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Abstract—Protein–protein interactions often involve secondary structural elements, such as helices. Protein–protein interactions
within the Bcl-2 family are mediated by the helical BH3 domain of proapoptotic family members, such as Bad, Bak, Bax, or
Bid. Here, we report that two 5-residue fragments located at the N- and C-termini of the 16-residue BH3 domain of Bad, respec-
tively, serve as affinity-enhancing motifs (AEMs) for the BH3 domain. When added to the BH3 domain derived from other proa-
poptotic proteins such as Bak, Bax, or Bid, these AEMs significantly increased the Bcl-2-binding affinity of these BH3 peptides by
promoting the helical structure. This finding may point to a new strategy for studying and mimicking helical peptide–protein inter-
actions involved in apoptosis.
� 2005 Elsevier Ltd. All rights reserved.

Protein–protein interactions play an important role in a
wide variety of physiological and pathological processes.
The inhibition or promotion of these interactions, either
by small molecules such as synthetic peptides or by
nonpeptidic organic compounds, is of great interest for
understanding the mechanism of biological recognition
and developing novel therapeutic agents. In this regard,
much progress has been made in recent years.1,2 This
type of chemical research on protein–protein interac-
tions is becoming increasingly important, especially in
the post-genomics era, in which small molecular regula-
tors of protein–protein interactions can be used to study
the function of new proteins uncovered by genomics re-
search efforts.


A wide array of protein–protein interactions are in-
volved in the process of apoptosis or programmed cell
death. The chemical biology of apoptosis, which aims
to understand the chemical basis of how cells die and
to develop intervening strategies for this process when
dysregulated in human diseases, is a rapidly growing
area of research.3,4 As key regulators of apoptosis,
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Bcl-2 and related Bcl-2 family member proteins have
been the subject of intensive chemical, biological, clini-
cal, and structural research. The Bcl-2 family includes
a growing list of proteins that can either inhibit apopto-
sis (antiapoptotic), such as Bcl-2 and Bcl-xL, or promote
apoptosis (proapoptotic), such as Bak, Bax, Bid, and
Bad. Despite the opposite functions of these anti- and
proapoptotic proteins,3 they share some common fea-
tures, such as the BH1-4 domains conserved in their
amino acid sequences. In general, the BH3 domain is
shared and used by all proapoptotic Bcl-2 family
members as a key element to bind and counteract
antiapoptotic proteins. NMR studies have shown that
a 16-residue peptide derived from Bak BH3 domain
bound to Bcl-xL in a helical conformation.5 Synthetic
peptides and small molecules that mimic these proapop-
totic BH3 domains have been shown to induce apoptosis
of cancer cells, thus acting as a new class of anticancer
agents for a wide variety of cancers in which Bcl-2 or
related proteins are implicated.3


We are interested in knowing more about the chemical
mechanism of the interaction between BH3 peptides
and Bcl-2 protein as a model for studying protein–
protein interactions involving helical domains. One
important challenge for using peptides or peptide-mim-
icking compounds to study or inhibit large protein–
protein complexes is the lack of high protein binding
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Figure 1. (a) AEM motifs are attached to the N- and C-termini of the


BH3 domain peptide; (b) The Bcl-2-binding affinity of the BH3 domain


peptides.
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affinity of synthetic peptides or small molecule mimics.
In this study, we wanted to explore new strategies to en-
hance peptide–protein interactions using BH3 peptides
and Bcl-2 protein as a test example. We noticed the very
high Bcl-xL- and Bcl-2-binding affinity, which is proba-
bly the highest among natural BH3 peptides of the same
or shorter length and nonpeptidic compounds that mim-
ic the BH3 domain, shown by peptides derived from Bad
containing the 16-residue BH3 core sequence plus sever-
al additional residues at both its N- and C-termini.6–8


Interestingly, the 16-residue Bad BH3 core peptide
showed very low or no binding to Bcl-2 (Table 1) or
Bcl-xL.


6 Thus, it is apparent that the addition of N-
and C-terminal segments of 4–5 residues led to this sub-
stantial increase in binding affinity.


