9 activity. Only compounds 29 and 33 had signif-
icant potency against MMP-2, with IC50 of 40 and
70 lM, respectively.


Acylation of the b-lactam nitrogen atom is crucial for
LE inhibition; in fact, five out of seven members of
the third group (Table 3) exerted an LE inhibition
>75% at 100 lM, with 36 close to 100% and showing
the best IC50 (0.5 lM). This is an important result given
that one of the best inhibitors of LE was EGCG, with an
IC50 of 0.3 lM. Ethyl ester 36 worked better than benzyl
ester 37 with a 100-fold improvement in IC50. Results in
Table 3 confirm the preference for LE inhibitor of a
higher lipophilic character, with the exception of 41.


We have already demonstrated the efficiency of N-acyl-
ation for LE inhibition.6 The electron-withdrawing
character of this N1 side chain should have an influence
on the b-lactam reactivity, that is, the sensitiveness of
the C-2 carbonyl toward nucleophilic attack.17 This fact
has a counterpart in a lower stability of these com-
pounds at pH values higher than 7.8, and in a higher
sensitivity to alcohols.18


Gelatinases MMP-2 and MMP-9 are poorly inhibited by
compounds in Table 3, with the exception of 40 which,
bearing a galloyl moiety, showed >90% inhibition at
100 lM, and an IC50 of 15 lM against MMP-2, and 70
against MMP-9. The inhibition of MMPs by 4-alkyliden
b-lactams could depend on a specific interaction with the
NH of the azetidinone;6 however, the special characteris-
tics of compound 40 could result from the presence of the
3,4,5-phenolic triad that may replace the loss of NH
interaction in this N-acylated compound.


The results in Tables 1–3 revealed that the potency of
these new 4-alkyliden b-lactams was specifically located
at particular substitutions: N-acylation with lipophilic
benzyloxy-galloyl moiety against LE, whereas for

MMPs at O-galloyl or N-galloyl derivatives with free
phenolic OH.


The Ki was studied for one member of each group
against both LE and MMP-2 (the most sensitive of the
two gelatinases). With the exception of compounds 29
and 40 (see below), the Ki was in good agreement with
the calculated IC50, and indicates that the type of inhibi-
tion was non-competitive, as shown by the example,
double-reciprocal plots in Figure 2 and Table 4. The
non-competitive inhibition inferred for these com-
pounds indicates that the inhibitory effects observed
are due to allosteric binding rather than binding to the
active site.19


In the case of 29 and 40, the chromogenic assay for
MMP-2 gave absorbance values higher in the presence
of compound (potential inhibitor) than in its absence,
preventing full deduction of the Ki (n.d. in Table 4);
comprehension of this unexpected effect requires further
investigation.


The most active compounds of each group were tested
for short-term (16 h) cytotoxicity at 1, 10, and 100 lM
on non-transformed breast epithelial (HBL-100) and
fibrosarcoma (HT-1080) cell lines. As shown in Table
4, the most potent compound against LE (36, IC50


0.5 lM) was totally non-cytotoxic on non-transformed
cells when used at concentration 20· its IC50, whereas
the cell viability of transformed cells was affected 14%
at the same concentration. The second most effective
compound against LE, 15 (IC50 1 lM), was completely
non-cytotoxic on non-transformed cells even when used
at concentration 100· its IC50, whereas it appreciably
affected the viability of transformed cells even at 10·.
Compound 27, the most effective of the second group
against LE, was considerably cytotoxic on both cell
lines at 4· its IC50 (25 lM). The most effective com-
pound against MMP-2 was 19, showing a Ki of







Table 2. 4-Alkyliden b-lactams modified on the C-4 side chain: human LE, MMP-2, and MMP- 9 inhibition results


Compound XR Human LE MMP-2 MMP-9


Inhibition %


at 100 lM
IC50 (lM) Inhibition %


at 100 lM
IC50 (lM) Inhibition %


at 100 lM
IC50 (lM)


2 48 — — — — —


4 32a — — — — —


27 74 25 4 — — —


28 — — 46 — 30 —


29 — — 65 40 — —


30 40 — 32 — 18 —


31 26 — 13 — 5 —


32 19 — 47 — 4 —


33 43 — 55 70 20 —


34 81 35 — — — —


aCompound 4 has an E geometry of the C=C bond.
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1.6 lM, with only 26% in viability at 100 lM on HBL-
100 cells (Table 4).

4. Conclusions


In summary, we designed and synthesized a series of
substituted 4-alkyliden b-lactams combining the b-lac-
tam with a polyphenol scaffold, and evaluated these
new compounds for inhibition of human LE and matrix
metallo-proteases, MMP-2 and MMP-9. The presence
of polyphenolic substituents in these b-lactams was
determinant for the corresponding biochemical activity:
the most potent non-competitive inhibitor against LE
(IC50 0.5 lM) was 36, an N-galloyl-4-alkyliden-b-lac-
tam. While the latter results to be thus the best b-lac-
tam-based inhibitor of human LE (the reference

leader-compound azetidin-2-one L-680,833 shows, in
fact, an IC50 of 9 lM20), compound 19 represents the
best inhibitor of MMP-2, with an IC50 of 4 lM. Of
the total 35 compounds tested, high levels of inhibition
of elastase and MMPs were separately exerted by dis-
tinct molecules, and in absence of cytotoxic effects.

5. Experimental


5.1. General


Commercial reagents were used as received without addi-
tional purification. Anhydrous solvents were obtained
commercially and used without further drying. 1H and
13C NMR values were recorded on a VARIAN Mercury
400, INOVA 300 or GEMINI 200 instrument using a







Table 3. N-benzoyl-4-alkyliden b-lactams: human LE, MMP-2, and MMP-9 inhibition results


Compound Ar R Human LE MMP-2 MMP-9


Inhibition %


at 100 lM
IC50 (lM) Inhibition %


at 100 lM
IC50 (lM) Inhibition %


at 100 lM
IC50 (lM)


35 Et 94 4.5 15 — 40 —


36 Et 97 0.5 25 — — —


37 Bn 85 35 21 — 21 —


38 Bn 2 — — — — —


39 Et 78 8 15 — — —


40 H 24 — 92 15 52 70


41 H 87 9 — — — —
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5 mmprobe. All chemical shifts have been quoted relative
to deuterated solvent signals, delta in ppm, J in Hz. FT-
IR: Nicolet 205 measured as films or nujol mull between
NaCl plates and reported in cm�1. TLC: Merck 60 F254;
Column chromatography:Merck silica gel 200–300mesh,
HPLC–MS: HPLC: Agilent Technologies HP1100, col-
umn ZOBRAX-Eclipse XDB-C8 Agilent Technologies.
The products were eluted with CH3CN/H2O, gradient
from 30 to 80% of CH3CN, 0.5 mL min�1. Some acid
products were eluted with CH3CN/H2Omixture contain-
ing 0.1% of formic acid. MS: Agilent Technologies
MSD1100 single-quadrupole mass spectrometer, full-
scan mode from m/z 50 to m/z 2600, scan time 0.1 s in
positive ion mode, ESI spray voltage 4500 V, nitrogen
gas 35 psgi, drying gas flow 11.5 mL min�1, fragmentor
voltage 20 V. The ½a�25D was determined with a Perkin El-
mer 343 polarimeter. Melting points were determined
using a Büchi apparatus and are uncorrected.


5.2. Materials for biological assays


Elastase from human leukocytes (SE563) was from Elas-
tin Products Company, Owensville MO, USA; elastase
substrate N-methoxysuccinyl-ala-ala-pro-val p-nitroani-
lide was from Sigma.

5.3. Cytotoxicity test


Human breast epithelial (HBL-100) and fibrosarcoma
(HT-1080) cells were used for cytotoxicity tests. Cells
(104) were seeded onto 96-well plastic plates (Falcon,
BD Bioscience) and incubated at 37 �C in Dulbecco�s
modified Eagle�s medium supplemented with 10% fetal
calf serum, with or without 1, 10, and 100 lM b-lac-
tams. After 16 h, the number of viable cells was deter-
mined by CellTiter 96� assay (Promega, Madison WI,
USA) and expressed as ratio of absorbance (A490) of
treated versus control cells, as already reported.1


5.4. Substrate degradation by LE


Human LE was solubilized (250 mU mL�1) in Hepes
buffer (0.1 M Hepes, 0.5 M NaCl, and 10% DMSO,
pH 7.8). All the compounds and elastase substrate were
freshly prepared 20· in DMSO. Dilutions of the com-
pounds were pre-mixed with the enzyme in micrometers
wells, and maintained for 15 min at 4 �C. Then, 5 lL of
the substrate (8 mM concentrated) were added to
100 lL final volume, and the mixture was incubated at
37 �C. At 20-min intervals, the intensity of the color
developed by the digested substrate was measured at







Figure 2. Double-reciprocal plots demonstrating non-competitive inhibition of human LE (15, 27, 36) and MMP-2 (19) by increasing concentration


of compound (S substrate), and the calculated Ki. Examples of triplicate experiments, analyzed at 60 min; the points represent the mean values of


three wells, with SD <10%.


Table 4. Inhibition constant (Ki) and short-term (16 h) cytotoxicity of some 4-alkyliden b-lactams on non-transformed epithelial (HBL-100) and


transformed fibrosarcoma (HT-1080) cells, expressed as percent viability


Compound Ki (lM) HBL-100 HT-1080


Compound conc. (lM) Compound conc. (lM)


1 10 100 1 10 100


15 1.5a 100 100 100 99 62 55


27 20.1a 100 92 27 97 91 41


36 0.7a 100 100 41 95 86 1


19 1.6b 100 94 74 100 90 61


29 n.d. 99 98 2 100 88 14


40 n.d. 91 73 23 97 95 72


n.d., not determined.
a Inhibition constant for LE.
b Inhibition constant for MMP-2.
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405 nm using a Titertek Mutiskan (Flow Laboratories),
and the control background subtracted (in triplicate
experiments). The reactions developed linearly for as
long as 120 min; data from 60 min were used for deter-
mining all IC50s. Double-reciprocal plot of the results al-
lowed deduction of the type and Ki of inhibition exerted
over LE by compounds 15, 27, and 36.


5.5. Zymographic analysis


Aliquots of gelatinase-containing medium conditioned
by human neuroblastoma cells (for MMP-2) or HT-
1080 human fibrosarcoma cells (for MMP-9) were as-
sayed as described.5 Without heating the samples,
zymography was performed by electrophoresing 15 lL

of medium in 0.1% gelatin-containing 8% polyacryl-
amide, in the presence of SDS. After electrophoresis,
the gels were washed twice for 15 min with 2.5% Triton
X-100, incubated overnight at 37 �C in Tris buffer
(50 mM Tris–HCl, 200 mM NaCl, and 10 mM CaCl2,
pH 7.4). For gelatinase inhibition assays, compounds
were freshly solubilized in DMSO and diluted in Tris
buffer used for developing the zymogram. The gel slab
was then cut into slices corresponding to the lanes and
then put in different tanks containing the stated concen-
trations of inhibitors.


The gels then were stained for 30 min with 30% metha-
nol/10% acetic acid containing 0.5% Coomassie brilliant
blue R-250, and destained in the same solution without
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dye. Clear bands on the blue background represent
areas of gelatinolysis. Digestion bands were quantitated
using an image analyzer system with GelDoc 2000 and
Quantity One software (Bio-Rad); the densitometric val-
ues were expressed as percentage of control bands on the
same gel, and the values used for IC50 determination.


5.6. Classification of MMP-2 inhibition


To further characterize the type of inhibition exerted by
b-lactams 19, 29, and 40 (those with the lowest IC50 of
the respective group) on the gelatinase, a BIOTRAKTM


MMP-2-activity assay system (Amersham Pharmacia
Biotech) was used, following the manufacturer�s instruc-
tions, with slight modifications.21 The microtitre wells—
coated with anti-MMP-2 antibodies—were saturated
with the enzyme contained in 50 lL of medium condi-
tioned by SK-N-BE human neuroblastoma cells; after
overnight incubation at 4 �C and exhaustive washing,
the gelatinase was activated by treatment with
0.25 mM APMA. The wells were then incubated at
37 �C in the presence of increasing amount of a peptide
substrate, with increasing concentrations of compound,
and the intensity of the color developed by the digested
substrate was measured at 405 nm after 4 h. A double-
reciprocal plot of the results allowed the type and con-
stant (Ki) of inhibition to be deduced.


Compounds 2 and 4 have been prepared according to
the analogous previously reported procedure5 using
benzyldiazoacetate22 as diazocarbonyl compound.


5.6.1. Compound 2. The obtained yield 54%, pale yellow
oil. 1H NMR (CDCl3, 300 MHz): d 0.06 (s, 3H), 0.07 (s,
3H), 0.87 (s, 9H), 1.31 (d, J = 6.3 Hz, 3H), 3.67 (d,
J = 5.1 Hz, 1H), 4.24 (dr q, J = 5.1 Hz, J = 6.3 Hz,
1H), 5.16 (d, J = 12.3 Hz, 1H), 5.21 (d, J = 12.3 Hz,
1H), 5.28 (s, 1H), 7.37 (m, 5H), 8.45 (br s, 1H). 13C
NMR (CDCl3, 50.3 MHz): d �5.1, �4.3, 17.9, 22.2,
25.6, 64.8, 65.0, 65.8, 90.2, 127.9, 128.1, 128.5, 136.1,
153.8, 166.5, 166.9. ½a�25D �14.6 (c 2.42, CHCl3). IR
(film): 3295, 1818, 1700, 1653, 1264 cm�1. HPLC–MS:
tR = 27.93 min, m/z: 377.3 [M+2H]+, 399.4
[M+H+Na]+, 414.5 [M+K]+.


5.6.2. Compound 4. The obtained yield 6%, pale yellow
oil. 1H NMR (CDCl3, 300 MHz): d 0.09 (s, 3H), 0.10
(s, 3H), 0.91 (s, 9H), 1.21 (d, J = 6.3 Hz, 3H), 4.12 (m,
1H), 4.65 (dr q, J = 4.2 Hz, J = 6.3 Hz, 1H), 5.17 (s,
2H), 5.36 (d, J = 1.2 Hz, 1H), 7.37 (m, 5H), 7.53 (br s,
1H). 13C NMR (CDCl3, 75.5 MHz): d �5.0, �4.8,
17.9, 19.4, 25.7, 64.6, 64.7, 65.7, 92.0, 127.9, 128.1,
128.5, 136.1, 153.7, 166.1, 167.9. ½a�25D +92.6 (c 1.63,
CHCl3). IR (film): 3263, 1822, 1715, 1652, 1258 cm�1.
HPLC–MS: tR = 25.99 min, m/z: 377.3 [M+2H]+, 399.4
[M+H+Na]+, 789.3 [2M+K]+.


Compounds 8–13, 15–17, and 19–22 were obtained by
SnCl4 catalyzed O-acylation of 3-hydroxyethyl chain
following the representative procedure: compound 1
(0.313 g, 1 mmol) was dissolved in CH3CN (6 mL) and
HCl 1 N (1 mL) was added. The reaction was monitored
by TLC and further 1 mL portions of HCl 1 N as added

until total conversion. After, saturated NaCl solution
was added and the mixture extracted with CH2Cl2 (5·
10 mL), dried on Na2SO4, concentrated and the residue
purified, when necessary, by flash chromatography
(cyclohexane/ethylacetate 4:6) or by trituration in pen-
tane/Et2O. Yield 87%.


The desilylated compound 6 (0.045 g, 0.226 mmol) was
dissolved in anhydrous benzene (4 mL), then 3,4,5-trim-
ethoxybenzoyl chloride (0.104 g, 0.452 mmol) and final-
ly SnCl4 (0.011 mmol, 12 lL of a solution 1 M in
CH2Cl2) were added. The solution was heated to reflux
and stirred for 4 h. The reaction mixture was then
quenched in a solution of NaHCO3 (5%), extracted with
ethylacetate (4· 10 mL), dried on Na2SO4 and concen-
trated. The residue was purified by flash chromatogra-
phy (cyclohexane/ethylacetate 8:2) to give compound 12.


5.6.3. Compound 8. The obtained yield 55%, white solid.
1H NMR (CDCl3, 200 MHz): d 1.29 (t, J = 7.0 Hz, 3H),
1.54 (d, J = 6.6 Hz, 3H), 4.04 (d, J = 6.6 Hz, 1H), 4.19
(q, J = 7.0 Hz, 2H), 5.22 (s, 1H), 5.51 (quintet,
J = 6.6 Hz, 1H), 7.40–7.63 (m, 3H), 8.03 (m, 2H), 8.67
(br s, 1H). 13C NMR (CDCl3, 50.3 MHz): d 14.3, 18.1,
60.3, 61.5, 67.5, 90.9, 128.4, 129.6, 129.7, 133.2, 151.4,
164.5, 165.2, 166.8. ½a�25D �46.2 (c 0.70, CHCl3). IR
(film): 3397, 1819, 1706, 1653 cm�1. HPLC–MS:
tR = 11.13 min, m/z: 260.1 [M�43]+, 304.1 [M+H]+,
321.2 [M+H2O]+, 326.1 [M+Na]+, 342.0 [M+K]+,
629.2 [2M+Na]+. mp 125–127 �C.


5.6.4. Compound 9. The obtained yield 20%, white solid.
1H NMR (CDCl3, 200 MHz): d 1.33 (t, J = 6.8 Hz, 3H),
1.45 (d, J = 6.6 Hz, 3H), 4.24 (q, J = 6.8 Hz, 2H), 4.48
(d, J = 4.6 Hz, 1H), 5.41 (d, J = 1.0 Hz, 1H), 5.96 (dr
q, J = 4.6 Hz, J = 6.6 Hz, 1H), 7.42–8.14 (m, 6H). 13C
NMR (CDCl3, 50.3 MHz): d 14.4, 15.4, 60.4, 61.6,
66.8, 93.6, 128.3, 129.7, 133.0, 133.6, 150.6, 164.0,
165.5, 167.0. ½a�25D +24.0 (c 0.70, CHCl3). IR (film):
1818, 1712, 1652 cm�1. HPLC–MS: tR = 11.78 min, m/
z: 260.3 [M�43]+, 304.1 [M+H]+, 321.0 [M+H2O]+,
326.1 [M+Na]+, 607.5 [2M+H]+, 629.2 [2M+Na]+. mp
119–121 �C.


5.6.5. Compound 10. Yield 36%, white solid. 1H NMR
(CDCl3, 200 MHz): d 1.29 (t, J = 7.2 Hz, 3H), 1.52 (d,
J = 6.2 Hz, 3H), 4.02 (d, J = 6.6 Hz, 1H), 4.20 (q,
J = 7.2 Hz, 2H), 5.22 (d, J = 0.8 Hz, 1H), 5.49 (quintet,
J = 6.2 Hz, 1H), 5.98 (br s, 1H), 6.86 (m, 2H), 7.92 (m,
2H), 8.67 (br s, 1H). 13C NMR (CDCl3, 50.3 MHz): d
14.3, 18.1, 60.4, 61.6, 67.1, 91.0, 115.3, 122.0, 132.0,
151.5, 160.2, 164.8, 165.0, 166.9. ½a�25D �22.1 (c 0.50,
CHCl3). IR (film): 3337, 1825, 1706, 1660 cm�1.
HPLC–MS: tR = 9.43 min, m/z: 276.0 [M�43]+, 320.0
[M+H]+, 337.1 [M+H2O]+, 342.0 [M+Na]+, 661.1
[2M+Na]+. mp 161–163 �C.


5.6.6. Compound 11. The obtained yield 78%, pale
yellow oil. 1H NMR (CDCl3, 300 MHz): d 1.54 (d,
J = 6.3 Hz, 3H), 3.87 (s, 6H), 3.91 (s, 3H), 4.04 (d,
J = 6.3 Hz, 1H), 5.18 (s, 2H), 5.31 (s, 1H), 5.49 (quintet,
J = 6.3 Hz, 1H), 7.27 (m, 2H), 7.36 (m, 5H), 8.91 (br s,
1H). 13C NMR (CDCl3, 50.3 MHz): d 18.1, 56.1, 60.8,
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61.7, 66.2, 67.3, 90.5, 106.8, 124.5, 128.2, 128.3, 128.6,
135.7, 142.5, 152.3, 152.9, 164.7, 164.8, 166.7. ½a�25D
+31.1 (c 4.25, CH3OH). IR (film): 3294, 1824, 1720,
1653 cm�1. HPLC–MS: tR = 12.00 min, m/z: 412.1
[M�43]+, 456.0 [M+H]+, 473.1 [M+H2O]+, 478.1
[M+Na]+, 494.0 [M+K]+, 933.3 [2M+Na]+.


5.6.7. Compound 12. The obtained yield 50%, white
solid. 1H NMR (CDCl3, 300 MHz): d 1.29 (t,
J = 7.2 Hz, 3H), 1.54 (d, J = 6.3 Hz, 3H), 3.90 (s, 6H),
3.92 (s, 3H), 4.03 (d, J = 6.3 Hz, 1H), 4.18 (q,
J = 7.2 Hz, 2H), 5.24 (d, J = 0.9 Hz, 1H), 5.49 (quintet,
J = 6.3 Hz, 1H), 7.20 (m, 2H), 8.61 (br s, 1H). 13C
NMR (CDCl3, 75.5 MHz): d 14.3, 18.1, 56.2, 60.3,
60.9, 61.7, 67.4, 91.0, 106.9, 124.6, 142.6, 151.5, 153.0,
164.6, 164.9, 166.9. ½a�25D �16.4 (c 0.60, CHCl3). IR
(film): 3297, 1825, 1700, 1660, 1222 cm�1. HPLC–MS:
tR = 12.78 min, m/z: 196.2 [M�197]+, 417.2
[M+H+Na]+. mp 142–144 �C.


5.6.8. Compound 13. The obtained yield 25%, white
solid. 1H NMR (CDCl3, 200 MHz): d 1.33 (t,
J = 7.0 Hz, 3H), 1.44 (d, J = 6.2 Hz, 3H), 3.91 (s, 3H),
3.93 (s, 6H), 4.23 (q, J = 7.0 Hz, 2H), 4.45 (m, 1H),
5.40 (d, J = 1.2 Hz, 1H), 5.93 (m, 1H), 7.40 (m, 2H),
7.70 (br s, 1H). 13C NMR (CDCl3, 75.5 MHz): d 14.3,
15.4, 56.2, 60.4, 60.9, 61.5, 67.0, 93.5, 107.1, 107.4,
124.1, 125.1, 150.9, 153.0, 165.2, 165.7. ½a�25D +22.0 (c
0.70, CHCl3). IR (film): 3271, 1820, 1713, 1660,
1222 cm�1. HPLC–MS: tR = 11.30 min, m/z: 350.3
[M�43]+, 394.2 [M+H]+, 411.2 [M+H2O]+, 416.3
[M+Na]+, 809.3 [2M+Na]+. mp 144–146 �C.


5.6.9. Compound 15. The obtained yield 51%, white
solid. 1H NMR (CDCl3, 200 MHz): d 1.27 (t,
J = 7.0 Hz, 3H), 1.52 (d, J = 6.6 Hz, 3H), 4.00 (d,
J = 6.2 Hz, 1H), 4.15 (m, 2H), 5.14 (s, 6H), 5.20 (s,
1H), 5.45 (quintet, J = 6.6 Hz, 1H), 7.20–7.50 (m,
17H), 8.55 (br s, 1H). 13C NMR (CDCl3, 75.5 MHz):
d 14.5, 18.3, 60.6, 61.8, 67.7, 71.5, 75.4, 91.3, 109.5,
124.9, 127.8, 128.2, 128.3, 128.5, 128.8, 136.8, 137.6,
143.1, 151.7, 152.8, 164.8, 165.0, 167.2. ½a�25D �24.0 (c
1.00, CHCl3). IR (film): 3271, 1825, 1693, 1646,
1587 cm�1. HPLC–MS: tR = 28.62 min, m/z: 460.4
[M�161]+, 645.3 [M+H+Na]+, 661.2 [M+H+K]+,
1266.3 [2M+H+Na]+. mp 144–146 �C.


5.6.10. Compound 16. The obtained yield 51%, pale
yellow oil. 1H NMR (CDCl3, 200 MHz): d 1.27 (t,
J = 7.2 Hz, 3H), 1.52 (d, J = 6.2 Hz, 3H), 3.92 (s,
6H), 4.02 (d, J = 6.4 Hz, 1H), 4.17 (q, J = 7.2 Hz,
2H), 5.22 (s, 1H), 5.47 (quintet, J = 6.4 Hz, 1H), 6.00
(s, 1H), 7.28 (m, 2H), 8.75 (br s, 1H). 13C NMR
(CDCl3, 75.5 MHz): d 14.2, 18.1, 56.3, 60.3, 61.6,
67.2, 90.8, 106.6, 120.5, 139.6, 146.6, 151.7, 164.9,
165.0, 167.0. ½a�25D �29.2 (c 1.33, CHCl3). IR (film):
3295, 1820, 1699, 1653, 1229 cm�1. HPLC–MS:
tR = 9.44 min, m/z: 336.2 [M�43]+, 380.1 [M+H]+,
397.2 [M+H2O]+, 402.2 [M+Na]+, 418.1 [M+K]+,
781.2 [2M+Na]+.


5.6.11. Compound 17. The obtained yield 60%, pale yel-
low oil. 1H NMR (acetone-d6, 300 MHz): d 1.52 (d,

J = 6.3 Hz, 3H), 3.82 (s, 6H), 4.23 (d, J = 5.1 Hz, 1H),
5.18 (s, 2H), 5.34 (s, 1H), 5.45 (quintet, J = 6.3 Hz,
1H), 7.20–7.40 (m, 7H), 8.10 (br s, 1H), 9.94 (br s,
1H). 13C NMR (acetone-d6, 75.5 MHz): d 18.0, 56.0,
62.0, 65.4, 67.2, 89.9, 107.2, 120.3, 128.2, 128.4, 128.7,
137.2, 141.3, 147.8, 153.7, 164.8, 165.9, 166.2. ½a�25D
�10.1 (c 1.58, CHCl3). IR (film): 3295, 1820, 1700,
1658, 1611, 1227 cm�1. HPLC–MS: tR = 10.47 min, m/
z: 398.1 [M�43]+, 442.1 [M+H]+, 459.2 [M+H2O]+,
480.2 [M+K]+, 905.2 [2M+Na]+.


5.6.12. Compound 19. The obtained yield 14%, pale
yellow oil. 1H NMR (CDCl3, 200 MHz): d 1.17 (t,
J = 7.2 Hz, 3H), 1.42 (d, J = 6.2 Hz, 3H), 3.89 (d,
J = 6.6 Hz, 1H), 4.07 (m, 2H), 5.08 (s, 4H), 5.11 (s,
1H), 5.34 (quintet, J = 6.6 Hz, 1 H), 5.95 (br s, 1 H),
7.20–7.40 (m, 12H), 8.52 (br s 1H). 13C NMR (CDCl3,
50.3 MHz): d 14.3, 18.1, 60.3, 61.6, 67.3, 71.5, 90.9,
108.9, 120.3, 127.8, 128.3, 128.6, 136.1, 140.6, 145.9,
151.4, 164.5, 164.7, 166.8. ½a�25D �28.3 (c 0.60, CHCl3).
IR (film): 3510, 3277, 1819, 1706, 1660 cm�1. HPLC–
MS: tR = 16.34 min, m/z: 334.2 [M�197]+, 460.2
[M�43�29]+, 489.4 [M+H�43]+, 555.2 [M+H+Na]+,
571.3 [M+H+K]+, 1086.3 [2M+H+Na]+.


5.6.13. Compound 20. The obtained yield 23%, pale
yellow oil. 1H NMR (CDCl3, 200 MHz): d 1.54 (d,
J = 6.4 Hz, 3H), 4.02 (d, J = 6.2 Hz, 1H), 5.08 (s, 4H),
5.12 (d, J = 12.4 Hz, 1H), 5.19 (d, J = 12.4 Hz, 1H),
5.27 (s, 1H), 5.49 (quintet, J = 6.2 Hz, 1H), 6.84 (m,
1H), 7.28–7.47 (m, 17H), 8.60 (br s, 1H). 13C NMR
(CDCl3, 75.5 MHz): d 18.1, 61.5, 66.2, 67.6, 70.3, 90.6,
107.5, 108.5, 127.6, 128.1, 128.2, 128.3, 128.6, 131.5,
135.7, 136.3, 152.0, 159.8, 164.4, 164.9, 166.6. ½a�25D
�29.8 (c 0.64, CHCl3). IR (film): 3294, 1821, 1699,
1655, 1445 cm�1. HPLC–MS: tR = 22.05 min, m/z:
578.2 [M+H]+, 595.2 [M+H2O]+, 600.0 [M+Na]+,
616.1 [M+K]+, 1178.4 [2M+H+Na]+.


5.6.14. Compound 21. The obtained yield 20%, pale
yellow oil. 1H NMR (CDCl3, 300 MHz): d 1.25 (t,
J = 7.2 Hz, 3H), 1.52 (d, J = 6.3 Hz, 3H), 3.99 (d,
J = 6.6 Hz, 1H), 4.16 (m, 2H), 5.07 (s, 4H), 5.19 (s,
1H), 5.47 (quintet, J = 6.6 Hz, 1H), 6.83 (m, 1H),
7.26–7.45 (m, 12H), 8.76 (br s, 1H). 13C NMR (CDCl3,
75.5 MHz): d 14.2, 18.1, 60.3, 61.4, 67.7, 70.3, 90.9,
107.4, 108.5, 127.6, 128.1, 128.6, 131.5, 136.3, 151.5,
159.8, 164.6, 164.9, 166.9. ½a�25D �32.6 (c 1.67, CHCl3).
IR (film): 3278, 1822, 1700, 1652, 1595, 1445 cm�1.
HPLC–MS: tR = 18.88 min, m/z: 472.2 [M�43]+, 516.2
[M+H]+, 533.2 [M+H2O]+, 538.1 [M+Na]+, 1053.3
[2M+Na]+.


5.6.15. Compound 22. The obtained yield 14%, pale
yellow oil. 1H NMR (CDCl3, 200 MHz): d 1.30 (t,
J = 7.0 Hz, 3H), 1.59 (d, J = 6.6 Hz, 3H), 4.10 (d,
J = 6.2 Hz, 1H), 4.21 (q, J = 7.0 Hz, 2H), 5.22 (s, 1H),
5.58 (quintet, J = 6.2 Hz, 1H), 8.35–8.45 (m, 3H), 8.66
(br s, 1H). 13C NMR (CDCl3, 75.5 MHz): d 14.2, 17.9,
60.5, 61.3, 68.8, 91.3, 122.8 (q, J = 273.0 Hz), 127.1
(m), 130.3 (m), 131.4, 132.5 (q, J = 34.2 Hz), 150.8,
164.3, 166.8, 167.7. ½a�25D +7.9 (c 0.67, CHCl3). IR (film):
3272, 1825, 1733, 1655, 1281 cm�1. HPLC–MS:
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tR = 14.79 min, m/z: 395.9 [M�43]+, 440.1 [M+H]+,
457.1 [M+H2O]+, 461.9 [M+Na]+, 478.0 [M+K]+.


Compounds 35–39 were obtained by b-lactam N-acyla-
tion using the corresponding acyl-chlorides. A represen-
tative procedure is the following: compound 4 (0.381 g,
1.017 mmol) and 3,4,5-tribenzyloxybenzoyl chloride
(0.513 g, 1.119 mmol) were dissolved in anhydrous ace-
tone (10 mL); K2CO3 (0.141 g, 1.017 mmol) was added
and the reaction mixture stirred at room temperature
for 4 h. Then the K2CO3 was filtered, the solvent re-
moved, and the crude oily residue immediately purified
by flash chromatography (cyclohexane/ethylacetate
95:5) to give compound 37. Compounds 35–39 are elut-
ed in HPLC analysis as single peaks; however in the ESI
ionization they are N-deacylated.


5.6.16. Compound 35. The obtained yield 41%, white
solid. 1H NMR (CDCl3, 300 MHz): d 0.12 (s, 3H),
0.14 (s, 3H), 0.90 (s, 9H), 1.28 (d, J = 6.3 Hz, 3H),
1.32 (t, J = 7.2 Hz, 3H), 3.92 (s, 6H), 3.95 (s, 3H), 4.23
(q, J = 7.2 Hz, 2H), 4.33 (dd, J = 1.8 Hz, J = 4.5 Hz,
1H), 4.79 (dr q, J = 4.5 Hz,J = 6.3 Hz, 1H), 6.65 (d,
J = 1.5 Hz, 1H), 7.28 (m, 2H). 13C NMR (CDCl3,
50.3 MHz): d �4.9,�4.6, 14.3, 17.9, 19.8, 25.7, 56.3,
60.3, 61.0, 64.2, 65.4, 100.6, 107.6, 116.2, 125.8, 143.0,
149.3, 152.8, 164.3, 164.8, 166.2. ½a�25D +57.3 (c 0.89,
CHCl3). IR (film): 1841, 1719, 1683, 1330 cm�1. HPLC:
tR = 27.50 min. mp 120–122 �C.


5.6.17. Compound 36. The obtained yield 44%, pale
yellow oil. 1H NMR (CDCl3, 300 MHz): d 0.15 (s,
3H), 0.16 (s, 3H), 0.93 (s, 9H), 1.24 (d, J = 6.3 Hz,
3H), 1.33 (t, J = 7.2 Hz, 3H), 4.23 (q, J = 7.2 Hz, 2H),
4.31 (dd, J = 1.8 Hz, J = 4.5 Hz, 1H), 4.79 (dr q,
J = 4.5 Hz, J = 6.3 Hz, 1H), 5.17 (s, 6H), 6.63 (d,
J = 1.8 Hz, 1H), 7.26–7.46 (m, 17H). 13C NMR (CDCl3,
75.5 MHz): d �4.9, �4.6, 14.3, 17.9, 19.8, 25.7, 60.3,
64.1, 65.4, 71.4, 75.2, 100.5, 109.9, 125.8, 127.4, 127.5,
128.0, 128.2, 128.4, 128.5, 136.6, 137.3, 143.3, 149.3,
152.4, 164.1, 164.6, 166.2. ½a�25D +47.3 (c 4.16, CHCl3).
IR (film): 1841, 1718, 1683, 1328, 1197 cm�1. HPLC:
tR = 9.64 min.


5.6.18. Compound 37. The obtained yield 30%, pale
yellow oil. 1H NMR (CDCl3, 200 MHz): d 0.16 (s,
3H), 0.17 (s, 3H), 0.96 (s, 9H), 1.26 (d, J = 6.2 Hz,
3H), 4.35 (d, J = 4.8 Hz, 1H), 4.81 (dr q, J = 6.2 Hz,
J = 4.8 Hz, 1H), 5.20 (s, 6H), 5.26 (s, 2H), 6.74 (s,
1H), 7.30–7.49 (m, 22H). 13C NMR (CDCl3,
50.3 MHz): d �4.9, �4.7, 17.9, 19.8, 25.7, 64.2, 65.3,
66.1, 71.4, 75.2, 100.2, 109.9, 125.8, 127.4, 127.5,
128.0, 128.1, 128.2, 128.5, 128.6, 135.9, 136.6, 137.3,
149.9, 152.4, 164.1, 164.6, 166.1. ½a�25D +78.2 (c 1.60,
CHCl3). IR (film): 1845, 1718, 1685, 1335, 1127 cm�1.
HPLC–MS: tR = 20.27 min, m/z: 376.3 [M+H�423]+,
398.1 [M+Na�423]+.


5.6.19. Compound 38. The obtained yield 39%, pale
yellow oil. 1H NMR (CDCl3, 300 MHz) d 0.15 (s, 3H),
0.16 (s, 3H), 0.94 (s, 9H), 1.29 (d, J = 6.3 Hz, 3H),
4.36 (d, J = 4.2 Hz, 1H), 4.79 (m, 1H), 5.10 (s, 4H),
5.25 (s, 2H), 6.75 (m, 1H), 6.87 (m, 1H), 7.18 (m, 2H),

7.34–7.47 (m, 14H). 13C NMR (CDCl3, 50.3 MHz): d
�5.0, �4.7, 17.9, 19.9, 25.6, 64.4, 65.3, 66.1, 70.3,
100.3, 108.0, 108.6, 127.5, 128.0, 128.1, 128.2, 128.5,
128.6, 133.0, 135.8, 136.3, 149.7, 159.6, 163.8, 165.0,
166.0. ½a�25D +54.8 (c 2.77, CHCl3). IR (film): 1843,
1716, 1659, 1595, 1306 cm�1. HPLC: tR = 9.38 min.


5.6.20. Compound 39. The obtaiend yield 37%, pale
yellow oil. 1H NMR (CDCl3, 200 MHz): d 0.12 (s,
6H), 0.88 (s, 9H), 1.30 (d, J = 6.2 Hz, 3H), 1.34 (t,
J = 7.0 Hz, 3H), 4.25 (q, J = 7.0 Hz, 2H), 4.40 (dd,
J = 2.0 Hz, J = 4.4 Hz, 1H), 4.76 (m, 1H), 6.73 (d,
J = 2.0 Hz, 1H), 8.11 (m, 1H), 8.34 (m, 2H). 13C NMR
(CDCl3, 50.3 MHz): d �5.1, �4.6, 14.3, 17.9, 20.3,
25.6, 60.6, 65.0, 65.6, 102.1, 122.7 (q, J = 273.2 Hz),
126.8m, 129.9m, 132.0 (q, J = 34.3 Hz), 133.5, 148.0,
162.5, 164.3, 165.9. ½a�25D +132.6 (c 0.76, CHCl3). IR
(film): 1845, 1717, 1665, 1280 cm�1. HPLC:
tR = 26.33 min.


All the following compounds were obtained by hydro-
genolysis of the corresponding benzylesters and benzyl-
ethers. A representative procedure is the following:
compound 11 (0.444 g, 0.976 mmol) was dissolved in
an anhydrous mixture THF/MeOH (4 mL/4 mL) and
Pd, 10 wt% on activated carbon (0.045 g) was added.
Finally, the reaction mixture was treated with H2


(1 atm) and stirred at room temperature for 4 h. It was
then filtered and concentrated to give compound 14.


5.6.21. Compound 14. Quantitative yield, white syrup.
1H NMR (acetone-d6, 200 MHz): d 1.53 (d, J = 6.2 Hz,
3H), 3.79 (s, 3H), 3.86 (s, 6H), 4.22 (d, J = 5.2 Hz,
1H), 5.26 (s, 1H), 5.46 (dr q, J = 6.2 Hz, J = 5.2 Hz,
1H), 7.29 (m, 2H), 9.81 (br s, 1H). 13C NMR (ace-
tone-d6, 75.5 MHz): d 17.9, 55.8, 60.0, 61.7, 67.6, 90.3,
107.0, 125.2, 142.9, 153.2, 153.6, 164.6, 165.8, 167.0.
½a�25D �20.8 (c 2.31, CHCl3). IR (film): 3281, 1824,
1705, 1654 cm�1. HPLC–MS: tR = 8.07 min, m/z: 322.1
[M�43]+, 366.2 [M+H]+, 383.1 [M+H2O]+, 388.1
[M+Na]+, 404.0 [M+K]+, 753.2 [2M+Na]+, 769.2
[2M+K]+.


5.6.22. Compound 18. Quantitative yield, white syrup.
1H NMR (acetone-d6, 300 MHz): d 1.52 (d, J = 6.3 Hz,
3H), 3.86 (s, 6H), 4.21 (d, J = 5.1 Hz, 1H), 5.26 (s,
1H), 5.46 (dr q, J = 6.3 Hz,J = 5.1 Hz, 1H), 7.30 (m,
2H), 8.10 (br s, 1H), 9.81 (br s, 1H). 13C NMR (ace-
tone-d6, 75.5 MHz): d 18.6, 56.6, 62.4, 67.9, 90.8,
107.9, 121.0, 141.9, 148.4, 154.0, 165.4, 166.4, 167.7.
½a�25D �17.5 (c 1.43, CHCl3). IR (film): 3308, 1824,
1710, 1654 cm�1. HPLC–MS: tR = 6.57 min, m/z: 308.1
[M�43]+, 352.1 [M+H]+, 369.2 [M+H2O]+, 374.1
[M+Na]+, 390.0 [M+K]+, 725.2 [2M+Na]+.


5.6.23. Compound 23. Quantitative yield, white syrup.
1H NMR (CD3CN, 200 MHz): d 1.23 (t, J = 7.0 Hz,
3H), 1.42 (d, J = 6.4 Hz, 3H), 4.07 (dd, J = 6.3 Hz,
J = 0.8 Hz 1H), 4.14 (q, J = 7.0 Hz, 2H), 5.14 (s, 1H),
5.37 (quintet, J = 6.4 Hz, 1H), 7.02 (m, 2H). 13C NMR
(CD3CN, 75.5 MHz): d 14.6, 18.4, 60.7, 62.3, 67.8,
91.2, 109.9, 121.8, 138.5, 145.7, 153.2, 165.7, 166.5,
167.2. ½a�25D �21.9 (c 0.32, CH3OH). IR (film): 3353,
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1813, 1695, 1378, 1236 cm�1. HPLC–MS: tR = 6.88 min,
m/z: 308.1 [M�43]+, 352.1 [M+H]+, 369.2 [M+H2O]+,
374.0 [M+Na]+, 390.0 [M+K]+, 725.2 [2M+Na]+.


5.6.24. Compound 24. Quantitative yield, pale yellow oil.
1H NMR (acetone-d6, 200 MHz): d 1.22 (t, J = 6.8 Hz,
3H), 1.48 (d, J = 6.6 Hz, 3H), 4.13 (q, J = 6.8 Hz, 2H),
4.21 (d, J = 7.0 Hz, 1H), 5.18 (s, 1H), 5.43 (m, 1H),
6.60 (m, 1H), 7.00 (m, 2H), 8.66 (br s, 2H), 9.80 (br s,
1H). 13C NMR (acetone-d6, 75.5 MHz): d 14.6, 18.1,
60.2, 62.1, 68.3, 90.7, 108.2, 108.6, 132.8, 153.3, 159.4,
165.6, 166.0, 166.7. ½a�25D �13.0 (c 1.60, acetone). IR
(film): 3351, 1815, 1695, 1603, 1234, 1160 cm�1.
HPLC–MS: tR = 8.66 min, m/z: 292.3 [M�43]+, 336.2
[M+H]+, 353.1 [M+H2O]+, 358.3 [M+Na]+, 375.2
[M+H+K]+, 693.2 [2M+Na]+.


5.6.25. Compound 25. Quantitative yield, white syrup.
1H NMR (acetone-d6, 200 MHz): d 1.49 (d, J = 6.2 Hz,
3H), 4.21 (d, J = 6.2 Hz, 1H), 5.20 (s, 1H), 5.44 (quintet,
J = 6.2 Hz, 1H), 6.60 (m, 1H), 6.95–7.04 (m, 2H), 8.70
(br s, 2H), 9.76 (br s, 1H). 13C NMR (acetone-d6,
75.5 MHz): d 18.1, 62.0, 68.3, 90.7, 108.1, 108.6, 132.8,
153.4, 159.4, 165.6, 165.9, 167.5. ½a�25D �2.6 (c 0.98, ace-
tone). HPLC–MS: tR = 5.18 min, m/z: 264.4 [M�43]+,
308.1 [M+H]+, 325.4 [M+H2O]+, 330.0 [M+Na]+,
346.3 [M+K]+, 637.3 [2M+Na]+.


5.6.26. Compound 40. Quantitative yield, white syrup.
1H NMR (CD3CN, 200 MHz) d �0.01 (s, 6H), 0.77 (s,
9H), 1.13 (d, J = 6.2 Hz, 3H), 4.18 (dd, J = 1.8 Hz,
J = 6.0 Hz, 1H), 4.66 (m, 1H), 6.23 (d, J = 1.8 Hz,
1H), 6.85 (m, 2H), 7.05 (br s, 2H), 7.17 (br s, 1H). 13C
NMR (acetone-d6, 75.5 MHz): d �4.8, �4.7, 18.2,
19.6, 26.1, 65.1, 66.0, 99.5, 110.7, 122.9, 141.1, 145.9,
151.7, 164.8, 165.5, 167.3. ½a�25D +9.1 (c 0.34, acetone).
HPLC–MS: tR = 12.11 min, m/z: 394.1 [M�43]+, 438.2
[M+H]+, 460.1 [M+Na]+, 476.1 [M+K]+, 897.3
[2M+Na]+.


5.6.27. Compound 41. Quantitative yield, white syrup.
1H NMR (acetone-d6, 200 MHz) d 0.14 (s, 3H), 0.15
(s, 3H), 0.91 (s, 9H), 1.30 (d, J = 6.2 Hz, 3H), 4.43 (d,
J = 3.6 Hz, 1H), 4.88 (m, 1H), 6.50 (s, 1H), 6.63 (m,
1H), 6.88 (m, 2H), 8.78 (br s, 3H). 13C NMR (ace-
tone-d6, 75.5 MHz): d �6.0, �5.8, 17.2, 18.6, 24.9,
64.2, 64.9, 99.2, 107.4, 107.5, 133.3, 149.9, 158.1,
163.5, 165.0, 166.5. ½a�25D +14.5 (c 2.82, acetone).
HPLC–MS: tR = 12.99 min, m/z: 378.2 [M�43]+, 422.3
[M+H]+, 444.2 [M+Na]+, 460.2 [M+K]+, 865.4
[2M+Na]+.


Compounds 27–34 were obtained starting from 26 by
coupling with the corresponding amine, phenol or alco-
hol. A representative procedure is the following: com-
pound 26 (0.065 g, 0.228 mmol) was dissolved in
anhydrous CH2Cl2 (4 mL) and the solution brought to
0 �C. Then DCC (0.047 g, 0.228 mmol) and benzylamine
(37 lL, 0.342 mmol) were added at 0 �C. The reaction
mixture was stirred at room temperature for 2 h, then fil-
tered and concentrated. The residue was purified by
flash chromatography (cyclohexane/ethylacetate 8:2) to
give compound 31.

5.6.28. Compound 27. The obtained yield 44%, pale yel-
low oil. 1H NMR (CDCl3, 300 MHz) d 0.13 (s, 3H), 0.14
(s, 3H), 0.93 (s, 9H), 1.40 (d, J = 6.3 Hz, 3H), 3.78 (d,
J = 4.8 Hz, 1H), 4.32 (m, 1H), 5.48 (s, 1H), 7.14–7.46
(m, 5H), 8.53 (br s, 1H). 13C NMR (CDCl3,
50.3 MHz): d�5.1, �4.2, 17.9, 22.3, 25.6, 65.0, 65.1,
89.6, 121.7, 125.8, 129.4, 150.5, 155.4, 165.6, 166.1.
½a�25D �36.3 (c 1.63, CHCl3). IR (film): 3356, 1821,
1799, 1714, 1653 cm�1. HPLC–MS: tR = 20.41 min, m/
z: 318.2 [M�43]+, 362.1 [M+H]+, 384.2 [M+Na]+.


5.6.29. Compound 28. The obtained yield 68%, white
solid. 1H NMR (acetone-d6, 200 MHz): d 0.08 (s, 3H),
0.09 (s, 3H), 0.87 (s, 9H), 1.32 (d, J = 6.2 Hz, 3H),
3.84 (d, J = 4.4 Hz, 1H), 4.30 (dr q, J = 4.4 Hz,
J = 6.4 Hz, 1H), 4.97 (d, J = 12.4 Hz, 1H), 5.05 (d,
J = 12.4 Hz, 1H), 5.21 (s, 1H), 6.30 (m, 1H), 6.36 (m,
2H), 8.28 (br s, 2H), 9.68 (br s, 1H). 13C NMR (THF-
d8, 50.3 MHz): d �5.0, �4.3, 18.5, 22.4, 26.0, 65.4,
65.6, 66.3, 89.8, 102.7, 106.6, 139.6, 155.3, 159.7,
166.7, 167.3. ½a�25D �10.1 (c 2.90, CH3OH). IR (film):
3311, 1810, 1696, 1654 cm�1. HPLC–MS:
tR = 11.93 min, m/z: 408.2 [M+H]+, 430.2 [M+Na]+,
446.0 [M+K]+. mp 79–81 �C.


5.6.30. Compound 29. The obtained yield 20%, white
syrup. 1H NMR (acetone-d6, 300 MHz): d 0.10 (s, 3H),
0.12 (s, 3H), 0.90 (s, 9H), 1.37 (d, J = 6.3 Hz, 3H),
3.90 (d, J = 4.8 Hz, 1H), 4.35 (m, 1H), 5.32 (s, 1H),
6.12 (m, 2H), 6.24 (m, 1H), 8.46 (br s, 2H), 9.81 (br s,
1H). 13C NMR (acetone-d6, 75.5 MHz): d �4.9, �4.1,
18.5, 22.5, 26.1, 65.7, 65.9, 89.6, 100.7, 101.7, 153.4,
156.7, 159.7, 165.0, 167.4. ½a�25D �3.9 (c 0.77, CHCl3).
IR (film): 3325, 1806, 1700, 1653, 1625 cm�1. HPLC–
MS: tR = 12.05 min, m/z: 394.2 [M+H]+, 416.1
[M+Na]+, 432.0 [M+K]+, 809.3 [2M+Na]+.


5.6.31. Compound 30. The obtained yield 50%, pale
yellow oil. 1H NMR (CDCl3, 300 MHz): d 0.07 (s,
3H), 0.08 (s, 3H), 0.86 (s, 9H), 1.33 (d, J = 6.3 Hz,
3H), 3.70 (d, J = 5.1 Hz, 1H), 4.35 (dr q, J = 5.1 Hz,
J = 6.3 Hz, 1H), 5.28 (s, 2H), 5.33 (s, 1H), 7.82 (m,
2H), 7.85 (m, 1H), 8.49 (br s, 1H). 13C NMR (CDCl3,
50.3 MHz): d �5.1, �4.3, 17.9, 22.3, 25.6, 64.0, 65.0,
65.1, 89.3, 122.0m, 123.2 (q, J = 272.5 Hz), 127.8 (m),
132.0 (q, J = 33.6 Hz), 138.9, 155.1, 166.3, 166.6. ½a�25D
�21.2 (c 1.18, CHCl3). IR (film): 3297, 1820, 1699,
1653 cm�1. HPLC–MS: tR = 25.41 min, m/z: 512.2
[M+H]+, 529.3 [M+H2O]+, 534.0 [M+Na]+.


5.6.32. Compound 31. The obtained yield 62%, pale
yellow oil. 1H NMR (CDCl3, 300 MHz): d 0.10 (s,
3H), 0.11 (s, 3H), 0.91 (s, 9H), 1.34 (d, J = 6.3 Hz,
3H), 3.66 (d, J = 5.4 Hz, 1H), 4.24 (quintet,
J = 6.0 Hz, 1H), 4.51 (dd, J = 6.0 Hz, J = 15.0 Hz,
1H), 4.57 (dd, J = 6.0 Hz, J = 15.0 Hz, 1H), 5.13 (s,
1H), 5.64 (t, J = 6.0 Hz, 1H), 7.30–7.41 (m, 5H), 8.96
(br s, 1H). 13C NMR (CDCl3, 50.3 MHz): d �4.9,
�4.3, 17.9, 22.5, 25.7, 43.3, 64.8, 65.4, 92.2, 127.5,
127.6, 128.7, 138.3, 150.3, 166.6, 167.0. ½a�25D +6.0 (c
1.66, CHCl3). IR (film): 3346, 1804, 1682, 1627 m�1.
HPLC–MS: tR = 14.69 min, m/z: 375.2 [M+H]+, 397.2
[M+Na]+, 771.5 [2M+Na]+.
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5.6.33. Compound 32. The obtained yield 31%, white syr-
up. 1H NMR (acetone-d6, 200 MHz): d 0.08 (s, 3H), 0.09
(s, 3H), 0.87 (s, 9H), 1.29 (d, J = 6.2 Hz, 3H), 3.71 (d,
J = 5.0 Hz, 1H), 4.20 (dd, J = 5.8 Hz, J = 14.2 Hz,
1H), 4.24 (m, 1H), 4.32 (dd, J = 5.8 Hz, J = 14.2 Hz,
1H), 5.31 (s, 1H), 6.59–6.79 (m, 3H), 7.29 (t,
J = 5.8 Hz, 1H), 7.81 (br s, 2H), 9.47 (br s, 1H). 13C
NMR (acetone-d6, 50.3 MHz): d �4.8, �4.2, 18.5,
22.5, 26.1, 42.8, 65.2, 66.2, 93.4, 115.7, 115.8, 119.9,
132.3, 144.9, 145.8, 149.8, 166.8, 167.9. ½a�25D �18.8 (c
0.16, acetone). IR (film): 3392, 1804, 1683 cm�1.
HPLC–MS: tR = 11.34 min, m/z: 407.1 [M+H]+, 429.2
[M+Na]+, 835.4 [2M+Na]+.