In this study, we hypothesize that these N- and C-termi-
nal sequences adjacent to the Bad BH3 core domain are
affinity enhancing segments and propose that they are
designated as N-AEM (affinity enhancing motif) and
C-AEM, respectively. The amino acid sequences for
N-AEM and C-AEM are NLWAA and SFKGL,
respectively. To investigate the mechanism of action of
these AEMs, we first posed the question as to whether
N-AEM or C-AEM or both are needed for the affinity
enhancement. Bad BH3 peptides containing the addition
of N-AEM (N-AEM-Bad BH3) or C-AEM (Bad BH3-
C-AEM) alone were synthesized (Table 1). Using a flu-
orescene polarization (FP)-based competitive binding
assay,9 we tested the Bcl-2 binding of these peptides as
compared to Bad BH3 (the 16-residue core) and Bad
BH3-26 (the 26-residue longer peptide containing both
N-AEM and C-AEM). While N-AEM-Bad BH3 and
Bad BH3-C-AEM showed increased binding affinity as
compared to the inactive Bad BH3, both of them were
still much less potent than Bad BH3-26 (Table 1). This
demonstrates that both N-AEM and C-AEM are need-
ed and together lead to a drastic enhancement in affinity.
To ask the question whether any key residue(s) in these
AEMs is important for the observed affinity enhancing
activity, four mutant peptide analogs containing amino

Table 1. Bcl-2-binding affinity of Bcl-2 family protein BH3 peptides and the


BH3 domain peptides Sequence


Bad BH3-26 NLWAAQRYGRELRRMSDEF


Bad BH3 QRYGRELRRMSDEFEG


N-AEM-Bad BH3 NLWAAQRYGRELRRMSDEF


Bad BH3-C-AEM QRYGRELRRMSDEFEGSFKG


Bad BH3-26 (R2) NRWAAQRYGRELRRMSDEF


Bad BH3-26 (A3) NLAAAQRYGRELRRMSDEFE


Bad BH3-26 (A22) NLWAAQRYGRELRRMSDEF


Bad BH3-26 (A23) NLWAAQRYGRELRRMSDEF


Bak BH3 GQVGRQLAIIGDDINR


Bak BH3-26 PSSTMGQVGRQLAIIGDDINR


N-AEM-Bak BH3-C-AEM NLWAAGQVGRQLAIIGDDIN


Bax BH3 KKLSECLKRIGDELDS


Bax BH3-26 QDASTKKLSECLKRIGDELDS


N-AEM-Bax BH3-C-AEM NLWAAKKLSECLKRIGDELD


Bid BH3 RNIARHLAQVGDSMDR


Bid BH3-26 QEDIIRNIARHLAQVGDSMD


N-AEM-Bid BH3-C-AEM NLWAARNIARHLAQVGDSM


aCD spectra were acquired in 10% TFE.
b CD spectra were acquired in 0%, 10%, 30%, 50% TFE.

acid replacements at various positions of the N-AEM
or C-AEM of the peptide were synthesized and tested.
Except for the Phe ! Ala mutation at the C-AEM that
led to a �4-fold reduction in affinity, the rest of the
mutations did not have any significant effect on binding.
These results suggest that these AEMs do not make any
direct and major contribution to binding but rather
likely serve as motifs to enhance the affinity of the
BH3 core. Also supporting this argument was the find-
ing that the individual N-AEM or C-AEM peptide
sequence alone did not show any binding to Bcl-2
(data not shown). Our results are consistent with the
study by Petros et al., who also found that these sequenc-
es did not contain key binding determinants contributing
to significant interaction energy with Bcl-xL.


6


We tested whether the AEMs derived from Bad can be
applied to enhance the Bcl-2-binding affinity of BH3
peptides derived from other proapoptotic proteins.
The AEMs were added to BH3 core peptides derived
from Bak, Bax, and Bid (Table 1). A significant increase
in Bcl-2 binding affinity was seen in all three cases when
the AEMs were applied (Table 1 and Fig. 1). While