5.6.34. Compound 33. The obtained yield 56%, pale yel-
low oil. 1H NMR (CDCl3, 200 MHz): d 0.07 (s, 3H),
0.08 (s, 3H), 0.87 (s, 9H), 1.31 (d, J = 6.2 Hz, 3H),
3.66 (d, J = 5.4 Hz, 1H), 4.22 (quintet, J = 6.2 Hz, 1H),
4.88 (s, 3H), 7.39 (m, 5H), 7.92 (br s, 1H), 8.81 (br s,
1H). 13C NMR (CDCl3, 50.3 MHz): d �4.9, �4.2,
17.9, 22.4, 25.7, 65.2, 65.3, 79.1, 87.8, 128.7, 128.9,
129.2, 134.9, 152.8, 166.7, 166.8. ½a�25D +19.4 (c 3.27,
CHCl3). IR (film): 3226, 1813, 1684 cm�1. HPLC–MS:
tR = 12.49 min, m/z: 391.1 [M+H]+, 413.1 [M+Na]+,
430.1 [M+H+K]+, 803.3 [2M+Na]+.


5.6.35. Compound 34.The obtained yield 98%, pale yellow
oil. 1H NMR (CDCl3, 300 MHz): d 0.07 (s, 3H), 0.08 (s,
3H), 0.87 (s, 9H), 1.32 (d, J = 6.3 Hz, 3H), 3.66 (d,
J = 5.7 Hz, 1H), 4.23 (quintet, J = 5.7 Hz, 1H), 4.63 (d,
J = 6.6 Hz, 2H), 5.16 (s, 1H), 5.79 (t, J = 6.6 Hz, 1H),
7.75 (m, 2H), 7.79 (m, 1H), 8.84 (br s, 1H). 13C NMR
(CDCl3, 50.3 MHz): d �5.0, �4.3, 17.9, 22.5, 25.6, 42.3,
64.9, 65.4, 91.5, 121.4m, 123.2 (q, J = 271.2 Hz),
127.5m, 131.9 (q, J = 33.4 Hz), 141.3, 151.5, 166.7,
166.8. ½a�25D �2.9 (c 3.67, CHCl3). IR (film): 3330, 3226,
1800, 1683, 1635 cm�1. HPLC–MS: tR = 19.34 min, m/z:
511.1 [M+H]+, 533.2 [M+Na]+.
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Corrigendum


Corrigendum to ‘‘Synthesis and biological
evaluation of penam sulfones as inhibitors of b-lactamases’’


[Bioorg. Med. Chem. 13 (2005) 2847–2858]
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Paul Spevak,b David P. Czajkowski,b Herninder Atwal,b Sameeh Salama,b


Ronald G. Micetichb and Samarendra N. Maitib


aDepartment of Pharmaceutical Chemistry, Faculty of Pharmacy, Kuwait University, PO Box 24923, Safat 13110, Kuwait
bNaeja Pharmaceutical Inc., Edmonton, Alta., Canada T6E 5V2


Available online 13 September 2005

There are nitrogens ‘‘N’’ missing in some of the b-lactam structures as follows:


1. The structure in the graphical abstract.
2. The structures in Fig. 1.
3. The structures of the cephems 8 and 10 in Scheme 1.
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Abstract—The mitotic kinesin Eg5 (or KSP) is a crucial player in the development and function of the mitotic spindle. Inhibition of
this protein leads to cell cycle arrest and apoptosis without interfering with other microtubule-dependent processes. Therefore, it is a
potential target in cancer therapy. Here, we report the synthesis and biological evaluation of a small library of molecules based on
the structure of the known Eg5 inhibitor HR22C16. One of these derivatives (compound trans-24) proved to be a potent and specific
Eg5 inhibitor.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


In the industrialized countries, cancer is one of the lead-
ing causes of death, claiming more than 2.5 million
victims every year. Among the various successful
approaches to treat cancer are drugs that perturb mitosis
like vinca alkaloids, taxol, and epothilone. One of their
major drawbacks is the fact that they all target the same
protein, tubulin, the subunit of microtubules that are
essential for the formation of the mitotic spindle.1,2 As
microtubules are also involved in many other cellular
processes such as maintenance of organelles, cell shape,
cell motility, synaptic vesicles, and intracellular transport
phenomena,3–5 interference with their formation or
depolymerization often leads to dose-limiting toxic side
effects like neurotoxicity, hair loss, and body weight loss.


The discovery of a new class of proteins, the mitotic kine-
sins, allows a novel approach to cancer treatment.6 These
proteins are exclusively involved in the formation and
function of the mitotic spindle and some of them are only
expressed in proliferating cells.7,8 Their inhibition leads
to cell cycle arrest and ultimately to apoptosis without
interfering with other microtubule-dependent processes.6

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


doi:10.1016/j.bmc.2005.06.027
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The mitotic kinesin Eg5 (or KSP), a member of the kine-
sin-5 family, plays an important role in the early stages
of mitosis. It mediates centrosome separation and for-
mation of the bipolar mitotic spindle.9 It cross-links
and slides microtubules in relation to one another using
energy from ATP-hydrolysis.10 Inhibition of Eg5 leads
to cell cycle arrest during mitosis and cells with a mono-
polar spindle, so called monoasters.11 In 1999, Monas-
trol, the first small-molecule inhibitor of Eg5, was
discovered in a phenotype assay.12 Since then, more
KSP-inhibitors have been found.13–15,22


Subsequently, after screening a compound library of
16,000 small molecules, the carboline derivative
HR22C16 was also identified as an Eg5 inhibitor
(Scheme 1).16 Recently, it was proven that HR22C16
induces mitotic arrest and cell death in taxol-resistant
cancer cells.17 This shows that Eg5 inhibitors can be
potentially used to overcome taxol-resistance in cancer
treatment. However, a systematic investigation of the
importance of the stereochemistry and the substituents
as indicated in Scheme 2 had not been performed.


Here we describe the synthesis of a library of 60 small
molecules based on the HR22C16-structure, in order
to address the above-mentioned problem.



mailto:giannis@chemie.uni-leipzig.de





Scheme 2. Basic scaffold of the tetrahydro-b-carboline library.


Scheme 1. The Eg5 inhibitors Monastrol and HR22C16 1.
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2. Results and discussion


Various ways to synthesize chiral tetrahydro-b-carbo-
lines have been published in recent years. Interesting
examples are the asymmetric Pictet–Spengler reaction18


or the usage of a chiral ruthenium complex.19 To obtain
chiral 3-substituted tetrahydro-b-carbolines we decided
to exploit the chiral pool, and used the cheap and com-
mercially available amino acid tryptophan as a starting
material.20 Depending on the desired stereochemistry
of the final product, we either used the DD- or the LL-form.
For the initial step, we added two equivalents of an alde-
hyde to a suspension of tryptophan in diluted sulfuric
acid (0.1 N). After refluxing for 4–5 h, the product 2
was filtered off. It was then transformed into the tetrahy-
dro-b-carbolines 3–36 by the reaction with an isocyanate
or an isothiocyanate (Scheme 3). In most cases, especial-
ly when R1 = OH, R2 = H and reaction times were short
(<4 h), the resulting product was cis-configured. In some

Scheme 3. Synthesis of the tetrahydro-b-carbolines.

cases, however, a mixture of cis- and trans-product was
formed which could easily be separated by column chro-
matography. In cases where there was no or little trans-
product, the cis-form could be obtained by simply
refluxing in acetonitrile with a small excess of potassium
carbonate. The reactions with isothiocyanates exclusive-
ly yielded the trans-adduct.


The yields of the first two steps varied from 22 to 84%
and 8 to 100%, respectively, depending on the substitu-
ents R1, R2, and R3. To synthesize compounds 31 and
32, we first transformed LL-leucine methylester into the
corresponding isocyanate 37 (Scheme 4).21 Schemes 5a
and b show the complete library.


All synthesized tetrahydro-b-carbolines were tested for
their activity against Eg5. To identify potential hits,
we first screened the library with a pyruvate kinase/lac-
tate dehydrogenase assay.22 A list of the compounds
with a relative inhibition of at least 50% at a concentra-
tion of 46 lM is shown in Figure 1. Monastrol, the first
known Eg5 inhibitor, is shown for comparison.


Furthermore, we tested all compounds with the mala-
chite green assay23 for inhibition of nine different kine-
sins. Apart from Eg5, these were MKLP1, MKLP2,
MPP1, KIF4, KIF5A, KIF5B, CenpE, and MCAK.
All these kinesins were not or only weakly inhibited at
the above-mentioned concentrations. Therefore, the
synthesized tetrahydro-b-carbolines show specificity
against Eg5.


We found that the potent inhibitors possess certain
structural features. In most cases, the trans-isomers were
more active than the cis-isomers, with the absolute ste-
reochemistry at carbon C11a being S-configured. The
activity was also very much dependent on the substitu-
ents R1 and R2. Nearly all substitution patterns other
than R1 = OH and R2 = H lead to inactive molecules.
Thus, the meta-hydroxy function seems to be important.
However, a variety of substituents are possible for R3.
Linear alkyl chains with two to five carbon atoms
(and R1 = OH, R2 = H) all lead to comparably active
inhibitors. Benzyl-, phenyl- and o-trifluoromethoxy-
phenyl substituents also gave strong inhibitors when
C11a was S-configured. The substitution of the oxygen
at C3 with a sulfur atom did not result in an increase
in activity.


We then chose nine inhibitors to determine their IC50


values. To obtain quantitative results concerning the ef-
fect of the stereochemical configuration we included one
complete set of four diastereomers of HR22C16 (com-
pounds 9 and 10). Seven compounds were examined
with the malachite green assay,23 one with the Enz-
Check� (Molecular Probes) Phosphate Assay and one
with both tests.


The determined IC50 values are shown in Table 1. The
most potent diastereomers of HR22C16 is compound
trans-10. However trans-9 and cis-10 display significant
inhibitory activity against Eg5 whereas derivative cis-9
is almost inactive. Furthermore, derivative trans-24 with







Scheme 4. Synthesis of the leucine derivatives with cis-25 as example.
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a N-benzyl side chain is the most active inhibitor with an
IC50 value of 0.65 ± 0.30 lM. The other three stereoiso-
mers of trans-24 were inactive (IC50 > 45 lM). Finally,
we examined the effect of trans-24 on HeLa cells. We
examined the morphology of the cells treated with
trans-24 by immunofluorescence with an anti-tubulin
antibody (tubulin, green fluorescence) and Hoechst
33258 (DNA, blue fluorescence).22 Figure 2 shows the
normal spindle of an untreated HeLa cell and a cell
treated with trans-24. As expected a monoastral pheno-
type is induced.

3. Conclusion


We synthesized a small library of 60 compounds based
on the known Eg5 inhibitor HR22C16. We identified
certain structural features that characterize the most po-
tent inhibitors of this class of molecules. All compounds
were screened for inhibition of Eg5 and eight other kine-
sins. Twenty two showed more than 50% inhibition of
Eg5 at 46 lM, 15 were more active than the first Eg5
inhibitor Monastrol. The other kinesins were not
significantly inhibited. For nine of the Eg5 inhibitors,
the IC50 values were determined. In most cases, the
trans-isomers were more active than the cis-isomers,
with the absolute stereochemistry at carbon C11a
being S-configured. The activity was also very much
dependent on the substituents R1 and R2. The meta-
hydroxyphenyl group seems to be important for activity.


Compound trans-24 proved to be the most active inhib-
itor of Eg5-ATPase activity with an IC50 of 0.65 lM.
This novel inhibitor has the potential for being a potent
anti-cancer drug candidate.

4. Experimental


4.1. Chemistry


All reactions were performed with commercially avail-
able reagents and they were used without further purifi-
cation. Solvents were dried by standard methods and
stored over molecular sieves. All reactions were moni-
tored by thin-layer chromatography (TLC) carried out
on Merck silica gel 60 F254 aluminum sheets and viewed
with UV light. Flash-chromatography was performed
on Merck silica gel 60. Melting points were determined

in open capillaries using a Büchi Melting Point B-540
apparatus and are uncorrected. 1H and 13C NMR spec-
tra were recorded on Varian VXR-200, Varian VXR-
300, and Bruker DRX-600 NMR spectrometers at room
temperature. The solvents stated were used as internal
standards. High-resolution (HR) mass spectra were ob-
tained with a 7 T APEX II mass spectrometer. Yields
are not optimized.


4.2. General procedure for the Pictet–Spengler reaction


To a suspension of LL- or DD-tryptophan (3 g, 14.3 mmol)
in sulfuric acid (0.1 N, 44 ml), the desired aldehyde
(2 equiv, 28.6 mmol) was added. After heating to reflux
for 4–5 h, the solid phase was filtered off, thoroughly
rinsed with diethylether, and dried in vacuo.

4.2.1. (1S,3S)-1-Phenyl-2,3,4,9-tetrahydro-1H-b-carbo-
line-3-carboxylic acid (2a). Yield: 80%, brown solid.


1H NMR (300 MHz, DMSO-d6): d = 2.95 (m, 1H,
CHaHb), 3.18 (m, 1H, CHaHb), 3.86 (m, 1H,
CHCOOH), 5.46 (s, 1H, CHPh), 6.99–7.51 (m, 9H,
ar), 10.50 (s, 1H, CNHC).


13C NMR (75 MHz, DMSO-d6): d = 24.20 (s), 57.21 (t),
57.70 (t), 108.04 (q), 111.30 (t), 117.94 (t), 118.73 (t),
121.22 (t), 126.29 (q), 128.43 (2· t), 129.13 (t), 129.60
(2· t), 132.55 (q), 136.69 (q), 138.61 (q), 172.03 (q).


HRMS (ESI, 70 eV): C18H16N2O2: calcd: 293.1285;
found: 293.1283.

4.2.2. (1R,3R)-1-Phenyl-2,3,4,9-tetrahydro-1H-b-carbo-
line-3-carboxylic acid (2b). Yield: 66%, brown solid.


1H NMR (300 MHz, DMSO-d6): d = 2.95 (m, 1H,
CHaHb), 3.18 (m, 1H, CHaHb), 3.86 (m, 1H,
CHCOOH), 5.46 (s, 1H, CHPh), 6.99–7.51 (m, 9H,
ar), 10.50 (s, 1H, CNHC).


13C NMR (75 MHz, DMSO-d6): d = 24.29 (s), 57.11 (t),
57.65 (t), 108.13 (q), 111.28 (t), 118.01 (t), 118.68 (t),
121.18 (t), 126.31 (q), 128.44 (2· t), 129.20 (t), 129.54
(2· t), 132.48 (q), 136.67 (q), 138.56 (q), 171.99 (q).


HRMS (ESI, pos.): C18H16N2O2: calcd: 293.1285;
found: 293.1283.







(a)


Scheme 5. (a): Tetrahydro-b-carboline library (1) (b): Tetrahydro-b-carboline library (2).
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4.2.3. (1S,3S)-1-(3-Hydroxyphenyl)-2,3,4,9-tetrahydro-
1H-b-carboline-3-carboxylic acid (2c). Yield: 84%,
brown solid.


1H NMR (300 MHz, DMSO-d6): d = 2.92 (m, 1H,
CHaHb), 3.21 (m, 1H, CHaHb), 3.82 (m, 1H,

CHCOOH), 5.39 (s, 1H, CHPh), 6.81–7.50 (m, 8H,
ar), 10.51 (s, 1H, CNHC).


13C NMR (75 MHz, DMSO-d6): d = 24.03 (s), 57.37 (t),
57.66 (t), 108.02 (q), 111.51 (t), 115.90 (t), 116.51 (t),
117.98 (t), 118.77 (t), 120.16 (t), 121.28 (t), 126.26 (t),







(b)


Scheme 5. (continued)


Figure 1. Eg5 inhibitors and their relative inhibition of Eg5-ATPase activity.
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129.44 (q), 132.25 (q), 136.72 (q), 139.37 (q), 157.65 (q),
171.81 (q).


HRMS (ESI, 70 eV): C18H16N2O3: calcd: 309.1234;
found: 309.1232.

4.2.4. (1R,3R)-1-(3-Hydroxyphenyl)-2,3,4,9-tetrahydro-1H-
b-carboline-3-carboxylic acid (2d). Yield: 71%, brown solid.


1H NMR (200 MHz, DMSO-d6): d = 2.86 (m, 1H,
CHaHb), 3.16 (m, 1H, CHaHb), 3.76 (m, 1H,







Figure 2. HeLa cells with normal spindle (left) and with monoasters


after treatment with trans-24 (20 lM) (right).


Table 1. IC50 values of selected Eg5 inhibitors


Compound IC50 value (lM)


cis-9a 36 ± 9.9


trans-9a 14 ± 5.8


cis-10a 21 ± 16.4


trans-10a (HR22C16) 4.3 ± 1.18


trans-24b 0.65 ± 0.30


29a 18 ± 2.5


30 13 ± 0.6a


15 ± 1.1b


33a 11 ± 5.9


34a 17 ± 2.8


a EnzChek-Assay.
bMalachite green assay.
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CHCOOH), 5.33 (s, 1H, CHPh), 6.76–7.46 (m, 8H, ar),
10.45 (s, 1H, CNHC).


13C NMR (75MHz, DMSO-d6): d = 24.25 (s), 57.19 (t),
57.65 (t), 107.86 (q), 111.40 (t), 115.65 (t), 116.24 (t), 117.82
(t), 118.62 (t), 119.95 (t), 121.09 (t), 126.26 (q), 129.33 (t),
132.70 (q), 136.61 (q), 139.99 (q), 157.53 (q), 172.02 (q).


HRMS (ESI, 70 eV): C18H16N2O3: calcd: 309.1234;
found: 309.1230.


4.2.5. (1S,3S)-1-(3-Nitrophenyl)-2,3,4,9-tetrahydro-1H-b-
carboline-3-carboxylic acid (2e). Yield: 71%, auburn solid.


1H NMR (200 MHz, DMSO-d6): d = 2.95–3.91 (m, 2H,
CHaHb), 4.13 (m, 1H, CHCOOH), 5.55 (s, 1H, CHPh),
7.00–8.34 (m, 8H, ar), 10.43 (s, 1H, CNHC).


13C NMR (75 MHz, DMSO-d6): d = 22.39 (s), 57.02 (t),
59.03 (t), 107.13 (q), 111.40 (t), 117.94 (t), 118.63 (t),
118.95 (t), 121.25 (t), 122.08 (t), 123.08 (t), 124.05
(t), 125.93 (q), 134.16 (q), 136.30 (q), 136.95 (q), 147.75
(q), 171.67 (q).


HRMS (ESI, 70 eV): C18H16N2O3: calcd: 338.1135;
found: 338.1140.


4.2.6. (1R,3R)-1-(3-Nitrophenyl)-2,3,4,9-tetrahydro-1H-b-
carboline-3-carboxylic acid (2f). Yield: 50%, auburn solid.


1H NMR (200 MHz, DMSO-d6): d = 2.92–3.89 (m, 2H,
CHaHb), 4.07 (m, 1H, CHCOOH), 5.50 (s, 1H, CHPh),
7.00–8.20 (m, 8H, ar), 10.43 (s, 1H, CNHC).

13C NMR (75 MHz, DMSO-d6): d = 24.34 (s), 57.05 (t),
57.62 (t), 107.78 (q), 111.36 (t), 115.52 (t), 116.08 (t), 117.77
(t), 118.59 (t), 119.93 (t), 121.05 (t), 126.27 (q), 129.34 (t),
132.98 (q), 136.57 (q), 140.34 (q), 157.45 (q), 172.05 (q).


HRMS (ESI, 70 eV): C18H16N2O3: calcd: 338.1135;
found: 338.1142.


4.2.7. (1S,3S)-1-(3-Bromophenyl)-2,3,4,9-tetrahydro-1H-
b-carboline-3-carboxylic acid (2g). Yield: 12%, auburn
solid.


1H NMR (300 MHz, DMSO-d6): d = 2.92–4.32 (m, 3H,
CHaHb, CHCOOH), 5.39 (s, 1H, CHPh), 6.91–7.95 (m,
8H, ar), 10.41 (s, 1H, CNHC).


13C NMR (75 MHz, DMSO-d6): d = 24.34 (s), 59.94 (t),
60.62 (t), 105.68 (q), 112.13 (t), 112.63 (t), 118.74 (t),
119.52 (t), 119.84 (t), 120.03 (t), 122.08 (t), 127.52 (q),
129.42 (t), 132.79 (q), 136.11 (q), 138.17 (q), 146.85
(q), 192.80 (q).


HRMS (ESI, 70 eV): C18H15BrN2O2: calcd: 369.0244;
found: 369.0232.


4.2.8. (1R,3R)-1-(3-Bromophenyl)-2,3,4,9-tetrahydro-
1H-b-carboline-3-carboxylic acid (2h). Yield: 22%, au-
burn solid.


1H NMR (300 MHz, DMSO-d6): d = 2.92–4.32 (m, 3H,
CHaHb, CHCOOH), 5.39 (s, 1H, CHPh), 6.91–7.95 (m,
8H, ar), 10.41 (s, 1H, CNHC).


13C NMR (75 MHz, DMSO-d6): d = 24.26 (s), 60.45 (t),
61.32 (t), 105.97 (q), 111.23 (t), 112.63 (t), 118.11 (t), 118.33
(t), 118.44 (t), 119.89 (t), 122.37 (t), 127.73 (q), 129.22 (t),
132.83 (q), 136.33 (q), 138.12 (q), 146.95 (q), 191.91 (q).


HRMS (ESI, 70 eV): C18H16N2O3: 369.0244; found:
369.0237.


4.2.9. (1S,3S)-1-(3,4-Dihydroxyphenyl)-2,3,4,9-tetra-
hydro-1H-b-carboline-3-carboxylic acid (2i). Yield: 46%,
brown solid.


1H NMR (200 MHz, DMSO-d6): d = 3.02 (m, 1H,
CHaHb), 3.32 (m, 1H, CHaHb), 3.89 (m, 1H,
CHCOOH), 5.53 (s, 1H, CHPh), 6.62–7.53 (m, 7H,
ar), 10.53 (s, 1H, CNHC).


13C NMR (50 MHz, DMSO-d6): d = 23.94 (s), 55.00 (t),
58.08 (t), 107.82 (q), 112.21 (t), 116.34 (t), 117.90 (t),
118.11 (t), 118.81 (t), 119.51 (t), 121.70 (t), 126.73 (q),
131.88 (q), 137.24 (q), 137.42 (q), 145.96 (q), 146.10
(q), 171.71 (q).


HRMS (ESI, 70 eV): C18H16N2O4: calcd: 323.1037
[M�H]�; found: 323.1035.


4.2.10. (1R,3R)-1-(3,4-Dihydroxyphenyl)-2,3,4,9-tetra-
hydro-1H-b-carboline-3-carboxylic acid (2j). Yield: 39%,
brown solid.
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1H NMR (200 MHz, DMSO-d6): d = 3.02 (m, 1H,
CHaHb), 3.27 (m, 1H, CHaHb), 3.84 (m, 1H,
CHCOOH), 5.55 (s, 1H, CHPh), 6.62–7.53 (m, 7H,
ar), 10.58 (s, 1H, CNHC).


13C NMR (50 MHz, DMSO-d6): d = 22.82 (s), 56.02 (t),
57.59 (t), 104.66 (q), 111.24 (t), 114.66 (t), 115.09 (t),
117.98 (t), 118.69 (t), 118.78 (t), 121.22 (t), 125.88 (q),
131.37 (q), 135.36 (q), 136.58 (q), 144.25 (q), 144.87 (q),
171.66 (q).


HRMS (ESI, 70 eV): C18H16N2O4: calcd: 323.1037
[M�H]�; found: 323.1033.


4.3. General procedure for the synthesis of the tetrahydro-
b-carbolines


To a solution of the desired tetrahydro-b-carboline-3-
carboxylic acid 2 (12 mmol) in a mixture of acetone
(40 ml) and DMSO (17 ml), the corresponding isocya-
nate or isothiocyanate (12 mmol, 1 equiv) was added
and heated to reflux. After 2 h, the progress of the reac-
tion was monitored by TLC and prolonged for another
2 h if necessary. Finally, the mixture is hydrolyzed with
water and extracted three times with dichloromethane.
The combined organic layers were washed with water,
dried, and concentrated in vacuo.


In case of the isothiocyanates, the product is trans.
When using isocyanates, the result is either exclusively
cis-product or a mixture of cis and trans. In the latter
case, purification by column chromatography (silica
gel, hexane/ethyl acetate 1:2) is necessary.


In case the sole product is cis-configured, the trans-prod-
uct may be obtained as follows.


To a solution of cis-product (10.8 mmol) in acetonitrile
(150 ml), potassium carbonate (14 mmol, 1.3 equiv)
was added and stirred under reflux for 2 h. When the
reaction was finished (monitored by TLC), the reaction
mixture was filtered, the filtrate was concentrated
in vacuo.


The Rf-values for the trans-products are generally lower
than for the cis-products.


4.3.1. (5S,11aS)-2-Butyl-5-phenyl-6H-1,2,3,5,11,11a-hexa-
hydro-imidazo[1,5-b]-b-carboline-1,3-dione cis-3. Yield:
63%, brown solid.


TM = 195 �C.


1H NMR (600 MHz, DMSO-d6): d = 0.92 (t, J = 7.5 Hz,
3H, CH3), 1.33 (m, 2H, CH2CH3), 1.60 (m, 2H,
CH2CH2CH3), 3.07 (m, 1H, CHaHb), 3.48 (m, 2H,
NCH2), 3.53 (m, 1H, CHaHb), 4.39 (dd, J1 = 4.6 Hz,
J2 = 11.4 Hz, 1H, CHC(O)N), 5.80 (s, 1H, CHPh),
7.17–7.59 (m, 9H, ar), 10.77 (s, 1H, NH).


13C NMR (151 MHz, DMSO-d6): d = 13.72 (p), 20.12
(s), 22.69 (s), 30.23 (s), 38.63 (s), 56.89 (t), 58.06 (t),
107.13 (q), 111.35 (t), 118.61 (t), 120.30 (t), 122.88 (t),

126.38 (q), 127.90 (2· t), 128.75 (t), 128.99 (2· t),
133.68 (q), 136.94 (q), 138.89 (q), 154.93 (q), 171.81 (q).


HRMS (ESI): C23H23N3O2: calcd: 374.1863 [M+H]+;
found: 374.1865.


4.3.2. (5S,11aR)-2-Butyl-5-phenyl-6H-1,2,3,5,11,11a-
hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione trans-3.
Yield: 30%, brown solid.


TM = 111 �C.


1H NMR (600 MHz, DMSO-d6): d = 0.87 (t, J = 7.5 Hz,
3H, CH3), 1.25 (m, 2H, CH2CH3), 1.51 (m, 2H,
CH2CH2CH3), 2.81 (m, 1H, CHaHb), 3.39 (m, 1H,
CHaHb), 3.41 (m, 2H, NCH2), 4.59 (dd, J1 = 5.6 Hz,
J2 = 11.1 Hz, 1H, CHC(O)N), 6.23 (s, 1H, CHPh),
7.03–7.54 (m, 9H, ar), 10.87 (s, 1H, NH).


13C NMR (151 MHz, DMSO-d6): d = 13.46 (p), 19.36
(s), 22.72 (s), 29.64 (s), 37.67 (s), 51.53 (t), 52.88 (t),
105.98 (q), 111.37 (t), 118.20 (t), 118.84 (t), 121.68 (t),
125.77 (q), 127.78 (2· t), 128.11 (t), 128.72 (2· t),
131.23 (q), 136.70 (q), 140.13 (q), 154.38 (q), 172.65 (q).


HRMS (ESI): C23H23N3O2: calcd: 374.1863 [M+H]+;
found: 374.1860.


4.3.3. (5R,11aR)-2-Butyl-5-phenyl-6H-1,2,3,5,11,11a-
hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione cis-4.
Yield: 73%, brown solid.


Overall yield for both enantiomers: 93%.


TM = 201 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.89 (t, J = 7.3 Hz,
3H, CH3), 1.29 (m, 2H, CH2CH3), 1.50 (m, 2H,
CH2CH2CH3), 3.03 (m, 1H, CHaHb), 3.30–3.38 (m,
3H, NCH2, CHaHb), 4.58 (dd, J1 = 4.3 Hz,
J2 = 11.3 Hz, 1H, CHC(O)N), 5.89 (s, 1H, CHPh),
6.97–7.59 (m, 9H, ar), 10.77 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 14.22 (p), 20.07 (s),
22.56 (s), 30.40 (s), 38.14 (s), 56.42 (t), 58.26 (t), 105.74
(q), 112.02 (t), 118.90 (t), 119.54 (t), 122.13 (t), 126.62
(q), 128.08 (2· t), 128.73 (t), 128.94 (2· t), 135.51 (q),
137.42 (q), 141.58 (q), 154.91 (q), 172.44 (q).


HRMS (ESI): C23H23N3O2: calcd: 396.1683 [M+Na]+;
found: 374.1685.


4.3.4. (5S,11aR)-2-Butyl-5-phenyl-6H-1,2,3,5,11,11a-
hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione trans-4.
Yield: 30%, brown solid.


Overall yield for both enantiomers: 93%.


TM = 95 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.89 (t, J = 7.5 Hz,
3H, CH3), 1.24 (m, 2H, CH2CH3), 1.52 (m, 2H,
CH2CH2CH3), 2.83 (m, 1H, CHaHb), 3.37–3.47 (m,
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3H, CHaHb, NCH2), 4.62 (dd, J1 = 5.8 Hz, J2 = 11.0 Hz,
1H, CHC(O)N), 6.25 (s, 1H, CHPh), 7.02–7.59 (m, 9H,
ar), 10.93 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 14.21 (p), 20.11 (s),
23.47 (s), 30.39 (s), 38.41 (s), 52.27 (t), 53.61 (t), 106.73
(q), 112.12 (t), 118.95 (t), 119.58 (t), 122.41 (t), 126.51
(q), 128.54 (2· t), 128.85 (t), 129.46 (2· t), 131.96 (q),
137.44 (q), 140.89 (q), 155.11 (q), 173.38 (q).


HRMS (ESI): C23H23N3O2: calcd: 396.1683 [M+Na]+;
found: 396.1681.


4.3.5. (5S,11aS)-2-Ethyl-5-(3-hydroxyphenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione cis-
5. Yield: 84%, brown solid.


TM = 142 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.11 (t, J = 7.2 Hz,
3H, CH3), 3.01 (m, 1H, CHaHb), 3.36 (m, 1H, CHaHb),
3.40 (m, 2H, NCH2), 4.52 (dd, J1 = 4.5 Hz, J2 = 11.7 Hz,
1H, CHC(O)N), 5.78 (s, 1H, CHPh), 6.62–7.58 (m, 8H,
ar), 9.32 (s, 1H, OH), 10.75 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 13.37 (p), 21.80 (s),
32.75 (s), 55.69 (t), 57.63 (t), 104.90 (q), 111.32 (t),
114.20 (t), 114.45 (t), 118.13 (t), 118.21 (t), 118.82 (t),
121.39 (t), 125.88 (q), 129.18 (t), 134.85 (q), 136.66 (q),
142.14 (q), 153.96 (q), 157.20 (q), 171.47 (q).


HRMS (ESI): C21H19N3O3: calcd: 362.1499 [M+H]+;
found: 362.1500.


4.3.6. (5S,11aR)-2-Ethyl-5-(3-hydroxyphenyl)-6H-1,2,3,
5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-5. Yield: 84%, brown solid.


TM = 165 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.13 (t, J = 7.2 Hz,
3H, CH3), 2.83 (m, 1H, CHaHb), 3.35 (m, 1H, CHaHb),
3.45 (m, 2H, NCH2), 4.47 (dd, J1 = 5.6 Hz, J2 = 10.9 Hz,
1H, CHC(O)N), 6.10 (s, 1H, CHPh), 6.62–7.56 (m, 8H,
ar), 10.96 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 13.27 (p), 22.62 (s),
35.73 (s), 51.52 (t), 52.74 (t), 105.70 (q), 111.32 (t),
115.32 (t), 115.67 (t), 118.04 (t), 118.69 (t), 121.51 (t),
125.75 (t), 129.38 (t), 131.48 (q), 136.61 (q), 141.03 (q),
153.97 (q), 160.09 (q), 162.24 (q), 172.37 (q).


HRMS (ESI): C21H19N3O3: calcd: 400.1058 [M+K]+;
found: 400.1063.


4.3.7. (5R,11aR)-2-Ethyl-5-(3-hydroxyphenyl)-6H-1,2,3,
5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-6. Yield: 87%, pale yellow solid.


TM = 234 �C.


1H NMR (200 MHz, DMSO-d6): d = 1.06 (t, J = 7.2 Hz,
3H, CH3), 2.95 (m, 1H, CHaHb), 3.28 (m, 1H, CHaHb),

3.39 (m, 2H, NCH2), 4.49 (dd, J1 = 4.0 Hz, J2 = 11.2 Hz,
1H, CHC(O)N), 5.73 (s, 1H, CHPh), 6.59–7.54 (m, 8H,
ar), 9.27 (s, 1H, OH), 10.70 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 13.34 (p), 21.81
(s), 32.73 (s), 55.69 (t), 57.61 (t), 104.89 (q), 111.29
(t), 114.17 (t), 114.42 (t), 118.07 (t), 118.18 (t), 118.78
(t), 121.35 (t), 125.85 (q), 129.11 (t), 134.82 (q),
136.64 (q), 142.07 (q), 153.91 (q), 157.15 (q), 171.40
(q).

HRMS (ESI): C21H19N3O3: calcd: 362.1499 [M+H]+;
found: 362.1502.


4.3.8. (5R,11aS)-2-Ethyl-5-(3-hydroxyphenyl)-6H-1,2,3,
5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-6. Yield: 90%, brown solid.


TM = 170 �C.


1H NMR (200 MHz, DMSO-d6): d = 1.13 (t, J = 7.2 Hz,
3H, CH3), 2.83 (m, 1H, CHaHb), 3.34 (m, 1H, CHaHb),
3.45 (m, 2H, NCH2), 4.47 (dd, J1 = 5.9 Hz, J2 = 10.9 Hz,
1H, CHC(O)N), 6.10 (s, 1H, CHPh), 6.58–7.56 (m, 8H,
ar), 10.96 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 14.00 (p), 23.33 (s),
33.68 (s), 52.29 (t), 53.47 (t), 106.37 (q), 112.07 (t),
116.22 (t), 116.57 (t), 116.68 (t), 118.77 (t), 119.43 (t),
122.22 (t), 126.48 (q), 130.05 (t), 132.31 (q), 137.34 (q),
141.71 (q), 154.70 (q), 161.49 (q), 173.16 (q).


HRMS (ESI): C21H19N3O3: calcd: 400.1058 [M+K]+;
found: 400.1060.

4.3.9. (5S,11aS)-5-(3-Hydroxyphenyl)-2-propyl-6H-1,2,3,
5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-7. Yield: 89%, yellow solid.


TM = 92 �C.


1H NMR (200 MHz, DMSO-d6): d = 0.81 (t, J = 7.8 Hz,
3H, CH3), 1,49 (m, 2H, CH2CH3), 2.89 (m, 1H,
CHaHb), 3.27 (m, 1H, CHaHb), 3.30 (m, 2H, NCH2),
4.51 (dd, J1 = 4.4 Hz, J2 = 11.6 Hz, 1H, CHC(O)N),
5.74 (s, 1H, CHPh), 6.59–7.54 (m, 8H, ar), 9.27 (s, 1H,
OH), 10.72 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 11.12 (p), 21.04 (s),
23.30 (s), 39.38 (s), 55.69 (t), 57.54 (t), 104.87 (q), 111.35
(t), 114.17 (t), 114.45 (t), 118.15 (2· t), 118.85 (t), 121.42
(t), 125.91 (q), 129.20 (t), 134.90 (q), 136.68 (q), 142.20
(q), 154.16 (q), 157.23 (q), 171.80 (q).


HRMS (ESI): C22H21N3O3: calcd: 398.1475 [M+Na]+;
found: 398.1478.

4.3.10. (5S,11aR)-5-(3-Hydroxyphenyl)-2-propyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-7. Yield: 87%, brown solid.


TM = 120 �C.
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1H NMR (200 MHz, DMSO-d6): d = 0.85 (t, J = 8.2 Hz,
3H, CH3), 1,55 (m, 2H, CH2CH3), 2.90 (m, 1H,
CHaHb), 3.27 (m, 1H, CHaHb), 3.43 (m, 2H, NCH2),
4.51 (dd, J1 = 5.6 Hz, J2 = 10.9 Hz, 1H, CHC(O)N),
6.16 (s, 1H, CHPh), 6.73–7.59 (m, 8H, ar), 9.50 (s, 1H,
OH), 10.97 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 11.05 (p), 20.96 (s),
22.78 (s), 51.34 (s), 52.70 (t), 54.86 (t), 105.96 (q), 111.35
(t), 114.71 (t), 115.05 (t), 118.13 (t), 118.38 (t), 118.78 (t),
121.62 (t), 125.75 (q), 129.71 (t), 131.16 (q), 136.64 (q),
141.34 (q), 154.25 (q), 157.58 (q), 172.59 (q).


HRMS (ESI): C22H21N3O3: calcd: 376.1656 [M+H]+;
found: 376.1660.

4.3.11. (5R,11aR)-5-(3-Hydroxyphenyl)-2-propyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-8. Yield: 85%, yellow solid.


TM = 110 �C.


1H NMR (200 MHz, DMSO-d6): d = 0.81 (t, J = 7.8 Hz,
3H, CH3), 1,50 (m, 2H, CH2CH3), 2.92 (m, 1H,
CHaHb), 3.30 (m, 1H, CHaHb), 3.33 (m, 2H, NCH2),
4.51 (dd, J1 = 4.4 Hz, J2 = 11.4 Hz, 1H, CHC(O)N),
5.74 (s, 1H, CHPh), 6.58–7.54 (m, 8H, ar), 9.27 (s, 1H,
OH), 10.71 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 11.12 (p), 21.04 (s),
23.30 (s), 38.95 (s), 55.68 (t), 57.53 (t), 104.86 (q), 111.34
(t), 114.16 (t), 114.45 (t), 118.15 (2· t), 118.84 (t), 121.42
(t), 125.90 (q), 129.20 (t), 134.89 (q), 136.67 (q), 142.21
(q), 154.15 (q), 157.23 (q), 171.80 (q).


HRMS (ESI): C22H21N3O3: calcd: 398.1475 [M+Na]+;
found: 398.1479.

4.3.12. (5R,11aS)-5-(3-Hydroxyphenyl)-2-propyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-8. Yield: 78%, brown solid.


TM = 103 �C.


1H NMR (200 MHz, DMSO-d6): d = 0.85 (t, J = 8.2 Hz,
3H, CH3), 1.59 (m, 2H, CH2CH3), 2.89 (m, 1H,
CHaHb), 3.30–3.45 (m, 3H, CHaHb, NCH2), 4.51 (dd,
J1 = 5.5 Hz, J2 = 10.6 Hz, 1H, CHC(O)N), 6.15 (s, 1H,
CHPh), 6.70–7.58 (m, 8H, ar), 10.96 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 11.75 (p), 21.66 (s),
23.94 (s), 52.10 (s), 53.42 (t), 106.60 (q), 112.08 (t),
115.61 (t), 115.96 (t), 118.53 (t), 118.84 (t), 119.50 (t),
122.32 (t), 126.47 (q), 130.36 (t), 131.99 (q), 137.35 (q),
141.99 (q), 154.97 (q), 159.04 (q), 173.37 (q).


HRMS (ESI): C22H21N3O3: calcd: 376.1656 [M+H]+;
found: 376.1649.

4.3.13. (5S,11aS)-2-Butyl-5-(3-hydroxyphenyl)-6H-1,2,3,
5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-9. Yield: 86%, brown solid.

TM = 225 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.89 (t, J = 7.5 Hz,
3H, CH3), 1.28 (m, 2H, CH2CH3), 1.52 (m, 2H,
CH2CH2CH3), 3.00 (m, 1H, CHaHb), 3.39 (m, 1H,
CHaHb), 3.41 (m, 2H, NCH2), 4.58 (dd, J1 = 4.5 Hz,
J2 = 11.4 Hz, 1H, CHC(O)N), 5.76 (s, 1H, CHPh),
6.70–7.58 (m, 8H, ar), 9.33 (s, 1H, OH), 10.87 (s, 1H,
NH).


13C NMR (75 MHz, DMSO-d6): d = 13.46 (p), 19.36 (s),
22.78 (s), 29.64 (s), 37.49 (s), 56.42 (t), 58.06 (t), 107.98
(q), 111.37 (t), 115.26 (t), 115.35 (t), 118.20 (t), 118.84
(t), 118.86 (t), 121.72 (t), 125.54 (q), 129.54 (t), 131.11
(q), 136.68 (q), 139.98 (q), 154.08 (q), 157.65 (q),
172.62 (q).


HRMS (ESI): C23H23N3O3: calcd: 412.1632 [M+Na]+;
found: 412.1635.


4.3.14. (5S,11aR)-2-Butyl-5-(3-hydroxyphenyl)-6H-1,2,3,
5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-9. Yield: 84%, brown solid.


TM = 118 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.84 (t, J = 6.8 Hz,
3H, CH3), 1.25 (m, 2H, CH2CH3), 1.49 (m, 2H,
CH2CH2CH3), 2.75 (m, 1H, CHaHb), 3.30 (m, 1H,
CHaHb), 3.42 (m, 2H, NCH2), 4.41 (dd, J1 = 5.7 Hz,
J2 = 10.8 Hz, 1H, CHC(O)N), 6.04 (s, 1H, CHPh),
6.50–7.51 (m, 8H, ar), 9.33 (s, 1H,OH), 10.91 (s, 1H,NH).


13C NMR (75 MHz, DMSO-d6): d = 13.46 (p), 19.36 (s),
22.78 (s), 29.64 (s), 37.49 (s), 51.42 (t), 52.06 (t), 105.98
(q), 111.37 (t), 115.26 (t), 115.35 (t), 118.20 (t), 118.84
(t), 118.86 (t), 121.72 (t), 125.54 (q), 129.54 (t), 131.11
(q), 136.68 (q), 139.98 (q), 154.08 (q), 157.65 (q),
172.62 (q).


HRMS (ESI): C23H23N3O3: calcd: 412.1632 [M+Na]+;
found: 412.1628.


4.3.15. (5R,11aR)-2-Butyl-5-(3-hydroxyphenyl)-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-10. Yield: 88%, yellow solid.


TM = 134 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.90 (t, J = 7.5 Hz,
3H, CH3), 1.30 (m, 2H, CH2CH3), 1.52 (m, 2H,
CH2CH2CH3), 2.99 (m, 1H, CHaHb), 3.39 (m, 1H,
CHaHb), 3.41 (t, J = 6.9 Hz, 2H, NCH2), 4.53 (dd,
J1 = 4.2 Hz, J2 = 10.6 Hz, 1H, CHC(O)N), 5.79 (s, 1H,
CHPh), 6.64–7.59 (m, 8H, ar), 9.33 (s, 1H, OH), 10.77
(s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 13.50 (p), 19.35 (s),
21.89 (s), 29.70 (s), 32.22 (t), 37.42 (s), 55.67 (t), 57.52
(t), 104.85 (q), 111.33 (t), 114.17 (t), 114.43 (t), 118.14
(t), 118.82 (t), 121.39 (t), 125.88 (q), 129.16 (t), 134.87
(q), 136.65 (q), 142.17 (q), 154.11 (q), 157.22 (q),
171.73 (q).
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HRMS (ESI): C23H23N3O3: calcd: 412.1632 [M+Na]+;
found: 412.1629.

4.3.16. (5R,11aS)-2-Butyl-5-(3-hydroxyphenyl)-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-10. Yield: quant., brown solid.


TM = 107 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.89 (t, J = 7.9 Hz,
3H, CH3), 1.22 (m, 2H, CH2CH3), 1.51 (m, 2H,
CH2CH2CH3), 2.83 (m, 1H, CHaHb), 3.30 (m, 1H,
CHaHb), 3.42 (m, 2H, NCH2), 4.41 (dd, J1 = 5.8 Hz,
J2 = 10.9 Hz, 1H, CHC(O)N), 6.04 (s, 1H, CHPh),
6.50–7.51 (m, 8H, ar), 9.33 (s, 1H, OH), 10.91 (s, 1H,
NH).


13C NMR (75 MHz, DMSO-d6): d = 14.21 (p), 20.13 (s),
23.51 (s), 32.94 (s), 38.42 (s), 52.13 (t), 53.45 (t), 106.66
(q), 112.12 (t), 115.62 (t), 115.96 (t), 118.74 (t), 118.89
(t), 119.53 (t), 122.36 (t), 126.51 (q), 130.41 (t), 132.01
(q), 137.40 (q), 142.06 (q), 154.99 (q), 158.92 (q),
173.35 (q).


HRMS (ESI): C23H23N3O3: calcd: 412.1632 [M+Na]+;
found: 412.1632.

4.3.17. (5S,11aS)-5-(3-Hydroxyphenyl)-2-pentyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-11. Yield: 87%, pale yellow solid.


TM = 201 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.87 (m, 3H, CH3),
1.22–1.38 (m, 4H, CH2CH2CH3), 1.53 (m, 2H, CH2),
2.99 (m, 1H, CHaHb), 3.35 (m, 3H, NCH2, CHaHb),
4.55 (dd, J1 = 4.5 Hz, J2 = 11.4 Hz, 1H, CHC(O)N),
5.79 (s, 1H, CHPh), 6.64–7.58 (m, 8H, ar), 9.32 (s, 1H,
OH), 10.77 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.83 (p), 21.66 (s),
21.93 (s), 27.24 (s), 28.27 (s), 37.49 (s), 55.65 (t), 57.50
(t), 104.82 (q), 111.32 (t), 114.17 (t), 114.42 (t), 118.11
(2· t), 118.81 (t), 121.38 (t), 125.38 (q), 129.14 (t),
134.87 (q), 136.66 (q), 142.18 (q), 154.09 (q), 157.22
(q), 171.71 (q).

HRMS (ESI): C24H25N3O3: calcd: 404.1969 [M+H]+;
found: 404.1973.


4.3.18. (5S,11aR)-5-(3-Hydroxyphenyl)-2-pentyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-11. Yield: 93%, brown solid.


TM = 83 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.81 (m, 3H, CH3),
1.22–1.36 (m, 4H, CH2CH2CH3), 1.51 (m, 2H, CH2),
2.78 (m, 1H, CHaHb), 2.95 (m, 1H, CHaHb), 3.39 (m,
2H, NCH2), 4.46 (dd, J1 = 5.8 Hz, J2 = 11.0 Hz, 1H,
CHC(O)N), 6.13 (s, 1H, CHPh), 6.70–7.54 (m, 8H,
ar), 9.46 (s, 1H, OH), 10.93 (s, 1H, NH).

13C NMR (50 MHz, DMSO-d6): d = 13.79 (p), 21.64 (s),
21.92 (s), 22.78 (s), 37.95 (s), 51.36 (t), 52.71 (t), 106.00
(q), 111.40 (t), 114.75 (t), 115.08 (t), 118.18 (t), 118.42
(t), 118.82 (t), 121.66 (t), 125.78 (q), 129.75 (t), 131.20
(q), 136.68 (q), 141.38 (q), 154.26 (q), 157.63 (q),
172.58 (q).


HRMS (ESI): C24H25N3O3: calcd: 404.1969 [M+H]+;
found: 404.1972.


4.3.19. (5R,11aR)-5-(3-Hydroxyphenyl)-2-pentyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-12. Yield: 83%, pale yellow solid.


TM = 200 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.85 (m, 3H, CH3),
1.23–1.37 (m, 4H, CH2CH2CH3), 1.53 (m, 2H, CH2),
2.99 (m, 1H, CHaHb), 3.35 (m, 3H, NCH2, CHaHb),
4.55 (dd, J1 = 4.4 Hz, J2 = 11.6 Hz, 1H, CHC(O)N),
5.78 (s, 1H, CHPh), 6.63–7.59 (m, 8H, ar), 9.31 (s, 1H,
OH), 10.76 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 13.86 (p), 21.68 (s),
21.96 (s), 27.26 (s), 28.28 (s), 37.68 (s), 55.66 (t), 57.52
(t), 104.83 (q), 111.34 (t), 114.17 (t), 114.43 (t), 118.15
(2· t), 118.83 (t), 121.40 (t), 125.89 (q), 129.17 (t),
134.88 (q), 136.66 (q), 142.20 (q), 154.11 (q), 157.23
(q), 171.73 (q).


HRMS (ESI): C24H25N3O3: calcd: 426.1788 [M+Na]+;
found: 426.1784.


4.3.20. (5R,11aS)-5-(3-Hydroxyphenyl)-2-pentyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-12. Yield: 93%, pale yellow solid.


TM = 81 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.86 (m, 3H, CH3),
1.22–1.40 (m, 4H, CH2CH2CH3), 1.58 (m, 2H, CH2), 2.83
(m, 1H, CHaHb), 3.40 (m, 3H, CHaHb, NCH2), 4.51 (dd,
J1 = 5.7 Hz, J2 = 10.8 Hz, 1H, CHC(O)N), 6.17 (s, 1H,
CHPh), 6.74–7.58 (m, 8H, ar), 10.98 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 13.80 (p), 21.67 (s),
22.80 (s), 27.25 (s), 28.31 (s), 37.97 (s), 51.40 (t), 52.74
(t), 105.99 (q), 111.41 (t), 114.84 (t), 115.17 (t), 118.19
(t), 118.27 (t), 118.83 (t), 121.67 (t), 125.80 (q), 129.75
(t), 131.25 (q), 136.70 (q), 141.38 (q), 154.27 (q),
157.89 (q), 172.61 (q).


HRMS (ESI): C24H25N3O3: calcd: 426.1788 [M+Na]+;
found: 426.1784.


4.3.21. (5R,11aS)-2-Ethyl-5-(3-nitrophenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-13. Yield: 21%, yellow solid.


TM = 91 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.10 (t, J = 7.2 Hz,
3H, CH3), 3.17 (m, 1H, CHaHb), 3.45 (m, 1H, CHaHb),
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3.49 (m, 2H, NCH2), 4.60 (dd, J1 = 5.2 Hz, J2 = 11.0 Hz,
1H, CHC(O)N), 6.13 (s, 1H, CHPh), 7.03–8.12 (m, 8H,
ar), 10.86 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.31 (p), 21.59 (s),
32.83 (s), 54.87 (t), 57.47 (t), 105.76 (q), 111.37 (t),
118.42 (t), 119.00 (t), 121.74 (t), 122.60 (t), 122.73 (t),
125.82 (q), 129.93 (t), 133.58 (t), 134.17 (q), 136.83 (q),
142.86 (q), 147.62 (q), 154.35 (q), 171.43 (q).


HRMS (ESI): C21H18N4O4: calcd: 391.1401 [M+H]+;
found: 391.1399.


4.3.22. (5S,11aR)-2-Ethyl-5-(3-nitrophenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-13. Yield: 21%, dark yellow solid.


TM = 109 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.13 (t, J = 7.3 Hz,
3H, CH3), 2.86 (m, 1H, CHaHb), 3.35 (m, 1H, CHaHb),
3.48 (m, 2H, NCH2), 4.47 (dd, J1 = 5.4 Hz, J2 = 10.8 Hz,
1H, CHC(O)N), 6.44 (s, 1H, CHPh), 7.04–7.96 (m, 8H,
ar), 10.94 (s, 1H, NH).


13C NMR (600 MHz, DMSO-d6): d = 13.18 (p), 22.36
(s), 33.00 (s), 50.87 (t), 53.14 (t), 106.47 (q), 111.38 (t),
118.31 (t), 118.93 (t), 121.86 (t), 122.63 (t), 123.08 (t),
125.66 (q), 130.22 (t), 130.34 (t), 134.44 (q), 136.73 (q),
142.05 (q), 147.85 (q), 154.42 (q), 172.27 (q).


HRMS (ESI): C21H18N4O4: calcd: 391.1401 [M+H]+;
found: 391.1404.


4.3.23. (5R,11aR)-2-Ethyl-5-(3-nitrophenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-14. Yield: 21%, yellow solid.


TM = 92 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.11 (t, J = 7.3 Hz,
3H, CH3), 3.12 (m, 1H, CHaHb), 3.38 (m, 1H, CHaHb),
3.43 (m, 2H, NCH2), 4.60 (dd, J1 = 5.4 Hz, J2 = 10.8 Hz,
1H, CHC(O)N), 6.12 (s, 1H, CHPh), 7.03–8.34 (m, 8H,
ar), 10.84 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.26 (p), 21.62 (s),
32.81 (s), 54.89 (t), 57.45 (t), 105.74 (q), 111.33 (t),
114.58 (t), 118.35 (t), 118.95 (t), 121.70 (t), 122.53 (t),
122.70 (t), 125.79 (t), 129.84 (t), 130.87 (q), 133.53 (q),
136.82 (q), 142.81 (q), 147.60 (q), 154.30 (q), 171.34 (q).


HRMS (ESI): C21H18N4O4: calcd: 413.1220 [M+Na]+;
found: 413.1218.


4.3.24. (5R,11aS)-2-Ethyl-5-(3-nitrophenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-14. Yield: 21%, yellow solid.


TM = 86 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.14 (t, J = 7.3 Hz,
3H, CH3), 2.86 (m, 1H, CHaHb), 3.35 (m, 1H, CHaHb),

3.48 (m, 2H, NCH2), 4.70 (dd, J1 = 5.4 Hz, J2 = 10.8 Hz,
1H, CHC(O)N), 6.45 (s, 1H, CHPh), 7.07–8.26 (m, 8H,
ar), 10.93 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.25 (p), 22.42 (s),
33.08 (s), 50.95 (t), 53.23 (t), 106.55 (q), 111.46 (t),
118.37 (t), 118.99 (t), 121.92 (t), 122.73 (t), 123.14 (t),
125.73 (t), 130.29 (t), 130.40 (q), 134.52 (q), 136.81 (q),
142.14 (q), 147.92 (q), 154.50 (q), 172.35 (q).


HRMS (ESI): C21H18N4O4: calcd: 413.1220 [M+Na]+;
found: 413.1219.


4.3.25. (5S,11aS)-5-(3-Bromophenyl)-2-ethyl-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-15. Yield: 22%, brown solid.


TM = 137 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.10 (t, J = 7.3 Hz,
3H, CH3), 3.05 (m, 1H, CHaHb), 3.30–4.51 (m, 3H,
CHaHb, NCH2), 4.55 (m, 1H, CHC(O)N), 5.90 (s, 1H,
CHPh), 6.90–7.61 (m, 8H, ar), 10.81 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.46 (p), 22.59 (s),
37.49 (s), 56.42 (t), 58.06 (t), 107.13 (q), 111.27 (t),
115.36 (t), 115.35 (t), 118.17 (t), 118.84 (t), 118.68 (t),
121.72 (t), 125.54 (q), 129.54 (t), 131.11 (q), 136.68 (q),
141.88 (q), 154.08 (q), 154.57 (q), 172.62 (q).


HRMS (ESI): C21H18BrN3O2: calcd: 424.0655 [M+H]+;
found: 424.0663.


4.3.26. (5S,11aR)-5-(3-Bromophenyl)-2-ethyl-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-15. Yield: 35%, brown solid.


TM = 116 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.13 (t, J = 7.3 Hz,
3H, CH3), 2.81 (m, 1H, CHaHb), 3.24 (m, 1H, CHaHb),
3.50 (m, 2H, NCH2), 4.67 (dd, J1 = 4.4 Hz, J2 = 11.4 Hz,
1H, CHC(O)N), 6.24 (s, 1H, CHPh), 7.01–7.96 (m, 8H,
ar), 10.91 (s, 1H, NH).


13C NMR (600 MHz, DMSO-d6): d = 13.46 (p), 22.59
(s), 37.49 (s), 51.42 (t), 52.06 (t), 105.98 (q), 111.27 (t),
115.36 (t), 115.35 (t), 118.17 (t), 118.84 (t), 118.68 (t),
121.72 (t), 125.54 (q), 129.54 (t), 131.11 (q), 136.68 (q),
139.98 (q), 154.08 (q), 157.47 (q), 172.62 (q).


HRMS (ESI): C21H18BrN3O2 H+: calcd: 424.0655
[M+H]+; found: 424.0663.


4.3.27. (5R,11aR)-5-(3-Bromophenyl)-2-ethyl-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-16. Yield: 8%, brown solid.


TM = 120 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.11 (t, J = 7.3 Hz,
3H, CH3), 3.05 (m, 1H, CHaHb), 3.30–3.44 (m, 3H,
CHaHb, NCH2), 4.57 (dd, J1 = 4.0 Hz, J2 = 10.8 Hz,
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1H, CHC(O)N), 5.91 (s, 1H, CHPh), 6.97–7.62 (m, 8H,
ar), 10.81 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.30 (p), 21.60 (s),
32.78 (s), 55.04 (t), 57.54 (t), 105.45 (q), 111.32 (t),
118.26 (t), 118.88 (t), 121.34 (t), 121.56 (t), 125.80 (t),
126.39 (t), 130.30 (q), 130.35 (t), 130.43 (q), 133.97 (q),
136.73 (q), 143.28 (q), 154.12 (q), 171.36 (q).


HRMS (ESI): C21H18BrN3O2: calcd: 424.0655 [M+H]+;
found: 424.0661.


4.3.28. (5R,11aS)-5-(3-Bromophenyl)-2-ethyl-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-16. Yield: 95%, brown solid.


TM = 225 �C.


1H NMR (200 MHz, DMSO-d6): d = 1.08 (t, J = 7.0 Hz,
3H, CH3), 2.79 (m, 1H, CHaHb), 3.38–3.48 (m, 3H,
CHaHb, NCH2), 4.63 (dd, J1 = 5.6 Hz, J2 = 10.6 Hz,
1H, CHC(O)N), 6.20 (s, 1H, CHPh), 6.97–7.55 (m,
8H, ar), 10.87 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 14.00 (p), 23.19 (s),
33.77 (s), 51.80 (t), 53.82 (t), 107.01 (q), 112.19 (t),
119.03 (t), 119.65 (t), 122.55 (t), 122.71 (t), 126.47 (t),
127.71 (t), 131.32 (q), 131.38 (t), 131.69 (q), 131.81 (q),
137.50 (q), 143.44 (q), 155.11 (q), 173.15 (q).


HRMS (ESI): C21H18BrN3O2: calcd: 446.0475
[M+Na]+; found: 446.0480.


4.3.29. (5S,11aS)-2-Butyl-5-(3-nitrophenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-17. Yield: 23%, dark yellow solid.


TM = 97 �C.


1H NMR (200 MHz, DMSO-d6): d = 0.83 (t, J = 7 Hz,
3H, CH3), 1.24 (m, 2H, CH2CH3), 1.49 (m, 2H,
CH2CH2CH3), 3.09 (m, 1H, CHaHb), 3.32 (m, 1H,
CHaHb), 3.41 (t, J = 6.9 Hz, 2H, NCH2), 4.56 (dd,
J1 = 4.4 Hz, J2 = 11.4 Hz, 1H, CHC(O)N), 6.08 (s, 1H,
CHPh), 6.98–8.13 (m, 8H, ar), 10.82 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 13.46 (p), 19.30 (s),
21.68 (s), 29.60 (s), 37.48 (s), 54.82 (t), 57.33 (t), 105.67
(q), 111.36 (t), 118.41 (t), 118.97 (t), 121.72 (t), 122.56 (t),
122.64 (t), 125.80 (t), 129.90 (t), 133.56 (q), 134.10 (q),
136.81 (q), 142.87 (q), 147.59 (q), 154.48 (q), 171.66 (q).


HRMS (ESI): C23H22N4O4: calcd: 419.4602 [M+H]+;
found: 419.4598.


4.3.30. (5S,11aR)-2-Butyl-5-(3-nitrophenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-17. Yield: 13%, yellow solid.


TM = 51 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.88 (t, J = 7 Hz,
3H, CH3), 1.28 (m, 2H, CH2CH3), 1.54 (m, 2H,

CH2CH2CH3), 2.85 (m, 1H, CHaHb), 3.40–3.46 (m,
3H, CHaHb, NCH2), 4.73 (dd, J1 = 5.4 Hz,
J2 = 10.8 Hz, 1H, CHC(O)N), 6.45 (s, 1H, CHPh),
7.04–8.25 (m, 8H, ar), 10.95 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.42 (p), 19.31 (s),
22.53 (s), 29.57 (s), 37.69 (s), 50.89 (t), 53.15 (t), 106.50
(q), 111.43 (t), 118.37 (t), 118.97 (t), 121.91 (t), 122.66
(t), 123.12 (t), 125.70 (t), 130.28 (t), 134.44 (q), 134.85
(q), 136.77 (q), 142.10 (q), 147.89 (q), 154.65 (q), 172.57 (q).


HRMS (ESI): C23H22N4O4: calcd: 419.4602 [M+H]+;
found: 419.4597.


4.3.31. (5R,11aR)-2-Butyl-5-(3-nitrophenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-18. Yield: 23%, yellow solid.


TM = 79 �C.


1H NMR (200 MHz, DMSO-d6): d = 0.83 (t, J = 7 Hz,
3H, CH3), 1.24 (m, 2H, CH2CH3), 1.46 (m, 2H,
CH2CH2CH3), 3.07 (m, 1H, CHaHb), 3.20–3.41 (m,
3H, CHaHb, NCH2), 4.58 (dd, J1 = 4.2 Hz, J2 =
11.2 Hz, 1H, CHC(O)N), 6.09 (s, 1H, CHPh), 6.97–
8.28 (m, 8H, ar), 10.82 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.42 (p), 19.28 (s),
21.68 (s), 29.58 (s), 37.46 (s), 54.82 (t), 57.32 (t), 105.68 (q),
111.33 (t), 118.38 (t), 118.96 (t), 121.71 (t), 122.53 (t),
122.61 (t), 125.79 (t), 129.87 (t), 133.53 (q), 134.08 (q),
136.81 (q), 142.84 (q), 147.60 (q), 154.46 (q), 171.63 (q).


HRMS (ESI): C23H22N4O4: calcd: 419.4602 [M+H]+;
found: 419.4598.


4.3.32. (5R,11aS)-2-Butyl-5-(3-nitrophenyl)-6H-1,2,3,5,
11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-18. Yield: 20%, pale brown solid.


TM = 67 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.89 (t, J = 7.2 Hz,
3H, CH3), 1.28 (m, 2H, CH2CH3), 1.54 (m, 2H,
CH2CH2CH3), 2.80 (m, 1H, CHaHb), 3.40–3.46 (m,
3H, CHaHb, NCH2), 4.72 (dd, J1 = 5.4 Hz,
J2 = 10.5 Hz, 1H, CHC(O)N), 6.45 (s, 1H, CHPh),
7.04–8.58 (m, 8H, ar), 10.94 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.42 (p), 19.31 (s),
22.53 (s), 29.57 (s), 37.69 (s), 50.89 (t), 53.15 (t), 106.50
(q), 111.43 (t), 118.37 (t), 118.97 (t), 121.91 (t), 122.66
(t), 123.12 (t), 125.70 (t), 130.28 (t), 134.44 (q), 134.85
(q), 136.77 (q), 142.10 (q), 147.89 (q), 154.65 (q), 172.57 (q).


HRMS (ESI): C23H22N4O4: calcd: 441.1533 [M+Na]+;
found: 441.1530.


4.3.33. (5S,11aS)-2-Butyl-5-(2,3-dihydroxyphenyl)-6H-
1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-
dione cis-19. Yield: 25%, purple solid.


TM = 176 �C.
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1H NMR (200 MHz, DMSO-d6): d = 0.85 (t, J = 7.0 Hz,
3H, CH3), 1.24 (m, 2H, CH2CH3), 1.46 (m, 2H,
CH2CH2CH3), 2.88 (m, 1H, CHaHb), 3.28 (m, 1H,
CHaHb), 3.33 (m, 2H, NCH2), 4.48 (dd, J1 = 4.4 Hz,
J2 = 11.4 Hz, 1H, CHC(O)N), 5.66 (s, 1H, CHPh),
6.62–7.53 (m, 7H, ar), 8.72 (br, 1H, OH), 8.78 (br, 1H,
OH), 10.67 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.45 (p), 19.32 (s),
21.94 (s), 29.65 (s), 37.34 (s), 55.51 (t), 57.59 (t), 104.65
(q), 111.25 (t), 114.67 (t), 115.10 (t), 118.00 (t), 118.70
(t), 118.79 (t), 121.23 (t), 125.89 (q), 131.39 (q), 135.38
(q), 136.60 (q), 144.78 (q), 144.89 (q), 154.00 (q),
171.69 (q).


HRMS (ESI): C23H23N3O4: calcd: 406.1761 [M+H]+;
found: 406.1763.


4.3.34. (5S,11aR)-2-Butyl-5-(2,3-dihydroxyphenyl)-6H-
1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-
dione trans-19. Yield: 40%, purple solid.


TM = 128 �C.


1H NMR (200 MHz, DMSO-d6): d = 0.89 (t, J = 7.2 Hz,
3H, CH3), 1.25 (m, 2H, CH2CH3), 1.53 (m, 2H,
CH2CH2CH3), 2.80 (m, 1H, CHaHb), 3.40 (m, 1H,
CHaHb), 3.42 (m, 2H, NCH2), 4.45 (dd, J1 = 5.8 Hz,
J2 = 10.9 Hz, 1H, CHC(O)N), 6.10 (s, 1H, CHPh),
6.62–7.54 (m, 7H, ar), 8.99 (br, 2H, OH), 10.94 (br,
1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.44 (p), 19.36 (s),
22.80 (s), 29.66 (s), 37.63 (s), 51.05 (t), 52.42 (t), 105.84
(q), 111.29 (t), 115.23 (t), 115.52 (t), 118.06 (t), 118.70 (t),
118.86 (t), 121.51 (t), 125.76 (q), 130.94 (q), 131.67 (q),
136.56 (q), 145.21 (q), 145.35 (q), 154.03 (q), 172.55 (q).


HRMS (ESI): C23H23N3O4: calcd: 406.1761 [M+H]+;
found: 406.1764.


4.3.35. (5R,11aR)-2-Butyl-5-(2,3-dihydroxyphenyl)-6H-
1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-
dione cis-20. Yield: 45%, purple solid.


TM = 154 �C.


1H NMR (200 MHz, DMSO-d6): d = 0.90 (t, J = 7.2 Hz,
3H, CH3), 1.26 (m, 2H, CH2CH3), 1.49 (m, 2H,
CH2CH2CH3), 2.93 (m, 1H, CHaHb), 3.33 (m, 1H,
CHaHb), 3.42 (m, 2H, NCH2), 4.52 (dd, J1 = 4.5 Hz,
J2 = 11.4 Hz, 1H, CHC(O)N), 5.70 (s, 1H, CHPh),
6.64–7.57 (m, 7H, ar), 8.80 (br, 2H, 2· OH), 10.67 (br,
1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.47 (p), 19.34 (s),
21.97 (s), 29.67 (s), 37.35 (s), 55.53 (t), 57.59 (t), 104.66
(q), 111.24 (t), 114.66 (t), 115.09 (t), 117.98 (t), 118.69 (t),
118.78 (t), 121.22 (t), 125.88 (q), 131.37 (q), 135.36 (q),
136.58 (q), 144.77 (q), 144.87 (q), 153.97 (q), 171.66 (q).


HRMS (ESI): C23H23N3O4: calcd: 406.1761 [M+H]+;
found: 406.1759.

4.3.36. (5R,11aS)-2-Butyl-5-(2,3-dihydroxyphenyl)-6H-
1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-
dione trans-20. Yield: 45%, purple solid.


TM = 134 �C.


1H NMR (200 MHz, DMSO-d6): d = 0.85 (t, J = 7.3 Hz,
3H, CH3), 1.19 (m, 2H, CH2CH3), 1.52 (m, 2H,
CH2CH2CH3), 2.82 (m, 1H, CHaHb), 3.40 (m, 1H,
CHaHb), 3.42 (m, 2H, NCH2), 4.46 (dd, J1 = 5.5 Hz,
J2 = 10.7 Hz, 1H, CHC(O)N), 6.08 (s, 1H, CHPh),
6.57–7.57 (m, 7H, ar), 10.94 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.47 (p), 19.37 (s),
22.82 (s), 29.82 (s), 37.64 (s), 51.07 (t), 52.44 (t), 105.87
(q), 111.33 (t), 115.26 (t), 115.55 (t), 118.12 (t), 118.74
(t), 118.90 (t), 121.56 (t), 125.80 (q), 130.98 (q), 131.71
(q), 136.60 (q), 145.25 (q), 145.40 (q), 154.08 (q),
172.62 (q).


HRMS (ESI): C23H23N3O4: calcd: 406.1761 [M+H]+;
found: 406.1758.

4.3.37. (5S,11aS)-5-(3-Hydroxyphenyl)-2-phenyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-21. Yield: 35%, brown solid.


TM = 170 �C (decomp.).


1H NMR (200 MHz, DMSO-d6): d = 3.15 (m, 1H,
CHaHb), 3.34 (m, 1H, CHaHb), 4.69 (dd, J1 = 4.4 Hz,
J2 = 11.4 Hz, 1H, CHC(O)N), 5.81 (s, 1H, CHPh),
6.59–7.57 (m, 13H, ar), 9.29 (s, 1H, OH), 10.75 (s, 1H,
NH).


13C NMR (75 MHz, DMSO-d6): d = 21.84 (s), 55.90 (t),
57.63 (t), 104.89 (q), 111.28 (t), 114.19 (t), 114.38 (t),
114.44 (t), 118.11 (t), 118.78 (t), 121.37 (t), 121.80 (t),
125.83 (q), 126.44 (t), 127.69 (t), 128.64 (t), 129.10 (t),
131.89 (q), 134.60 (q), 136.64 (t), 139.70 (q), 141.92
(q), 153.03 (q), 157.13 (q), 170.58 (q).


HRMS (ESI): C25H19N3O3: calcd: 410.1499 [M+H]+;
found: 410.1500.

4.3.38. (5S,11aR)-5-(3-Hydroxyphenyl)-2-phenyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-21. Yield: 35%, pale yellow solid.


TM = 161 �C.


1H NMR (300 MHz, DMSO-d6): d = 3.10 (m, 1H,
CHaHb), 3.48 (m, 1H, CHaHb), 4.70 (dd, J1 = 5.4 Hz,
J2 = 10.8 Hz, 1H, CHC(O)N), 6.24 (s, 1H, CHPh),
6.78–7.61 (m, 13H, ar), 11.12 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 22.65 (s), 51.66 (t),
52.80 (t), 106.09 (q), 111.42 (t), 114.99 (t), 115.25 (t),
118.15 (t), 118.23 (t), 118.39 (t), 118.86 (t), 121.71 (t),
125.82 (q), 126.93 (t), 127.95 (t), 128.74 (t), 129.77 (t),
131.11 (q), 131.95 (q), 136.69 (t), 141.17 (2· q), 153.27
(q), 157.96 (q), 171.61 (q).
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HRMS (ESI): C25H19N3O3: calcd: 410.1499 [M+H]+;
found: 410.1496.


4.3.39. (5R,11aR)-5-(3-Hydroxyphenyl)-2-phenyl-6H-
1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-
dione cis-22. Yield: 61%, yellow solid.


TM = 171 �C (decomp.).


1H NMR (300 MHz, DMSO-d6): d = 3.09 (m, 1H,
CHaHb), 3.45 (m, 1H, CHaHb), 4.73 (dd, J1 = 4.2 Hz,
J2 = 11.4 Hz, 1H, CHC(O)N), 5.87 (s, 1H, CHPh),
6.65–7.61 (m, 13H, ar), 9.35 (s, 1H, OH), 10.81 (br,
1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 21.86 (s), 55.93 (t),
57.66 (t), 104.93 (q), 111.34 (t), 113.86 (t), 114.22 (t),
114.44 (t), 118.18 (t), 118.85 (t), 121.45 (t), 121.80 (t),
125.89 (q), 126.51 (t), 127.77 (t), 128.77 (t), 129.19 (t),
131.93 (q), 134.66 (q), 136.69 (t), 139.70 (q), 142.00
(q), 153.10 (q), 157.19 (q), 170.67 (q).


HRMS (ESI): C25H19N3O3: calcd: 410.1499 [M+H]+;
found: 410.1501.


4.3.40. (5R,11aS)-5-(3-Hydroxyphenyl)-2-phenyl-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
trans-22. Yield: 97%, dark brown solid.


TM = 168 �C.


1H NMR (200 MHz, DMSO-d6): d = 3.08 (m, 1H,
CHaHb), 3.44 (m, 1H, CHaHb), 4.70 (dd, J1 = 5.4 Hz,
J2 = 10.8 Hz, 1H, CHC(O)N), 6.24 (s, 1H, CHPh), 6.75–
7.62 (m, 13H, ar), 9.52 (s, 1H, OH), 11.00 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 22.65 (s), 51.63 (t),
52.80 (t), 106.12 (q), 111.43 (t), 114.91 (t), 115.18 (t),
118.17 (t), 118.64 (t), 118.88 (t), 121.73 (t), 121.81 (t),
125.82 (q), 126.93 (t), 127.96 (t), 128.75 (t), 128.80 (t),
129.81 (q), 131.07 (q), 131.95 (t), 136.70 (q), 141.21
(q), 153.29 (q), 157.66 (q), 171.61 (q).


HRMS (ESI): C25H19N3O3: calcd: 410.1499 [M+H]+;
found: 410.1494.


4.3.41. (5S,11aS)-2-Benzyl-5-(3-hydroxyphenyl)-6H-1,2,
3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-dione
cis-23. Yield: 94%, pale yellow solid.


TM = 131 �C.


1H NMR (200 MHz, DMSO-d6): d = 3.00 (m, 1H,
CHaHb), 3.35 (m, 1H, CHaHb), 4.53–4.65 (m, 3H,
CHC(O)N, CH2Ph), 5.76 (s, 1H, CHPh), 6.59–7.55 (m,
13H, ar), 9.27 (s, 1H, OH), 10.71 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 22.58 (s), 41.81 (s),
56.45 (t), 58.41 (t), 105.49 (q), 112.01 (t), 114.92 (t),
115.16 (t), 118.82 (t), 118.88 (t), 119.51 (t), 122.09 (t),
126.55 (q), 127.23 (q), 127.68 (t), 128.06 (t), 128.89 (t),
129.19 (t), 129.84 (t), 135.47 (q), 137.28 (t), 137.33 (q),
142.71 (q), 154.57 (q), 157.88 (q), 172.27 (q).

HRMS (ESI): C26H21N3O3: calcd: 424.1656 [M+H]+;
found: 424.1656.

4.3.42. (5S,11aR)-2-Benzyl-5-(3-hydroxyphenyl)-6H-
1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-
dione trans-23. Yield: 79%, brown solid.


TM = 151 �C.


1H NMR (300 MHz, DMSO-d6): d = 2.82 (m, 1H,
CHaHb), 3.38 (m, 1H, CHaHb), 4.55–4.62 (m, 3H,
CHC(O)N, CH2Ph), 6.16 (s, 1H, CHPh), 6.70–7.56 (m,
13H, ar), 9.47 (s, 1H, OH), 10.93 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 23.51 (s), 42.16 (s),
52.24 (t), 53.68 (t), 106.68 (q), 112.15 (t), 115.55 (t),
115.89 (t), 118.95 (t), 119.21 (t), 119.56 (t), 122.44 (t),
126.51 (q), 128.11 (2· t), 128.18 (t), 129.31 (2· t),
130.54 (q), 131.87 (q), 137.32 (q), 137.42 (t), 142.05
(q), 154.81 (q), 158.38 (q), 173.22 (q).


HRMS (ESI): C26H21N3O3: calcd: 424.1656 [M+H]+;
found: 424.1647.

4.3.43. (5R,11aR)-2-Benzyl-5-(3-hydroxyphenyl)-6H-
1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-
dione cis-24. Yield: 86%, yellow solid.


TM = 204 �C.


1H NMR (300 MHz, DMSO-d6): d = 3.04 (m, 1H,
CHaHb), 3.38 (m, 1H, CHaHb), 4.58–4.68 (m, 3H,
CHC(O)N, CH2Ph), 5.82 (s, 1H, CHPh), 6.64–7.59 (m,
13H, ar), 9.34 (s, 1 H, OH), 10.78 (s, 1 H, NH).


13C NMR (50 MHz, DMSO-d6): d = 22.62 (s), 41.88 (s),
56.49 (t), 58.45 (t), 105.55 (q), 112.06 (t), 114.96 (t),
115.21 (t), 118.87 (t), 118.94 (t), 119.57 (t), 122.13 (t),
126.59 (q), 128.14 (2· t), 129.23 (2· t), 129.90 (q),
128.89 (t), 135.52 (q), 137.34 (t), 137.38 (q), 142.76 (q),
154.61 (q), 157.94 (q), 172.36 (q).


HRMS (ESI): C26H21N3O3: calcd: 424.1656 [M+H]+;
found: 424.1653.

4.3.44. (5R,11aS)-2-Benzyl-5-(3-hydroxyphenyl)-6H-
1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-1,3-
dione trans-24. Yield: 79%, brown solid.


TM = 148 �C.


1H NMR (300 MHz, DMSO-d6): d = 2.86 (m, 1H,
CHaHb), 3.40 (m, 1H, CHaHb), 4.59–4.65 (m, 3H,
CHC(O)N, CH2Ph), 6.19 (s, 1H, CHPh), 6.74–7.59 (m,
13H, ar), 9.51 (s, 1H, OH), 10.98 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 23.50 (s), 42.14 (s),
52.23 (t), 53.66 (t), 106.65 (q), 112.11 (t), 115.52 (t),
115.87 (t), 118.93 (t), 119.19 (t), 119.57 (t), 122.42 (t),
126.49 (q), 128.08 (t), 128.17 (2· t), 129.30 (2· t),
130.52 (q), 131.86 (t), 137.29 (q), 137.38 (q), 142.02
(q), 154.79 (q), 158.34 (q), 173.21 (q).







6108 N. Sunder-Plassmann et al. / Bioorg. Med. Chem. 13 (2005) 6094–6111

HRMS (ESI): C26H21N3O3: calcd: 424.1656 [M+H]+;
found: 424.1656.


4.3.45. Methyl(2S)-4-methyl-2-(5S,11aS)-5-(3-hydroxy-
phenyl)-1,3-dioxo-6H-1,2,3,5,11,11a-hexahydro-imidazo-
[1,5-b]-b-carboline-pentanoate cis-25. Yield: 13%, brown
solid.


TM = 123 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.90 (m, 6H,
CH(CH3)2), 1.56 (m, 1H, CH(CH3)2), 1.77 (m, 1H,
CHCHaHbCH), 2.06 (m, 1H, CHCHaHbCH), 2.92 (m,
1H, CCHaHb), 3.41 (m, 1H, CCHaHb), 3.63 (m, 3H,
OCH3), 4.69 (m, 2H, CHC(O)N, NCHC(O)OMe),
5.85 (s, 1H, CHPh), 6.61–7.59 (m, 8H, ar), 9.34 (s, 1H,
OH), 10.80 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 20.88 (p), 22.22 (s),
23.03 (p), 24.33 (t), 36.23 (s), 50.12 (t), 52.57 (p), 55.71
(t), 57.16 (t), 104.40 (q), 111.31 (t), 114.04 (t), 114.44
(t), 117.90 (t), 118.07 (t), 118.81 (t), 121.40 (t), 125.84
(q), 129.11 (t), 134.68 (q), 136.61 (q), 141.85 (q),
153.02 (q), 157.21 (q), 169.58 (q), 171.47 (q).


HRMS (ESI): C26H27N3O5: calcd: 462.2024 [M+H]+;
found: 462.2026.


4.3.46. Methyl(2S)-4-methyl-2-(5S,11aR)-5-(3-hydroxy-
phenyl)-1,3-dioxo-6H-1,2,3,5,11,11a-hexahydro-imidazo-
[1,5-b]-b-carboline-pentanoate trans-25. Yield: 65%,
brown solid.


TM = 102 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.84 (m, 6H,
CH(CH3)2), 1.39 (m, 1H, CH(CH3)2), 1.76 (m, 1H,
CHCHaHbCH), 2.05 (m, 1H, CHCHaHbCH), 2.71 (m,
1H, CCHaHb), 3.43 (m, 1H, CCHaHb), 3.61 (m, 3H,
OCH3), 4.57–4.72 (m, 2H, CHC(O)N, NCHC(O)OMe),
6.14 (s, 1H, CHPh), 6.70–7.56 (m, 8H, ar), 9.49 (s, 1H,
OH), 10.95 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 20.83 (p), 22.96 (s),
23.10 (p), 24.45 (t), 36.42 (s), 50.36 (t), 51.39 (p), 52.57
(t), 52.64 (t), 105.68 (q), 111.41 (t), 114.56 (t), 114.67
(t), 118.24 (t), 118.35 (t), 118.89 (t), 121.77 (t), 125.68
(q), 129.81 (t), 130.96 (q), 136.62 (q), 141.12 (q),
153.49 (q), 157.62 (q), 169.63 (q), 172.39 (q).


HRMS (ESI): C26H27N3O5: calcd: 484.1843 [M+Na]+;
found: 484.1843.


4.3.47. Methyl(2S)-4-methyl-2-(5R,11aR)-5-(3-hydroxy-
phenyl)-1,3-dioxo-6H-1,2,3,5,11,11a-hexahydro-imidazo-
[1,5-b]- b-carboline-pentanoate cis-26. Yield: 15%, yellow
solid.


TM = 127 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.89 (m, 6H,
CH(CH3)2), 1.55 (m, 1H, CH(CH3)2), 1.76 (m, 1H,
CHCHaHbCH), 2.08 (m, 1H, CHCHaHbCH), 2.95 (m,

1H, CCHaHb), 3.38 (m, 1H, CCHaHb), 3.63 (m, 3H,
OCH3), 4.69 (m, 2H, CHC(O)N, NCHC(O)OMe),
5.79 (s, 1H, CHPh), 6.63–7.60 (m, 8H, ar), 9.31 (s, 1H,
OH), 10.82 (br, 1H, NH).


13C NMR (600 MHz, DMSO-d6): d = 20.82 (p), 22.08
(s), 23.09 (p), 24.31 (t), 36.43 (s), 49.89 (t), 52.37 (p),
55.47 (t), 57.14 (t), 104.18 (q), 111.32 (t), 113.77 (t),
114.38 (t), 117.67 (t), 118.14 (t), 118.83 (t), 121.43 (t),
125.85 (q), 129.10 (t), 134.72 (q), 136.61 (q), 142.09
(q), 153.05 (q), 157.25 (q), 169.66 (q), 171.52 (q).


HRMS (ESI): C26H27N3O5: calcd: 462.2024 [M+H]+;
found: 462.2012.


4.3.48. Methyl(2S)-4-methyl-2-(5R,11aS)-5-(3-hydroxyphe-
nyl)-1,3-dioxo-6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-
b-carboline-pentanoate trans-26. Yield: 61%, brown
solid.


TM = 70 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.82–0.90 (m, 6H,
CH(CH3)2), 1.47 (m, 1H, CH(CH3)2), 1.81 (m, 1H,
CHCHaHbCH), 2.09 (m, 1H, CHCHaHbCH), 2.77 (m,
1H, CCHaHb), 3.49 (m, 1H, CCHaHb), 3.66 (m, 3H,
OCH3), 4.63–4.78 (m, 2H, CHC(O)N, NCHC(O)OMe),
6.20 (s, 1H, CHPh), 6.75–7.61 (m, 8H, ar), 9.59 (s, 1H,
OH), 11.02 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 20.63 (p), 22.76 (s),
23.02 (p), 24.67 (t), 36.29 (s), 50.20 (t), 51.81 (p), 52.78
(t), 53.04 (t), 105.72 (q), 111.43 (t), 114.50 (t), 114.87
(t), 117.93 (t), 118.36 (t), 118.99 (t), 121.71 (t), 125.55
(q), 129.67 (t), 130.86 (q), 136.69 (q), 141.22 (q),
153.67 (q), 157.22 (q), 169.43 (q), 171.96 (q).


HRMS (ESI): C26H27N3O5: calcd: 462.2024 [M+H]+;
found: 462.2021.


4.3.49. (5S, 11aR)-2-Butyl-5-(3-hydroxyphenyl)-3-thioxo-
6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-
1-on 27. Yield: 84%, yellow-greenish solid.


TM = 52 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.90 (t, J = 6.8 Hz,
3H, CH3), 1.28 (m, 2H, CH2CH3), 1.61 (m, 2H,
CH2CH2CH3), 2.93 (m, 1H, CHaHb), 3.49 (m, 1H,
CHaHb), 3.76 (m, 2H, NCH2), 4.79 (dd, J1 = 6.2 Hz,
J2 = 10.9 Hz, 1H, CHC(O)N), 6.73–6.78 (m, 1H, ar),
6.84 (s, 1H, CHPh), 6.89–7.59 (m, 7H, ar), 9.51 (s, 1H,
OH), 11.05 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 13.62 (p), 19.47 (s),
23.05 (s), 29.35 (s), 40.41 (s), 54.94 (t), 55.32 (t), 105.61
(q), 111.44 (t), 115.36 (t), 115.45 (t), 118.30 (t), 118.96
( 2· t), 121.84 (t), 125.62 (q), 129.69 (t), 131.22 (q),
136.76 (q), 140.10 (q), 157.54 (q), 173.19 (q), 179.78
(q).


HRMS (ESI): C23H23N3O2S: calcd: 406.1584 [M+H]+;
found: 406.1587.
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4.3.50. (5R,11aS)-2-Butyl-5-(3-hydroxyphenyl)-3-thioxo-
6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-
1-on 28. Yield: 92%, yellow solid.


TM = 78 �C.


1H NMR (300 MHz, DMSO-d6): d = 0.91 (t, J = 6.8 Hz,
3H, CH3), 1.28 (m, 2H, CH2CH3), 1.61 (m, 2H,
CH2CH2CH3), 2.93 (m, 1H, CHaHb), 3.49 (m, 1H,
CHaHb), 3.76 (m, 2H, NCH2), 4.79 (dd, J1 = 6.2 Hz,
J2 = 10.9 Hz, 1H, CHC(O)N), 6.73–6.78 (m, 1H, ar),
6.84 (s, 1H, CHPh), 6.89–7.59 (m, 7H, ar), 9.51 (s, 1H,
OH), 11.05 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 13.62 (p), 19.47 (s),
23.05 (s), 29.35 (s), 40.41 (s), 54.94 (t), 55.32 (t), 105.61
(q), 111.44 (t), 115.36 (t), 115.45 (t), 118.30 (t), 118.96
( 2· t), 121.84 (t), 125.62 (q), 129.69 (t), 131.22 (q),
136.76 (q), 140.11 (q), 157.54 (q), 173.20 (q), 179.79 (q).


HRMS (ESI): C23H23N3O2S: calcd: 406.1584 [M+H]+;
found: 406.1585.


4.3.51. (5S,11aR)-2-Allyl-5-(3-hydroxyphenyl)-3-thioxo-
6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-
1-on 29. Yield: 98%, yellow solid.


TM = 116 �C.


1H NMR (300 MHz, DMSO-d6): d = 2.97 (m, 1H,
CHaHb), 3.49 (m, 1H, CHaHb), 4.38 (m, 2H, NCH2),
4.84 (dd, J1 = 6.1 Hz, J2 = 10.7 Hz, 1H, CHC(O)N),
5.13 (m, 2H, CHCH2), 5.85 (m, 1H, CHCH2), 6.73–
6.78 (m, 1H, ar), 6.85 (s, 1H, CHPh), 6.90–7.60 (m,
7H, ar), 9.52 (s, 1H, OH), 11.06 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 23.03 (s), 42.88 (s),
55.04 (t), 55.40 (t), 105.57 (q), 111.41 (t), 115.38 (t),
116.76 (t), 116.97 (t), 118.25 (s), 118.89 (t), 121.81 (t),
125.59 (q), 129.63 (t), 131.13 (t), 131.39 (q), 131.65 (t),
136.72 (q), 140.01 (q), 157.49 (q), 172.71 (q), 179.46 (q).


HRMS (ESI): C22H20N3O2S: calcd: 390.1271[M+H]+;
found: 390.1273.


4.3.52. (5R,11aS)-2-Allyl-5-(3-hydroxyphenyl)-3-thioxo-
6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-
1-on 30. Yield: 98%, yellow solid.


TM = 70 �C.


1H NMR (300 MHz, DMSO-d6): d = 2.96 (m, 1H,
CHaHb), 3.50 (m, 1H, CHaHb), 4.35 (m, 2H, NCH2),
4.84 (dd, J1 = 6.2 Hz, J2 = 10.8 Hz, 1H, CHC(O)N),
5.07 (m, 2H, CHCH2), 5.82 (m, 1H, CHCH2), 6.75–
6.78 (m, 1H, ar), 6.85 (s, 1H, CHPh), 6.91–7.60 (m,
7H, ar), 9.53 (s, 1H, OH), 11.01 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 23.74 (s), 43.61 (s),
55.77 (t), 56.15 (t), 106.32 (q), 112.16 (t), 116.01 (t),
116.14 (t), 117.70 (s), 119.05 (t), 119.65 (t), 119.70 (t),
122.58 (t), 126.32 (q), 130.41 (t), 131.89 (q), 132.42 (t),
137.46 (q), 140.77 (q), 158.24 (q), 173.50 (q), 180.21 (q).

HRMS (ESI): C22H20N3O2S: calcd: 390.1271[M+H]+;
found: 390.1272.


4.3.53. (5S,11aS)-5-(3-Hydroxyphenyl)-2-[2-(trifluormeth-
oxy)phenyl]-6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-
carboline-1,3-dione cis-31. Yield: 44%, pale yellow solid.


TM = 159 �C.


1H NMR (300 MHz, DMSO-d6): d = 2.99 (m, 1H, CHa


Hb), 3.52 (m, 1H, CHaHb), 4.82 (dd, J1 = 3.9 Hz, J2 =
11.4 Hz, 1H, CHC(O)N), 5.89 (s, 1H, CHPh), 6.67–
7.64 (m, 12H, ar), 9.36 (s, 1H, OH), 10.86 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 22.40 (s), 55.97 (t),
57.75 (t), 104.50 (q), 111.38 (t), 114.38 (t), 114.51 (t),
117.65 (t), 118.19 (t), 118.91 (t), 121.51 (t), 121,84 (t),
124.61 (q), 125.88 (t), 127.83 (t), 128.10 (q), 129.10 (t),
130.94 (t), 134.69 (q), 136.75 (q), 141.78 (q), 144.46
(q), 152.13 (q), 157.28 (q), 165.02 (q), 170.23 (q).


HRMS (ESI): C26H18F3N3O4: calcd: 494.1322 [M+H]+;
found: 494.1319.


4.3.54. (5S,11aR)-5-(3-Hydroxyphenyl)-2-[2-(trifluormeth-
oxy)phenyl]-6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-
carboline-1,3-dione trans-31. Yield: 90%, brown solid.


TM = 158 �C.


1H NMR (300 MHz, DMSO-d6): d = 2.79 (m, 1H,
CHaHb), 3.54 (m, 1H, CHaHb), 4.78 (dd, J1 = 5.1 Hz,
J2 = 10.8 Hz, 1H, CHC(O)N), 6.29 (s, 1H, CHPh),
6.77–7.67 (m, 12H, ar), 9.54 (s, 1H, OH), 11.04 (s, 1H,
NH).


13C NMR (75 MHz, DMSO-d6): d = 22.52 (s), 51.80 (t),
53.26 (t), 105.62 (q), 111.46 (t), 115.08 (t), 115.19 (t),
115.28 (t), 118.29 (t), 118.60 (t), 118.92 (t), 121.84 (t),
124.43 (q), 125.79 (t), 125.79 (t), 128.42 (q), 129.78 (t),
131.04 (q), 131.23 (q), 136.69 (t), 140.95 (q), 144.55
(q), 152.42 (q), 157.65 (q), 171.02 (q).


HRMS (ESI): C26H18F3N3O4: calcd: 494.1322 [M+H]+;
found: 494.1312.


4.3.55. (5R,11aR)-5-(3-Hydroxyphenyl)-2-[2-(trifluormeth-
oxy)phenyl]-6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-
carboline-1,3-dione cis-32. Yield: 44%, yellow solid.


TM = 175 �C.


1H NMR (300 MHz, DMSO-d6): d = 2.93 (m, 1H,
CHaHb), 3.45 (m, 1H, CHaHb), 4.80 (dd, J1 = 3.9 Hz,
J2 = 10.8 Hz, 1H, CHC(O)N), 5.87 (s, 1H, CHPh), 6.65–
7.63 (m, 12H, ar), 9.35 (s, 1H, OH), 10.84 (s, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 23.09 (s), 56.67 (t),
58.67 (t), 105.18 (q), 112.10 (t), 115.06 (t), 115.19 (t),
118.33 (t), 118.96 (t), 119.64 (t), 122.25 (t), 122.67 (t),
125.33 (q), 126.58 (q), 128.58 (q), 128.92 (t), 129.84 (t),
131.61 (t), 131.73 (t), 135.42 (q), 136.43 (q), 142.50 (q),
145.14 (q), 152.86 (q), 158.01 (q), 171.00 (q).
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HRMS (ESI): C26H18F3N3O4: calcd: 494.1322 [M+H]+;
found: 494.1313.


4.3.56. (5R,11aS)-5-(3-Hydroxyphenyl)-2-[2-(trifluormeth-
oxy)phenyl]-6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-
carboline-1,3-dione trans-32. Yield: 44%, brown solid.


TM = 160 �C.


1H NMR (300 MHz, DMSO-d6): d = 2.80 (m, 1H,
CHaHb), 3.55 (m, 1H, CHaHb), 4.79 (m, 1H,
CHC(O)N), 6.30 (s, 1H, CHPh), 6.79–7.68 (m, 12H,
ar), 9.57 (s, 1H, OH), 11.08 (s, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 22.62 (s), 51.80 (t),
53.26 (t), 105.62 (q), 111.45 (t), 114.98 (t), 115.13 (t),
115.26 (t), 118.09 (t), 118.40 (t), 118.92 (t), 121.78 (t),
124.22 (q), 125.71 (q), 125.79 (q), 128.14 (t), 129.70 (t),
129.77 (t), 131.07 (t), 131.23 (q), 136.67 (q), 140.94 (q),
144.51 (q), 152.41 (q), 157.62 (q), 171.01 (q).


HRMS (ESI): C26H18F3N3O4: calcd: 494.1322 [M+H]+;
found: 494.1324.


4.3.57. (5S,11aR)-2-Ethyl-5-(3-hydroxyphenyl)-3-thioxo-
6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-
1-on 33. Yield: 24%, brown solid.


TM = 118 �C.


1H NMR (300 MHz, DMSO-d6): d = 1.17 (t, J = 7.0 Hz,
3H, CH3), 2.94 (m, 1H, CHaHb), 3.48 (m, 1H, CHaHb),
3.80 (m, 2H, NCH2), 4.79 (dd, J1 = 6.2 Hz, J2 = 10.6 Hz,
1H, CHC(O)N), 6.84 (s, 1H, CHPh), 6.69–7.54 (m, 8H,
ar), 9.46 (s, 1H, OH), 11.00 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 12.73 (p), 22.83 (s),
35.88 (s), 54.81 (t), 56.26 (t), 105.52 (q), 111.33 (t),
115.26 (t), 115.35 (t), 118.16 (t), 118.86 (2· t), 121.73
(t), 125.54 (q), 129.54 (t), 131.11 (q), 136.68 (q), 139.98
(q), 157.43 (q), 172.76 (q), 179.43 (q).


HRMS (ESI): C21H19N3O2S H+: calcd: 378.1271
[M+H]+; found: 378.1266.


4.3.58. (5R,11aS)-2-Ethyl-5-(3-hydroxyphenyl)-3-thioxo-
6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carboline-
1-on 34. Yield: quant., pale yellow solid.


TM = 132 �C.


1H NMR (200 MHz, DMSO-d6): d = 1.16 (t, J = 7.3
Hz, 3H, CH3), 2.97 (m, 1H, CHaHb), 3.46 (m, 1H,
CHaHb), 3.75 (m, 2H, NCH2), 4.78 (dd, J1 = 6.2 Hz,
J2 = 10.7 Hz, 1H, CHC(O)N), 6.84 (s, 1H, CHPh),
6.77–7.55 (m, 8H, ar), 9.51 (s, 1H, OH), 11.05 (br, 1H,
NH).


13C NMR (75 MHz, DMSO-d6): d = 12.78 (p), 22.84 (s),
35.90 (s), 54.83 (t), 55.30 (t), 105.57 (q), 111.38 (t),
115.31 (t), 115.40 (t), 118.23 (t), 118.92 (2· t), 121.79
(t), 125.58 (q), 129.62 (t), 131.15 (q), 136.72 (q), 140.05
(q), 157.48 (q), 172.84 (q), 179.47 (q).

HRMS (ESI): C21H19N3O2S H+: calcd: 378.1271
[M+H]+; found: 378.1270.


4.3.59. (5S,11aR)-5-(3-Hydroxyphenyl)-2-phenyl-3-thi-
oxo-6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-carbo-
line-1-on 35. Yield: quant., auburn solid.


TM = 118 �C.


1H NMR (300 MHz, DMSO-d6): d = 3.19– 3.59 (m, 2H,
CHaHb), 4.98 (dd, J1 = 6.2 Hz, J2 = 10.8 Hz, 1H, CHC
(O)N), 6.78 (m, 1H, ar), 6.94 (s, 1H, CHPh), 6.96–7.63
(m, 12H, ar), 9.57 (s, 1H, OH), 11.10 (br, 1H, NH).


13C NMR (75 MHz, DMSO-d6): d = 23.04 (s), 55.18 (t),
55.77 (t), 105.73 (q), 111.49 (t), 115.46 (t), 115.64 (t),
118.33 (t), 119.03 (t), 119.21 (t), 121.89 (t), 125.69 (q),
125.97 (t), 128.01 (t), 128.76 (t), 129.07 (t), 129.74 (t),
129.93 (t), 131.24 (q), 133.56 (q), 136.79 (q), 140.04
(q), 157.60 (q), 172.67 (q), 179.82 (q).


HRMS (ESI): C25H19N3O2S: calcd: 426.1271 [M+H]+;
found: 426.1266.


4.3.60. (5R,11aS)-5-(3-Hydroxyphenyl)-2-phenyl-3-
thioxo-6H-1,2,3,5,11,11a-hexahydro-imidazo[1,5-b]-b-
carboline-1-on 36. Yield: quant., auburn solid.


TM = 107 �C.


1H NMR (300 MHz, DMSO-d6): d = 3.23 (m, 1H,
CHaHb), 3.56 (m, 1H, CHaHb), 4.99 (dd, J1 = 6.3 Hz,
J2 = 10.8 Hz, 1H, CHC(O)N), 6.78 (m, 1H, ar), 6.95
(s, 1H, CHPh), 6.97–7.63 (m, 12H, ar), 9.58 (s, 1H,
OH), 11.11 (br, 1H, NH).


13C NMR (50 MHz, DMSO-d6): d = 23.03 (s), 55.13 (t),
55.71 (t), 105.67 (q), 111.41 (t), 115.40 (t), 115.58 (t),
118.24 (t), 118.95 (t), 119.13 (t), 121.81 (t), 125.63 (q),
125.85 (t), 127.90 (t), 128.66 (t), 128.97 (t), 129.64 (t),
129.83 (q), 131.16 (q), 133.48 (t), 136.73 (q), 139.67
(q), 157.53 (q), 172.55 (q), 179.74 (q).


HRMS (ESI): C25H19N3O2S: calcd: 426.1271 [M+H]+;
found: 426.1267.


4.3.61. Methyl N-(oxomethylen)-LL-leucinate 37. Caution!
The evolving phosgene is a very toxic gas!.


To a solution of LL-leucine methylester (1.18 g, 6.5 mmol)
in a mixture of dichloromethane (25 ml) and sat. NaH-
CO3-solution (25 ml), triphosgen (0.65 g, 2.2 mmol,
0.34 equiv) was added at 0 �C under vigorous stirring.
After 15 min, the reactionwas warmed to rt and extracted
three times with ethylacetate. The combined organic lay-
ers were dried over Na2SO4 and concentrated in vacuo.


Yield: 945 mg, 5.5 mmol, 85%, colorless oil.


1H NMR (300 MHz, DMSO-d6): d = 0.91 (d, 6H,
2· CH3), 1.50–1.74 (m, 3H, CH2CH(CH3)2), 3.77 (s,
3H, OCH3), 4.40 (dd, J1 = 3.6 Hz, J2 = 5.8 Hz, 1H,
NCH).
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4.4. Biology/biochemistry


4.4.1. Proteins. A sequence of Xenopus laevis KSP (Eg5)
corresponding to amino acids 1–487 (KSP487H) was ex-
pressed and purified as described.22 Tubulin was purified
as described.24 Microtubules were polymerized in vitro
according to a standard procedure.22


4.4.2. Compound library screen. The measurements were
performed in 384 well plates and every compound was
measured in duplicate. The compound solutions in
DMSO (final concentration 46 lM) were added to a
solution of Eg5 (48 nM) and microtubules (80 nM) in
assay buffer (20 mM pipes, pH 6.8 1 mM EGTA,
1 mM mgCl2, 0.1 mg ml�1 BSA, 1 lM Taxol). After
10 min, a solution of ATP (50 lM) was added to start
the reaction. The incubation period of 15 min is fol-
lowed by addition of malachite green (33 lM), ammoni-
um molybdate tetrahydrate (775 lM) and Perchloric
acid (425 mM), and incubation of another 20 min.
Finally, the absorption at 610 nM is measured.


4.4.3. IC50 determination. To determine the inhibitor
concentration that inhibits the microtubule-stimulated
ATPase activity of Eg5 by 50% (IC50) we used two dif-
ferent assays: the malachite green assay (see above) and
the EnzChek� Phosphate Assay (Molecular Probes). In
both cases, 1% (v/v) inhibitor in DMSO at different con-
centrations (or 1% (v/v) DMSO as a control) was added
at the start of the experiment. At least four measure-
ments were performed per condition and the results were
then averaged.


For the EnzCheck� Phosphate Assay final concentra-
tions were 40 nM Eg5487H, 4 lM microtubules (tubulin
dimer concentration as determined by Bradford using
BSA as standard), 1 mM MgATP, and 46 lM inhibitor.
The ATPase activity was measured as an increase of
absorbance at 365 nm within 2 h at room temperature.
The microtubule-stimulated activity of Eg5487H was ob-
tained by subtracting background activity (measured
with microtubules only in the absence of Eg5487H) from
measurements containing Eg5487H and microtubules.
The IC50 was determined by assuming non-competitive
enzyme inhibition and fitting the theoretically expected
dependence of the enzyme activity on the inhibitor con-
centration to the experimental microtubule-stimulated
ATPase activities.
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Abstract—Potassium channels and their associated subunits are important contributors to electrical excitability in many cell types.
In this study, a yeast two-hybrid assay was used to identify inhibitors such as a diaryl-urea compound (CL-888) that binds to and
modulates the formation of the Kv4/KChIP complex. CL-888 altered the apparent affinity of KChIP1 to Kv4.3-N in a Biacore�
assay, but did not dissociate the two proteins in size-exclusion chromatography experiments. Kv4.2/KChIP1 current amplitude
and kinetics were altered with compound exposure, supporting the hypothesis of a compound-induced conformational change in
the protein complex. Fluorescence spectroscopy of a unique tryptophan residue in KChIP1 was consistent with compound binding
to the protein. Molecular modeling using the KChIP1 crystal structure indicates that compound binding may occur in a small
tryptophan-containing binding pocket located on the hydrophilic side of the protein.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


In the mammalian brain and heart, rapidly inactivating
(A-type) voltage-gated potassium (Kv) channels operate
at subthreshold membrane potentials to control the
excitability of neurons and cardiac myocytes. The
pore-forming a-subunits of the Kv4, or Shal-related,
channel family, give rise to the somatodendritic A-type
currents in neurons. Expression of Kv4 channels in het-
erologous cells results in currents that differ significantly
from native A-type currents, possibly due to regulatory
subunits that are missing in the heterologous system. We
previously identified a family of calcium-binding pro-
teins, called K+ channel-interacting proteins (KChIPs)
that bind to the cytoplasmic N-termini of Kv4 channels
and dramatically enhance channel activity by modulat-
ing the density, inactivation kinetics, and rate of recov-
ery from inactivation.1 They also colocalize and
coassociate with Kv4 a-subunits in mammalian brain
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and heart, indicating that they are integral components
of native A-type channels. Four members of the family
have been cloned, with KChIPs 1, 3, and 4 being ex-
pressed predominantly in the brain, while KChIP2 is
present in brain and cardiac tissue. The KChIP family
members serve a variety of functions in addition to their
activity on Kv4 channels, including modulators of cardi-
ac excitability,2,3 presenilin-binding proteins,4,5 and
calcium-dependent transcriptional mediators.6–8


Yeast two-hybrid (YTH) technology was used to identi-
fy the KChIP family of proteins and to further charac-
terize the interaction between Kv4.3 and KChIP1.9


This technology was again used in a high-throughput
screen, similar to that used previously with other chan-
nel proteins,10 to identify small molecules that might dis-
rupt the interaction between Kv4.3 and KChIP1. Such
molecules could be useful for the treatment of epilepsy,
stroke, neuropathic pain, or other disorders, where an
enhancement of inhibitory or excitatory neuronal activ-
ity would be desirable.


One such compound, CL-888,11 is described in detail in
this study. CL-888 was identified in the high-throughput
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YTH screen using a luciferase reporter system and con-
firmed in a secondary YTH screen using a growth
reporter. This may reflect a compound-induced alter-
ation or disruption in the binding between KChIP1
and Kv4.3N, but (like any HTS) it does not necessarily
predict a disruption in preformed complex of full-length
proteins expressed in mammalian cells. A number of as-
says were thus developed to further study the interaction
among this small molecule, KChIP1, and the KChIP1/
Kv4.3 complex. In short, CL-888 was found to bind to
KChIP1 and modulate the conformation and function
of the channel complex.

2. Materials and methods


2.1. Chemistry


CL-88811 was prepared using conventional tech-
niques11,12 for the synthesis of phenylureas from
2-amino-4-chloro-benzoic acid and 1,2-dichloro-4-isocy-
anato-benzene.


2.2. Biacore� assay


Surface plasmon resonance (SPR) technology is used to
measure the mass concentration of molecules close to a
surface, such as a chip. Interaction of two molecules can
be measured with high-sensitivity by attaching one of
the interacting partners to the chip. A solution of the
other interacting partner is then flowed over the surface
of the chip. A binding event between the two is detected
as a change in the local concentration at the surface, and
an SPR response is elicited.


A Biacore� CM5 chip was coated with �5000 RU of
the KChIP1 monoclonal antibody K59/19.5, which is
similar to those described previously.13 A solution of
50 lg/ml KChIP1/Kv4.3 protein complex in 10 mM
Hepes, 150 mM NaCl, 0.005% surfactant P-20, pH
7.4, was flowed over the chip, and the response was
measured. The complex was then preincubated with
various concentrations of compound in this buffer,
and this solution was flowed over the chip. Finally,
a solution of KChIP1 alone was flowed over the chip.
In a separate experiment, KChIP1 was bound to a
Biacore� CM5 chip tagged with KChIP mAB K59/
19.5. A solution of CL-888 in varying concentrations
was flowed over the chip, and the response was mea-
sured. In all experiments, a blank surface was sub-
tracted to control the nonspecific binding to the chip
surface and positive compounds were run over the
K59 anti-KChIP1 antibody alone as a control for
antibody/KChIP1 binding disruption.


2.3. Size-exclusion column chromatography


KChIP1/Kv4.3 complex was incubated for varying times
at 37 �C with 10 lM CL-888, arachidonic acid (AA), or
separately with 2 mM EDTA and the mixtures eluted on
a Superdex 200 SEC analytical column (Pharmacia)
equilibrated with 10 lM CL-888, AA, or 2 mM EDTA,
respectively.

2.4. Fluorescence spectroscopy


Fluorescence emission of full-length KChIP1 protein
was scanned as a function of wavelength in the absence
and presence of inhibitor at various concentrations
ranging from 0.2 to 50 lM. The fluorescence scans were
performed at an excitation of 295 nm with a slit width of
2 nm and an emission slit width of 4 nm. The emission
maximum of tryptophan fluorescence in KChIP1 pro-
tein occurs at 340 nm. Increasing concentrations of
CL-888 quenched the fluorescence of the protein. The
fluorescence spectra were recorded on a Fluoromax-3
(Jobin-Yvon, Edison, NJ, USA). The fluorescence inten-
sity changes were fitted to a single binding site model
using the equation


DF ¼
ðKd þ ½Pt� þ ½It�Þ �


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd þ ½Pt� þ ½It�Þ2 � 4½Pt�½It�


q


2c
;


ð1Þ

where DF is the fluorescence intensity change at a fixed
wavelength, Kd the binding affinity of the inhibitor for
the protein, [Pt] the total protein concentration, [It] the
total inhibitor concentration, and c a constant that
relates the fluorescence intensity to concentration. Simi-
larly, to monitor the changes in the intrinsic fluorescence
of CL-888, the excitation wavelength was set at 305 nm
with bandwidths as above. The emission maximum of
the inhibitor occurred at 440 nm when free in solution
and 430 nm when bound to KChIP1. The shift in the
emission maximum was accompanied by an increase in
the fluorescence intensity of the bound inhibitor. To
determine the binding affinity using these intensity
changes, increasing concentrations of the KChIP1 pro-
tein were titrated into the inhibitor and the resulting
changes in the fluorescence intensity at the emission
maximum of 430 nm were used to generate binding
isotherms and the estimation of the affinity.


2.5. Electrophysiology


Xenopus oocytes were harvested from frogs under gener-
al anesthetic using aseptic techniques. Oocytes were
treated with 2 mg/ml collagenase for 1–1.5 h, defollicu-
lated, and injected with 40–50 nl cRNA (a mixture of
hKv4.3 and hKChIP1 or hKv4.3 alone). The concentra-
tion of hKv4.3 and hKChIP1 cRNA varied but was gen-
erally about 5 ng/ll hKv4.3 and 100 ng/ll hKChIP1.


Currents were recorded from Xenopus oocytes 1–2 days
post-injection (hKv4.3+KChIP1) or 2–5 days post-injec-
tion (hKv4.3) to obtain comparable current amplitudes,
using standard voltage clamp amplifiers at room temper-
ature. The time between cRNA injection and recording
could be altered by changing the concentration of cRNA
injected. Recordings were done in the ND-96 bath solu-
tion containing (in mM) 96 NaCl, 2 KCl, 1 CaCl2, 1
MgCl2, 10 Hepes, 50 lg/ml gentamycin, pH 7.6. The pip-
ette (electrode) solution generally consisted of 3 M KCl.
Electrodes were made from borosilicate glass and typi-
cally had resistances of 0.5–2 MX. The standard cur-
rent–voltage (I–V) pulse protocol consisted of voltage
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steps from �60 to +50 mV, in 10 mV increments, for
100–200 ms, at a frequency of one I–V for every few min-
utes. Voltage protocols designed to measure recovery
from inactivation consisted of pairs of voltage steps to
+40 mV. The first pulse duration was sufficient to inacti-
vate >90% of the channels, whereas the second pulse was
applied at variable times after the first, such that at the
longest recovery time point, >80% of the initial current
was recovered. Data were digitized and stored via com-
puter for later analysis by standard software packages.


Compounds were first dissolved in DMSO to an initial
stock concentration of 1–100 mM. Working dilutions of
1:2000–1:500 were made into the bath solution for final
concentrations in the micromolar range. Compounds
were applied by bath perfusion using gravity or pump-
driven flow. A minimum of 2 ml (10 times the bath
volume) over 10 min was flowed for each compound
concentration tested. In cases where no compound
effect was observed with acute compound application,
oocytes were incubated at 15 �C with compound (or
solvent control) for +18 h and tested.


Compounds were usually screened initially at a single
dose of 50–100 lM. Current traces were analyzed for
peak current amplitude (at +50 mV), steady-state cur-
rent amplitude (at +50 mV, defined as an equilibrium
current at the end of the voltage pulse), inactivation time
constant (inactivation s), and recovery from inactivation
time constant (recovery s). If possible, compounds were
washed out of the bath for up to 30 min to determine
whether their action was reversible. The percent change
(±SEM) in peak and steady-state current amplitudes
and the percent change (±SEM) in time constants (neg-
ative number if faster, positive if slower) were calculated
by dividing the data in the presence of a compound by
the control data prior to compound application. A con-
centration–response relationship could be determined
across three or more concentrations, and the data were
fit to the logistic equation to determine the IC50.

Figure 1. Structure of CL-888 (4-chloro-2-[3-(3,4-dichloro-phenyl)-


ureido]-benzoic acid).

3. Results and discussion


3.1. Biacore�


An initial approach for the Biacore� analysis of
KChIP1 and Kv4.3 involved the use of the individual
protein components. In this paradigm, the GST-tagged
KChIP1 (�50 kDa) was anchored to the CM5 chip by
an anti-GST antibody and Kv4.3 AA 1–143 was applied
via the flow system. Although some interaction did
occur between the proteins, quantitative data collection
would be problematic as the Kv4.3 1–143 protein is
largely insoluble and aggregated in solution; hence, the
stoichiometry was less than ideal. Attempts were made
to circumvent the aggregation problem by using a more
soluble Kv4.3 protein (AA 43–111); however, no inter-
action between KChIP1 and this protein was observed
using the anti-GST paradigm.


A strategy utilizing the KChIP1/Kv4.3 complex
(200 kDa molecule existing as a 1:1 octamer) was instead

developed and validated. This assay utilizes an anti-
KChIP1 monoclonal antibody (K59) developed in-
house to pull down the complex. The antibody was
chosen after comparing its binding ability to the com-
plex with a monoclonal Kv4.3 antibody. This assay
takes an advantage of the size difference between the in-
tact complex octamer (200 kDa) and the resulting small-
er fragments of KChIP1 after dissociation from Kv4.3
(25 kDa). Because KChIP1 alone or in complex with
Kv4.3 is recognized by K59, the Biacore� reflects a dis-
sociation of the complex by a diminution in signal, due
to the decrease in mass between the full complex and
ultimately free KChIP1. The binding characteristics of
KChIP1 proteins were initially examined in the Bia-
core� system. KChIP1 bound well to the K59 anti-
KChIP1 antibody attached to the surface of a Biacore�
CM5 chip, as does the KChIP1/Kv4.3N (1–143) coex-
pressed complex. When this complex was preincubated
for 10 min with P1 lM CL-888 (Fig. 1), a decrease in
signal was seen, reflecting less binding to the antibody-
coated chip. This occurred in a concentration-dependent
manner, with an IC50 of �15 lM and saturating with
100 lM compound (Fig. 2A). The signal remaining with
P100 lM CL-888 was greater than the signal with
KChIP1 alone (without GST), indicating that free
KChIP1 may still be able to bind to the chip. A T7 anti-
body used to detect the remaining T7-tagged Kv4.3N on
the chip revealed little remaining Kv4.3N. Thus, it ap-
pears that CL-888 was able to alter the complex binding
characteristics to the KChIP1 antibody or dissociate the
complex in a concentration-dependent manner. CL-888
was also flowed across the intact complex after it had
been bound to the antibody, and no binding to, or alter-
ation of, the complex was observed (data not shown).


Similar experiments were performed with an arachidon-
ic acid (AA) analog ETYA, a known KChIP-dependent
modulator of Kv4 currents.14 ETYA also dose-depen-
dently altered KChIP1/Kv4.3N binding, in a similar
potency range as CL-888 (Fig. 2B). Arachidonic acid
produced similar effects, but was less reproducible due
to its chemical instability (data not shown).







Figure 2. CL-888 and ETYA alteration of complex binding in


Biacore�. (A) Increasing concentrations of CL-888 were incubated


with the Kv4N/KChIP1 complex. Vehicle 2 was tested at the end of the


compound applications. KChIP1 was applied to indicate the signal


expected if all Kv4 protein was removed from the chip. n = 2 traces per


condition, n = 3 experiments. (B) Experiment as in (A), but with


increasing concentrations of ETYA. n = 3 experiments.
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Compounds were also tested for binding to KChIP1
alone bound to the CM5 chip via the K59 anti-KChIP1
antibody. Both CL-888 and ETYA (at 100 lM) bound
to KChIP1, as detected after background subtraction
of binding to K59 on the chip (Fig. 3).

Figure 3. CL-888 binds to KChIP1 alone in Biacore�. CM5 Biacore�
chip was treated as before, but KChIP1 protein was attached instead


of the protein complex. CL-888 bound to the KChIP1 protein quickly,


causing an increase in the signal, when compared to vehicle alone


control. n = 2 for each condition per run; n = 3 experiments.

3.2. Size-exclusion chromatography


The KChIP1/Kv4.3N complex, when examined on a
size-exclusion column, appears as a single monodis-
persed peak of �270 kDa (Fig. 4). Treatment of the
complex with the divalent cation chelator EDTA (Fig.
4A) resulted in a time-dependent loss of the peak corre-
sponding to the 270 kDa complex and an increase in the
peaks corresponding to Kv4.3N alone (massive aggre-
gates) and to a KChIP1 dimer (�55 kDa). Lengthy
treatment (3 h) with EDTA resulted in the loss of most
of the protein starting material, probably due to the pre-
cipitation of the components. In contrast, incubation of
KChIP1/Kv4.3N with the compound CL-888, AA, or
ETYA (latter not shown) did not significantly change
the retention time, peak area, or peak distribution of
the complex at any time point up to 3 h (Fig. 4B). Minor
changes in the high-molecular weight shoulder of the
complex were sometimes observed, but this result was

Figure 4. Size-exclusion chromatography of KChIP/Kv4N proteins.


(A) EDTA treatment disrupts the complex with time. Treatment with


2 mM EDTA for 0, 1, and 3 h is shown. Longer incubations (3 h) with


EDTA cause a loss of material from the column, due to insolubility of


the individual proteins. n = 2 experiments. (B) Control treatment in


buffer for 1 h indicates that the complex is relatively stable at 37 �C.
The complex is incubated for 1–3 h at 37 �C with AA (10 lM), CL-888


(10 lM), or buffer alone (control). No significant change in the


retention time, peak area, or peak distribution of the complex was


observed with these treatments. n = 3 experiments.







Figure 5. Binding isotherm of CL-888 binding to KChIP1. Five


micromolars of the KChIP protein was titrated with an increasing


concentration of the inhibitor. The change in the tryptophan fluores-


cence at 340 nm was used to determine the extent of quenching


(F0 � F). The change in fluorescence as a function of the increase in


inhibitor concentration was fitted to a quadratic equation. The solid


line reflects the curve fit to a single binding isotherm. n = 3


experiments.
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not consistent with the behavior of the dissociated pro-
teins (even as multimers) observed in other experiments.


The protein complex is eluted unchanged after incuba-
tion with the tested compounds, thus supporting the
conclusion that CL-888, AA, and ETYA do not dissoci-
ate the complex, but rather change the conformation
upon binding. This conformational change likely results
in the changes observed both in Biacore� and in the
functional electrophysiology experiments (see Section
3.4).


Previous work has identified the behavior of the
KChIP1/Kv4N proteins coexpressed in bacteria and
separated on SEC.9 The current results are consistent
with an octamer containing Kv44/KChIP14 eluting at
270 kDa, and match the stoichiometry observed for
full-length, functional channels extracted from cellular
membranes.15 When dissociated from the complex or ex-
pressed alone, Kv4.3N exists as a massive aggregate,
and KChIP1, when stripped of its structural calcium
by EDTA, is also insoluble.9 KChIP1 alone with diva-
lent metal ions can exist as a monomer and/or dimer,9,16


yet these forms were not found with compound
exposure. Instead, virtually no changes in the protein
complex were observed, thus indicating a lack of
dissociation of the proteins.


3.3. Evaluation of CL-888 binding by fluorescence


Two fluorescent binding assays, changes in the intrinsic
protein fluorescence and the inhibitor fluorescence, were
employed to determine the nature of the interactions of
CL-888 with the KChIP1 protein. The intrinsic protein
fluorescence and the inhibitor fluorescence do not over-
lap and therefore provide a means to estimate the disso-
ciation constant by the two methods independently. In
the first method, CL-888 caused a saturable quenching
of the fluorescence of the single tryptophan fluorescence
present in KChIP1. The resultant fit of the changes in
the fluorescence as a function of the inhibitor concentra-
tion yield a Kd of 0.4 ± 0.04 lM (Fig. 5). In the inhibitor
fluorescence assay, the CL-888 fluorescence was en-
hanced 12-fold when bound to the KChIP protein.
The binding affinity estimated from this method is com-
parable to the affinity determined using the protein fluo-
rescence method (data not shown). These data, together
with the Biacore� experiments with KChIP alone, indi-
cate that CL-888 can bind to KChIP1 either alone or
when complexed with Kv4.3N.


3.4. Electrophysiology


The functional effects of CL-888 were examined on cur-
rents produced by hKv4.3 and hKChIP1 (full-length
proteins) expressed in Xenopus oocytes. CL-888 at
50 lM produced a significant (t test, P < 0.05) decrease
in peak and steady-state currents (�65% and �68%,
respectively), and a 305% slowing in the recovery from
inactivation time constant compared to control (Fig. 6,
Table 1). In oocytes expressing hKv4.3 alone, the com-
pound effects were much less pronounced, producing
only a 18% decrease in peak and steady-state currents

(t test, P > 0.05), and a 97% slowing in the recovery time
constant. No effects were observed on the inactivation
time constant, either with or without KChIP1
expression.


The functional effects of CL-888 were similar in neuronal
cultures of cerebellar granular neurons (CGN), which
naturally express A-type currents. Peak current was re-
duced 75% and recovery from inactivation slowed by
27% in the presence of 50 lM compound, while no effect
was observed on the inactivation kinetics (Table 1). This
supports the hypothesis that Kv4/KChIP proteins under-
lie the A-type current in neurons. This conclusion is sim-
ilar to that obtained previously using ETYA,14 although
the specific compound effects differ, and further supports
the role for KChIP proteins in the function of native A-
type currents.3,17 Indeed, this study further links the idea
ofKChIP�s ability tomodulate the kinetics and amplitude
ofKv4 channels, and supports the concept that smallmol-
ecule binding to the KChIP1/Kv4 complex can modulate
channel kinetics and current amplitude.


The electrophysiology results are also consistent with a
mechanism of partially interfering with KChIP effects
on the channel. As is the case for many small molecules
at micromolar concentrations, some compound effects
are observed on the Kv4.3 channels themselves (without
KChIP1). This may occur via direct compound binding
to Kv4.3, resulting in block of the channel pore and/or
alteration of gating. Given the high degree of homology
among the members of the KChIP family, it is also not
surprising that CL-888 was observed to have similar







Figure 6. CL-888 (50 lM) affects current peak and kinetics in a KChIP predominant manner. Kv4.3 with (A,B) or without (C,D) KChIP1 expressed


in Xenopus oocytes. Current traces (A,C) and exponential fits to recovery from inactivation (B,D) from the two conditions. Cells were held at


�80 mV and depolarized to +40 mV. n = 3 experiments for each condition/treatment.


Table 1. Effects of CL-888 (50 lM) on currents evoked at 50 mV in Xenopus oocytes and cerebellar granular neurons


Kv4.3 Kv4.3


+CL-888


Kv4.3/KChIP1 Kv4.3/KChIP1


+CL-888


CGN CGN


+CL-888


Peak current (lA) 21.2 ± 0.85 17.5 ± 0.35 9.4 ± 1.3 3.3 ± 0.54* 4.4 ± 0.76 1.1 ± 0.37*


Steady-state current (lA) 5.5 ± 0.96 3.5 ± 0.12 5.6 ± 0.79 1.8 ± 0.36* — —


Inactivation time constant (ms) 105 ± 10 86.5 ± 0.88 217 ± 4.4 189 ± 6.6* 45.7 ± 4.0 53.6 ± 9.9


Recovery from inactivation,


time constant (ms)


749 ± 105 1478 ± 322* 830 ± 137 3358 ± 924* 73.6 ± 18.6 101 ± 11.4


* Significantly different from control (t-test, P < 0.05).
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effects on currents composed of KChIP2/Kv4.3 channels
expressed in oocytes (data not shown). Compounds ac-
tive on this channel complex would be expected to have
effects on cardiac tissue, but this was not tested in this
study. The compounds described in this study are likely
to have effects on other non-Kv4/KChIP proteins as
well, as diaryl ureas have been reported to modulate
other receptors,12,18 chloride channels,19,20 caspase acti-
vation,21 and IL-8 receptor binding,22 and AA and
ETYA have diverse effects in many biological systems.
Indeed, experiments in hippocampal slices indicate that
acute compound application suppresses synaptic trans-
mission and/or is toxic to the slices (data not shown).
Thus, further exploration of these chemical series would
need to occur prior to any further elucidation of the
physiological effects of KChIP1/Kv4.3 inhibitors in
more complex systems.


3.5. Modeling


The KChIP1 crystal structure has been recently report-
ed.9 Several attempts were made to cocrystallize

CL-888 with KChIP1 and with the KChIP1/Kv4.3 com-
plex, with little or no success. In the absence of X-ray
crystallographic data, modeling efforts were initiated in
an attempt to �dock� CL-888 into the KChIP1 crystal
structure. A MOLCAD surface of the KChIP1 crystal
structure, colored by lipophilicity, is strongly lipophilic
on one face, while the rest of the surface is more hydro-
philic (SYBYL� 6.0, Tripos Inc., St. Louis, MO, USA).
It is thought that the hydrophobic proximal N-termini
of Kv4 subunits interact primarily with the hydrophobic
face of KChIP1. In this orientation, the hydrophobic
residues are masked, and the hydrophilic face would
be oriented toward the cytoplasm. We therefore scanned
the hydrophilic face for small cavities suitable for bind-
ing a small molecule. Several potential binding sites were
detected, with one site being especially attractive due to
its depth of cavity and relative degree of lipophilicity
(Fig. 7). We found CL-888 could be easily accommodat-
ed in this site, using the MCDOCK routine within the
FLO program,23 if a small amount of flexibility is al-
lowed for the Lys138 and Trp129 side chains (Fig. 8).
The orientation found for CL-888 showed good overlap







Figure 7. Space-filling model of the KChIP crystal structure9 with the


proposed binding site of CL-888 circled. MOLCAD surfaces were


calculated for the structure, and surfaces are color coded by lipophil-


icity, where blue is highly hydrophilic and brown is highly lipophilic.


Lys138


Trp129 Tyr93
Leu133


Ala97


A B


Figure 8. Detailed view of modeling of CL-888 binding to KChIP1.


(A) MOLCAD calculated surface as in Figure 7, with CL-888 docking


calculated with the MCDOCK routine within the FLO program. (B)


The same image with the MOLCAD surface stripped away showing


CL-888 in magenta along with the most closely interacting residues.


Figure 9. CL-888 model showing overlap with hydrogen bond


accepting (carbonyl O: red), donating (amidic NH: blue), and


liphophilic (aromatic CH: yellow) regions in the protein, identified


using the GRID program.
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with hydrogen bond accepting, donating, and lipophilic
regions in the protein using the GRID program24 (Fig.
9). Proximity to the sole tryptophan residue in the pro-
tein, Trp129, was seen as an opportunity for fluores-
cence spectroscopy to detect compound binding and
support our hypothesis. Indeed, fluorescence spectrosco-
py results were consistent with binding to KChIP1 at the
proposed site on the hydrophilic face. This site of bind-
ing is also more consistent with a modulation of protein
function, rather than a dissociation of the complex, an

outcome more likely if compound binding occurred on
the protein–protein interface.

4. Conclusion


A small-molecule diaryl-urea compound has been identi-
fied, which binds to andmodulates the potassium channel
KChIP/Kv4.Compoundbinding appears to alter the con-
formation of theKChIP/Kv4.3N complex andmodulates
the functional effects of KChIP1/Kv4.3 ion channels.
Compound binding may occur near a single tryptophan
residue in a small hydrophobic cleft of KChIP1, as illus-
trated by molecular modeling. This discovery may lead
to novel methods of altering the function of this potassi-
um channel complex in excitable tissues.
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Abstract—Water soluble and lectin-recognizable carbohydrate-centered glycoclusters were prepared efficiently by the Huisgen
1,3-cycloaddition reaction of methyl-2,3,4,6-tetra-O-propargyl b-DD-galactopyranoside with 2-azidoethyl glycosides of lactose and
N-acetyllactosamine. Their binding by a plant lectin RCA120 was examined by capillary affinity electrophoresis using fluores-
cence-labeled asialoglycans from human a1-acid glycoprotein. The glycoclusters showed 400-fold stronger inhibitory effect than free
lactose, manifesting strong multivalency effect.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Carbohydrate–protein recognition is important in many
biological processes in living systems, such as signal
transductions, cell adhesion, inflammation, and cancer
metastasis, bacterial and viral infection.1–3 However, in
most cases, monosaccharide–protein interactions are
very weak (the Kd value being about 10�3–10�6 M). In
nature, the weak binding of monosaccharides is com-
pensated by multiple and simultaneous binding of many
sugar residues,4 a phenomenon now often referred to as
�glycoside clustering effect�.5,6 To investigate the carbo-
hydrate recognition with the consideration of glycoside
clustering effect, synthetic multivalent glycoconjugates
have been used extensively as mimetics of naturally
occurring branched carbohydrate ligands. Syntheses of
such compounds typically utilize polyfunctional mole-
cules as �scaffold� to organize structurally well-defined
mono- or oligosaccharide units to fit conformation of
sugar-binding proteins. For example, monovalent sug-
ars were coupled to such scaffolds as cyclodextrins
(CDs),7 calix[4]-allenes,8 silsesquioxanes,9,10 and pep-
tides.11,12 Applications of the multivalent glycoconju-
gates include prevention of early adhesion of
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neutrophils to endothelial surfaces,13 neutralization of
viruses and toxins,14 and carbohydrate-based anticancer
therapy,15 despite some drawbacks.16 However, most
conventional methods for the preparation of glycoclus-
ters require lengthy and reiterative synthetic steps,
requiring protection and deprotection before and after
the glycocluster construction.


To obtain simpler and more efficient glycoclusters, we
recently reported a new strategy based on the use of
thiol radical addition of unprotected x-thioglycosides
to octavinyloligosilsequioxane, eliminating the need to
protect and deprotect during glycoclusters construc-
tion.10 In recent years, the Huisgen 1,3-dipolar cycload-
dition reaction between an azide and terminal alkyne
has been gaining considerable attention as a powerful
approach for preparation of peptidotriazoles,17 fabrica-
tion of carbohydrate arrays,18 synthesis of multivalent
neoglycoconjugates,19 as well as labeling proteins and
cell surfaces.20


Carbohydrate molecules are innately polyfunctional,
and have been widely exploited as multivalent scaffolds
for the synthesis of oligosaccharide mimetics with out-
standing biological functions. For example, Starfish, a
powerful ligand for Shiga-like toxin was developed from
a glucoside derivative.14 We thought that the 1,3-dipolar
cycloaddition could be useful for preparation of carbo-
hydrate-centered glycoclusters by the simultaneous
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Figure 1. The outline of the synthesis of carbohydrate-centered glycoclusters.
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assembly of alkynyl glycoside and azide glycosides. We
now describe in this paper, the first synthesis of meth-
yl-2,3,4,6-tetra-O-propargyl-b-DD-galactopyranoside and
its use as a polyfunctional scaffold for construction of
glycocluster. Our facile synthesis involves rapid assem-
bling of multivalent glycoclusters in a convergent way
from unprotected lactose and N-acetyllactosamine
derivative using the Huisgen 1,3-cycloaddition reaction
as the key step. Our strategy is summarized in Figure 1.


Efficacy of the synthesized glycoclusters was evaluated
by capillary affinity electrophoresis (CAE).21 Inhibition
of the binding of the desialylated N-linked oligosaccha-
rides from a1-acid orosomucoid (AGP-asialoglycans)
to RCA120 by the glycoclusters was quantified and
compared with that by lactose.

2. Results and discussion


2.1. Synthesis of the tetravalent carbohydrate scaffold


Because of their easy availability, biocompatibility, low
toxicity, polyfunctionality, and intrinsic chirality, carbo-
hydrate molecules have been widely used as cores for
synthesis of a variety of glycoclusters and glycodendri-
mes.22–24 In our current study, we chose the inexpensive
commercially available methyl b-DD-galactopyranoside as
the core molecule. To transform methyl b-DD-galactopy-
ranoside into a suitable template for multivalent glyco-
cluster assembly, uniform propargylation of all four
hydroxyl groups of methyl b-DD-galactopyranoside was
accomplished with propargyl bromide and NaH in
DMF to give the alkyne cluster 1 in 80% yield (Scheme
1). The product was purified by standard silica gel
chromatography.


2.2. Synthesis of azide glycosides


Lactose (Lac) and N-acetyllactosamine (LacNAc) are
two of the most common structures in a variety of gly-
coconjugates, and are known to be involved in various

Scheme 1. Synthesis of carbohydrate scaffold.

types of normal and pathological reactions. In addition,
lactosyl group is the primer disaccharide in the biosyn-
thesis of most glycosphingolipids. LacNAc is also a
precursor of sialyl Lewisx, which plays an important role
in selectin-mediated adhesion of neutrophils to endothe-
lial cells, the initial event in many inflammatory respons-
es.25,26 Thus, we chose azide-bearing glycosides of
lactose and N-acetyllactosamine as monomeric struc-
tures for clustering.


Although compound 5 has been synthesized before,27


we used a different route for synthesis as shown in
Scheme 2. Per-O-benzoylated lactosyl bromide 228


was reacted with 2-chloroethanol under the catalysis
of silver triflate (AgOTf) to give the b-lactoside deriva-
tive 3 in near quantitative yield. The desired b-ano-
meric configuration was confirmed by the relatively
large coupling constant of the anomeric proton signal
(J1,2 = 8.0 Hz). It should be noted that Bz-protected
lactosyl bromide was chosen over the conventional
acetylated counterpart to exclude the possibility of
orthoester or a-glycoside formation.29 The chloroethyl
glycoside was then reacted with sodium azide (NaN3)
via an SN2 type reaction to give 2-azidoethyl glycoside
4 in high yield (90%). The two-step procedure was used
instead of direct glycosylation of 2-azidoethanol which
is potentially explosive.30 Subsequent deprotection
under the Zemplén condition gave the unprotected
glycoside 5.


The synthesis of the x-azido-glycoside of N-acetyllactos-
amine, 9,31 is shown in Scheme 2. Per-O-acetylation of
starting material, N-acetyllactosamine, produced com-
pound 632 in quantitative yield. This was converted into
the oxazoline derivative 7 by treating with TMSOTf.33


The oxazoline 7 was then allowed to react with 2-azido-
ethanol using pyridinium p-toluenesulfonate (PPTS) as a
promoter,34 giving the corresponding b-glycoside 8.35


Subsequent deprotection under the Zemplén condition
gave the unprotected glycoside 9.31


2.3. Synthesis of tetravalent carbohydrate-centered
glycoclusters


Several neoglycoconjugates have been prepared by
copper (I)-catalyzed 1,3-cycloaddition reaction through
the use of protected glycosides in organic solvents.19


We show that unprotected glycoside can be used in this
reaction equally efficiently, and this reduces the number
of protection and deprotection steps before and after
glycocluster assembly. Moreover, our method uses







Scheme 2. Synthesis of 2-azidoethyl glycosides.
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aqueous solution and thus is more compatible with envi-
ronmental protection.


As shown in Scheme 3, direct assembly of glycoclusters
was achieved by reacting alkynyl galactoside and unpro-
tected azide glycosides in the presence of CuSO4/sodium
ascorbate in water36 to give the corresponding products
10 and 11, which are easily isolated in high yields by
simple gel filtration. They were fully characterized by 1H
NMR, 13C NMR, andMALDI-TOFmass spectroscopy.

Scheme 3. Assembly of glycoclusters.

2.4. Inhibition of RCA120 binding of asialoglycans from
human al-acid glycoprotein by the glycoclusters


RCA120 is a bivalent lectin specifically recognizing the
exposed b-DD-galactose residues. In solution, RCA120


binds two galactosides, one by each subunit.37,38 The
binding affinity of glycoclusters 10 and 11 to RCA120


was estimated by capillary affinity electrophoresis
(CAE) by inhibition of the binding of asialoglycans
from human a1-acid glycoprotein (AGP-asialoglycans).
AGP contains di-, tri-, and tetra-antennary carbohy-
drate chains, and the asialoglycans thereof have termi-
nal Galb1-4GlcNAc on all branches and show high
affinity toward RCA120. AGP-asialoglycans showed
discrete peaks (A1–A5), identified previously,39 as
shown in Figure 2.

Figure 2. Capillary electrophoresis of AGP-asialoglycans.
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In the presence of RCA120, AGP-asialoglycans were
bound by RCA120 and their peaks were broadened as
shown in Figure 3. All peaks broadened as a function
of RCA120 concentration, but the triantennary glycan
(A3) and tetra-antennary glycans (A4 and A5) were most
sensitive to lectin RCA120.


The peak broadening was increasingly suppressed when
the increasing amounts of the glycocluster were added to
the sample. Eventually the peaks became as discrete as
the free (unbound) oligosaccharides as shown in Figures

Figure 3. Capillary affinity electrophoresis of AGP-asialoglycans in


the presence of various concentrations of RCA120.


Table 1. Inhibition of the binding between RCA120 and AGP-


asialoglycans by the glycoclusters and lactose


Inhibitor ICmin
a (M)b


Lactose 20 · 10�3


Glycocluster 10 50 · 10�6


Glycocluster 11 50 · 10�6


aMinimum inhibition concentration.
bMolarity of saccharide unit.


Figure 4. Inhibition effects of glycocluster 10 on the binding between RCA1

2 and 3 (top profile). For comparison, free lactose was
used as monovalent reference under the same experi-
mental conditions. The minimum concentrations of
saccharide units to completely inhibit the binding
between the AGP-asialoglycans and RCA120 (ICmin)
are summarized in Table 1.


These data indicate that glycoclusters 10 and 11 are equal-
ly well recognized by RCA120 and they are excellent
inhibitors for the binding of lectin RCA120 to AGP-asi-
aloglycans. Their inhibitory power is much stronger than
the free lactose (minimum inhibition concentration of
20 mM) by a factor of 400 (minimum inhibition concen-
tration of 50 lM). From these inhibition experiments, it
appears that a significant effect of multivalency is
observed for the glycoclusters. A typical inhibitory
experiment of glycocluster is illustrated in Figure 4.

3. Conclusion


A simple and effective preparation of carbohydrate-cen-
tered glycoclusters based on 1,3-cycloaddition reaction
of uniformly alkynylated carbohydrate core with
unprotected x-azido-glycosides was developed. We
demonstrated the usefulness of this approach by the
preparation glycoclusters of lactose and N-acetyllactos-
amine, which were shown to be bound to RCA120 400-
fold more strongly than monovalent lactose. Given the
modular nature of this strategy, this approach may offer
an alternative avenue for preparing glycoclusters with
different densities and spacers, expanding the repertoire
of the existing glycoclusters for bioassays and
biorecognition.

4. Experimental


4.1. General procedures


Chemicals were from Aldrich (Milwaukee, WI) and used
as received. Column chromatography was carried out

20 and AGP-asialoglycans.
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using E. Merck silica gel 60F (230–400 mesh). Analytical
thin-layer chromatography (TLC) was performed on
aluminum sheets coated with silica gel 60 F254


(0.25 mm thickness, E. Merck, Darmstadt, Germany).
Detection of UV-absorbing compounds on TLC plates
was by quenching of the silica gel-imbedded fluorescence
and/or charring with 15% H2SO4 in ethanol solution fol-
lowed by heating at ca. 180 �C. The ratios of solvents
used for TLC are expressed as vol/vol. Gel filtration
chromatography was performed using a column packed
with Sephadex G-15 (2·145 cm) eluting with distilled
water. Carbohydrates were determined with a version
of the phenol–sulfuric acid method.40 Melting points
were determined with a Fisher-Johns apparatus and are
not corrected. 1H NMR and 13C NMR spectra were
recorded with a Varian-400 NMR spectrometer at nom-
inal resonance frequencies of 400 and 100 MHz, respec-
tively, in CDCl3 (referenced to internal Me4Si at dH
0 ppm, dC 0 ppm) and D2O (referenced to internal ace-
tone at dH 2.225 ppm, dc 29.8 ppm). The chemical shifts
(d) were expressed in parts per million (ppm). First order
J values were given in hertz. Fast atom bombardment
mass spectra (FAB MS) data were obtained using
m-nitrobenzyl alcohol as matrix. Matrix-assisted laser
desorption ionization time-of-flight mass spectra (MAL-
DI-TOF MS) were recorded with a MALDI-Compact
(Kratos) instrument in the positive mode using 2,5-
dihydroxybenzoic acid (DHB) as matrix unless otherwise
indicated and an average of 50 laser shots per sample.


4.2. Procedures for capillary affinity electrophoresis (CAE)


Capillary affinity electrophoresis was performed with a P/
ACEMDQ glycoprotein system (Beckman Coulter, Ful-
lerton, CA, USA) equipped with an eCAPN-CHO capil-
lary (20 cm effective length, 30 cm total length, 50 lm i.d.,
Beckman Coulter) using an argon laser-induced fluores-
cence detector as described previously.21 Detection was
performed by installing a 520 nm filter for emission with
a 488 nm argon laser for excitation. Tris–acetate buffer
(100 mM, pH 7.4) was used as an electrolyte throughout
the work. The sample solution was introduced to the cap-
illary by pressure method (0.5 psi, 5 s). Separation was
performed at 25 �Cat the applied potential of 18 kV.Data
were collected and analyzed with a standard 32 Karat
software (Version 4.0, Beckman Coulter) on Microsoft
Windows 2000. The procedures are briefly as follows.
First, a mixture of fluorescence-labeled oligosaccharides
only was analyzed. Then, the capillary was filled with
the same electrolyte, but containing the lectin at a speci-
fied concentration, and the same mixture of fluorescent
oligosaccharides was analyzed.


4.3. Methyl-2,3,4,6-tetra-O-propargyl-b-DD-galactopyran-
oside (1)


To a solution of methyl b-DD-galactopyranoside (388 mg,
2 mmol) in dry DMF (10 mL) was added NaH (60%
w/w in mineral oil, 480 mg, 12 mmol) at 0 �C with fre-
quent venting. After stirring for 20 min, propargyl bro-
mide (80% in toluene, 2.25 mL, 20 mmol) was added
slowly and the mixture was stirred at 0 �C for 20 min
and maintained at rt for 12 h. TLC indicated the disap-

pearance of the starting material. The reaction mixture
was cooled to 0 �C and MeOH (20 mL) was added.
The solvents were removed under reduced pressure.
The residue was suspended in water (30 mL) and
extracted with ethyl acetate (350 mL). The combined
organic layer was washed with satd aqueous NaCl
(50 mL), dried over anhydrous Na2SO4, filtered and
concentrated under reduced pressure to give a brown
oil which was purified by silica gel chromatography
(hexanes/EtOAc 3:1) to give a pale yellow foam
(556 mg, 80%). Rf = 0.42 (hexanes/EtOAc 2:1). 1H
NMR (400 MHz, CDCl3, rt) d 4.33–4.49 (4 dd, 8H,
J = 14.8 and 2.4 Hz, 4-OCH2), 4.20–4.26 (m, 3H), 4.04
(br t, 1H), 3.80 (dd, 1H, J = 10 and 2.0 Hz), 3.71 (dd,
1H, J = 10 and 2.0 Hz), 3.58–3.61 (m, 3H), 3.52 (s,
3H, OCH3), 2.46 (m, 4H, 4-CH); 13C NMR
(100 MHz, CDCl3, rt): d 104.21, 80.79, 80.28, 80.09,
79.52, 79.30, 74.67, 74.49, 74.04, 73.32, 73.20, 68.94,
59.90, 59.51, 58.99, 58.71, 56.92; MALDI-TOF MS:
m/z calcd for C19H22NaO6 (M+Na), 369.1; found 368.9.


4.4. 2-Chloroethyl (2,3,4,6-tetra-O-benzoyl-b-DD-galacto-
pyranosyl)-(1!4)-2,3,6-tri-O-benzoyl-b-DD-glucopyrano-
side (3)


A mixture of lactosyl bromide28 (2.64 g, 2.33 mmol) and
2-chloroethanol (4.0 mL, 59.6 mmol) in dry CH2C12
(20 mL) was stirred under N2 with MS 4 Å (3 g) for
1 h, then cooled to �15 �C and powdered AgOTf
(1.3 g, 5.06 mmol) was added. The reaction was allowed
to stir at 0 �C for 2 h until the complete disappearance of
the starting material, quenched by the addition of Et3N
(5 mL), filtered through a pad of Celite, diluted with
CH2Cl2 (100 mL), washed with satd aqueous NaHCO3


(50 mL), 2 M aqueous Na2S2O3, water (50 mL), dried
(Na2SO4), and evaporated to give a residue, which was
purified by silica gel chromatography (toluene/acetone
25:1) to afford the product as a white foam (2.49 g,
95%). Rf = 0.29 (toluene/acetone 20:1). 1H NMR
(400 MHz, CDCl3, rt) d 7.92–8.00 (m, 12H), 7.11–7.74
(m, 23H, arom), 5.79 (dd, 1H, J = 9.6 Hz, H-3, Glc),
5.68–5.73 (m, 2H), 5.45 (dd, 1H, J = 9.6 and 7.6 Hz,
H-2), 5.37 (dd, 1H, J = 10.4 and 3.6 Hz), 4.86 (d, 1H,
J = 8.0 Hz, H-1, Gal), 4.76 (d, 1H, J = 8.0 Hz, H-1,
Glc), 4.60 (dd, 1H, J = 12.0 Hz, H-6a, Glc), 4.48 (dd,
1H, J = 4.4 Hz, H-6b, Glc), 4.24 (t, 1H, J = 9.6 Hz,
H-4, Glc), 3.98, 3.75 (2 m, 2H, OCH2CH2N3), 3.84–
3.89 (m, 2H), 3.69–3.75 (m, 2H), 3.49 (m, 2H,
OCH2CH2N3);


13C NMR (100 MHz, CDCl3, rt): d
165.83, 165.57, 165.40, 165.38, 165.25, 165.22, 164.79,
133.56, 133.41, 133.28, 133.21, 129.99, 129.87, 129.74,
129.68, 129.64, 129.58, 129.53, 129.44, 129.39, 129.27,
128.82, 128.63, 128.59, 128.52, 128.34, 128.25, 101.34,
100.98, 75.95, 73.11, 72.72, 71.74, 71.53, 71.39, 69.85,
67.50, 62.26, 61.04, 42.18; MALDI-TOF MS: m/z calcd
for C63H53NaClO18 (M+Na), 1155.3; found 1156.1.


4.5. 2-Azidoethyl (2,3,4,6-tetra-O-benzoyl-b-DD-galactopyr-
anosyl)-(1!4)-2,3,6-tri-O-benzoyl-b-DD-glucopyranoside (4)


To a solution of the chloride 3 (2.15 g, 1.90 mmol) in dry
DMF (10 mL) were added NaN3 (1.23 g, 19 mmol) and
18-crown-6 (50 mg, 0.19 mmol). The resulting mixture
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was heated at 70 �C with stirring for 36 h. The solvent
was removed under reduced pressure, the residue was
dissolved in EtOAc (100 mL), and washed with brine
(50 mL) and water (50 mL). The organic layer was dried
over anhydrous Na2SO4 and concentrated under re-
duced pressure. The residue was subjected to silica gel
column chromatography with toluene–acetone (25:1)
as the eluent to give 4 (1.95 g, 90%). Rf = 0.28 (tolu-
ene/acetone 20:1). 1H NMR (400 MHz, CDCl3, rt) d
7.95–8.02 (m, 12H), 7.13–7.74 (m, 23H, arom), 5.82
(dd, 1H, J = 9.6 Hz, H-3, Glc), 5.71–5.76 (m, 2H), 5.49
(dd, 1H, J = 9.6 and 7.6 Hz, H-2), 5.40 (dd, 1H,
J = 10.4 and 3.6 Hz), 4.90 (d, 1H, J = 8.0 Hz, H-1,
Gal), 4.78 (d, 1H, J = 7.6 Hz, H-1, Glc), 4.63 (dd, 1H,
J = 11 Hz, H-6a, Glc), 4.49 (dd, 1H, J = 4.4 Hz, H-6b,
Glc), 4.28 (t, 1H, J = 9.6 Hz, H-4, Glc), 3.98, 3.75
(2 m, 2H, OCH2CH2N3), 3.85–3.93 (m, 2H), 3.63–3.75
(m, 3H), 3.38, 3.24 (2m, 2H, OCH2CH2N3);


13C NMR
(100 MHz, CDCl3, rt): d 165.84, 165.57, 165.40,
165.22, 165.19, 164.80, 133.56, 133.41, 133.28, 133.21,
133.18, 129.99, 129.80, 129.74, 129.68, 129.64, 129.57,
129.53, 129.45, 129.39, 129.31, 128.82, 128.63, 128.58,
128.52, 128.31, 128.25, 101.07, 100.98, 75.93, 73.11,
72.82, 71.75, 71.60, 71.40, 69.88, 68.48, 67.50, 62.22,
61.04, 50.53; MALDI-TOF MS: m/z calcd for
C63H53N3Na18 (M+Na), 1162.3; found 1162.6.


4.6. 2-Azidoethyl (b-DD-galactopyranosyl)-(l!4)-b-DD-gluco-
pyranoside (5)27


To a solution of 4 (2.28 g, 2 mmol) in dry methanol
(30 mL) was added NaOMe (50 mg). The mixture was
stirred for 16 h at room temperature. The solvent was
removed by evaporation. The residue was dissolved in
water (30 mL) and neutralized with Dowex 50Wx8
(H+), filtered, and extracted with toluene (2·30 mL)
and ethyl acetate (20 mL). The water layer was lyophi-
lized to give a powder (740 mg, 91%). 1H NMR
(400 MHz, D2O, rt) d 4.53 (d, 1H, J1,2 = 8.4 Hz, H-1),
4.43 (d, 1H, J = 8.0 Hz, H-1 0), 3.78, 4.05 (2m, 2H,
OCH2CH2N3), 3.91 (d, 1H), 3.71–3.86 (m, 5H), 3.65
(m, 3H), 3.60 (br, 1H), 3.55 (m, 3H), 3.34 (t, 1H); 13C
NMR (100 MHz, D2O, rt): d 102.49, 101.74, 77.88,
74.92, 74.38, 73.90, 72.34, 72.08, 70.51, 68.11, 60.59,
59.61, 50.10; MALDI-TOF MS: m/z calcd for
C14H25N3NaO11 (M+Na), 434.1; found 434.2.


4.7. 2-Azidoethyl (2,3,4,6-tetra-O-acetyl-b-DD-galactopyr-
anosyl)-(1!4)-O- 2-acetamido-3,6-di-O-acetyl-2-deoxy-
b-DD-glucopyranoside (8)35


A solution of N-acetyllactosamine peracetate 632 (1.8 g,
2.64 mmol) in dry 1,2-dichloroethane (12 mL) was
treated with TMSOTf (0.5 mL, 2.63 mmol) under a
nitrogen atmosphere, and the mixture was stirred over-
night at 50 �C. Triethylamine (1.8 mL) was added and
the solvent was evaporated. The resulting residue was
purified by silica gel chromatography, eluting with
toluene–ethyl acetate–triethylamine (100:200:1), to
give the syrupy oxazoline derivative 7 (1.3 g, 80%).


To a solution of oxazoline derivative 733 (1.08 g,
1.75 mmol) in 1,2-dichloroethane (35 mL) were added

2-azidoethanol (1.28 mL, 16.9 mmol, 9.6 equiv) and
pyridinium p-toluenesulfonate (PPTS)34 (45 mg,
0.175 mmol). The mixture was stirred under a nitrogen
atmosphere for 2 h at 70 �C. The solution was cooled,
neutralized with pyridine (3 mL), diluted with chloro-
form (50 mL), and stirred in ice-water. The organic
layer was washed successively with aqueous sodium
hydrogen carbonate (30 mL) and water (30 mL), dried
over anhydrous Na2SO4, and evaporated. The residual
syrup was purified by silica gel chromatography (hex-
anes/acetone 1:1) to give pure product 8 (880 mg,
72%). 1H NMR (400 MHz, CDCl3, rt) d 5.78 (d, 1H,
J = 9.2 Hz), 5.36 (d, 1H, J = 3.2 Hz), 5.12 (m, 2H),
4.98 (dd, 1H, J = 10.4 and 3.2 Hz), 4.58 (d, 1H,
J = 7.6 Hz), 4.51–4.55 (m, 2H), 4.09–4.16 (m, 4H),
3.97–4.07 (m, 3H), 3.89 (t, 1H, J = 7.0 Hz), 3.81 (t,
1H, J = 8.8 Hz), 3.67 (m, 2H), 3.48 (m, 1H), 3.26 (m,
1H), 2.18 (s, 3H, CH3CO), 2.16 (s, 3H, CH3CO),
2.12 (s, 3H, CH3CO), 2.08 (s, 3H, CH3CO), 2.06 (m,
6H, 2 CH3CO), 1.97 (s, 3H, CH3CO); 13C NMR
(100 MHz, CDCl3, rt) d 170.64, 170.41, 170.14,
170.08, 169.36, 101.02, 100.82, 75.73, 72.75, 72.27,
70.82, 70.73, 69.08, 68.24, 66.60, 62.10, 60.78, 53.26,
50.62, 23.29, 20.89, 20.86, 20.66, 20.53; MALDI-TOF
MS: m/z calcd for C28H41N4NaO17 (M+Na), 727.2;
found 727.3.


4.8. 2-Azidoethyl(b-DD-galactopyranosyl)-(1!4)-O-2-acet-
amido-2-deoxy-b-DD-glucopyranoside (9)31


To a solution of 8 (704 mg, 1 mmol) in dry methanol
(15 mL) was added NaOMe (30 mg). The mixture was
stirred for 3 h at room temperature. The solution was
neutralized with Dowex 50Wx8 (H+). After removing
the resin by filtration, the filtrate was concentrated un-
der reduced pressure to give a white powder (430 mg,
95%). 1H NMR (400 MHz, D2O, rt) d 4.60 (d, 1H,
J1,2 = 8.0 Hz), 4.47 ðd; 1H; J 10 ;20 ¼ 8.0 Hz;H-10Þ, 3.97
(d, 1H, H-4 0), 3.78, 4.06 (2m, 2H, OCH2CH2N3),
3.80 (dd, 1H, H-2), 3.74 (dd, 1H, H-3 0), 3.72 (dd,
1H, H-4), 3.69 (dd, 1H, H-3 0), 3.55 (dd, 1H, H-2 0),
3.41–3.51 (2m, 2H, OCH2CH2N3), 2.03 (s, 3H,
CH3CO); 13C NMR (100 MHz, D2O, rt): d 174.21,
102.44, 100.53, 77.96, 74.92, 74.37, 72.05, 70.52,
68.33, 60.59, 59.58, 54.57, 49.91, 21.83; MALDI-
TOF MS: m/z calcd for C16H28N4NaO11 (M+Na),
475.1; found 475.0.


4.9. General procedures for synthesis of glycoclusters


Methyl-2,3,4,6-tetra-O-propargyl b-DD-galactopyrano-
side 1 (0.06 mmol) and azide glycoside (0.48 mmol) were
suspended in water (12 mL). Sodium ascorbate
(0.044 mmol, 45 lL of freshly prepared 1 M solution
in water) was added, followed by copper (II) sulfate pen-
tahydrate (0.022 mmol, 22 lL of 1 M solution in water).
The mixture was stirred vigorously for 24 h, at which
point the mixture cleared and TLC analysis indicated
complete consumption of the reactants. The reaction
mixture was reduced to about 2 mL and applied to a
Sephadex G-15 column (2·145 cm) eluting with distilled
water. Appropriate fractions were pooled and lyophi-
lized to give white foam.
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4.9.1. Glycocluster 10. Yield, 83%; 1H NMR (400 MHz,
D2O, rt) d 8.12 (m, 4H), 4.6 (m, 15H), 4.44 (m, 9H), 4.28
(m, 6H), 4.12 (m, 6H), 3.92 (m, 8H), 3.76–3.52 (m, 40H),
3.25 (m, 5H); 13C NMR (100 MHz, D2O, rt): d 143.48,
143.12, 125.35, 103.12, 102.50, 101.88, 77.87, 74.93,
74.33, 73.81, 72.19, 72.08, 70.51, 68.11, 67.74, 64.70,
62.93, 62.55, 60.59, 59.59, 56.96. 49.93. MALDI-TOF
MS: m/z calcd for C75H122N12NaO50 (M+Na), 2013.7;
found, 2014.2.


4.9.2. Glycocluster 11. Yield, 88%; 1H NMR (400 MHz,
D2O, rt) d 8.11(m, 4H), 4.33 (m, 9H), 4.05 (m, 11H),
3.94 (m, 13H), 3.66–3.75 (m, 43H), 3.55 (m, 12H), 1.89
(br s, 12H); 13C NMR (100 MHz, D2O, rt): d 173.6,
140.03, 124.79, 102.80, 102.43, 100.44, 77.91, 74.91,
74.31, 72.06, 71.78, 70.51, 68.10, 67.03, 60.58, 59.56,
54.32, 49.97, 21.72. MALDI-TOF MS: m/z calcd for
C83H134N16O50 (M+H), 2156; found, 2156.
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