ir analogs


IC50 (lM) % Helix


EGSFKGL 0.30 13.1a


N/A 14.1a


EG 5.60 12.0a


L 17.50 13.4a


EGSFKGL 0.49 13.9a


GSFKGL 0.41 13.8a


EGAFKGL 0.80 14.0a


EGSAKGL 1.36 13.4a


8.36 6.1/7.3/14.6/21.8b


RYDSE 3.03 7.3/8.9/25.2/37.7b


RSFKGL 0.65 8.1/11.4/56.7/67.7b


29.07 6.2/9.5/27.9/31.8b


NMELQ 2.88 10.0/12.9/47.3/55.1b


SSFKGL 1.33 18.9/32.9/65.5/72.8b


22.34 5.8/8.6/18.6/32.6b


RSIPPG 14.08 9.8a


DRSFKGL 1.56 8.6/12.5/53.4/69.3b
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the BH3 core peptides derived from these different
proapoptotic proteins have different sequences and
binding potency, affinity enhancement by the AEMs
was notably consistent and significant, which suggests
that the affinity enhancing effect of the AEMs might
be generally applicable. To examine whether this ob-
served affinity enhancement effect is dependent on the
specific sequence of the AEMs, the AEMs in the
above-described peptides were substituted by native
sequences of Bak, Bax, or Bid at the corresponding seg-
ments. These native motifs derived from Bak, Bax, or
Bid have a much less affinity enhancing effect than the
AEMs derived from Bad. These results suggest that
the AEMs found in Bad may represent highly optimized
motifs for promoting the binding interaction of BH3
domain with antiapoptotic proteins of the Bcl-2 family.


To investigate the mechanism of action of the AEMs in
enhancing BH3 peptide binding to Bcl-2, we studied the
structures of these various BH3 peptides with or without
the AEMs by using circular dichroism (CD) spectrosco-
py.9 Whereas in aqueous solution or low (10%) TFE all
of these peptides studied are unstructured with low
(�6–14%) helical content, a substantial increase in heli-
cal structure was observed in higher (30% or 50%) TFE
for AEM-containing peptides (Table 1). As shown in N-
AEM-Bak BH3-C-AEM, N-AEM-Bax BH3-C-AEM,
and N-AEM-Bid BH3-C-AEM where the AEMs were
incorporated into these various BH3 peptides, a signifi-
cant helical structure (53–72% helical content) was
found. The helix-promoting ability of AEMs from Bad
is sequence specific, as the corresponding native
sequences from Bak and Bax, which were chosen as rep-
resentatives to be studied here, have the helix promoting
effect not as strong as the AEMs from Bad. The differ-
ence in the ability to promote helix stability of these na-
tive sequences versus the AEMs from Bad seems to be in
correlation with different binding enhancing effects.
Taken together, these results suggest that AEMs from
Bad act to stabilize the helical structure of the central
BH3 peptide core, thus indirectly enhancing the helical
peptide core binding for the Bcl-2 protein.


The discovery of AEMs adjacent to the BH3 core may
have implications in understanding the mechanism of
proapoptotic Bcl-2 family members, especially the so-
called BH3-only members that are thought to act mainly
by binding to antiapoptotic proteins via the BH3 do-
main. In the past, the 16-residue BH3 core sequence
conserved among both proapoptotic and antiapoptotic
proteins had been the subject of many structure–func-
tion studies. It might be worth investigating the role
and mechanism of the AEMs found in Bad and the cor-
responding segments in other proteins in the function
and interaction of these proteins. These motifs are non-
conserved among Bcl-2 family proteins. Whether such
sequence variations can be linked to the difference in
affinity and selectivity observed in different Bcl-2-related
protein–protein interactions remains to be addressed.
The discovery of AEMs may also aid in the development
of highly potent antagonists of Bcl-2 or Bcl-xL. It has

been shown by a number of recent studies that small
molecule antagonists of Bcl-2 and/or Bcl-xL are promis-
ing anticancer agents 3. These antagonists exert their
biological activity by mimicking the BH3 core domain
in the interaction with the receptor. A potential limita-
tion of these small molecules is that they have a relative-
ly lower binding affinity when compared to native
proteins or peptides. The findings reported here about
the AEMs suggest two new strategies to improve the
binding affinity of small molecule antagonists of Bcl-2
and/or Bcl-xL. The first is the addition of the AEMs to
the molecular templates to generate AEM peptide–small
molecule hybrids. This would be similar to what is
described in this study for the AEM containing BH3
peptides. The second involves the conjugation of
not the AEM peptides themselves but small molecules
capable of mimicking the effect of the AEMs.


As helical domain–protein interactions are widely found
in many biological systems, it remains to be seen
whether the AEMs consisting of short amino acid
sequences near the helical core binding domain like
those observed in this study exist in other proteins. If
such motifs are found, they may be used for generating
high affinity protein-binding peptides employing a simi-
lar strategy as reported here. Such small and highly
effective affinity enhancement templates are amenable
for chemical synthesis and readily applicable to small
molecule ligands.
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Abstract—A new triterpenoid saponin, julibroside J28 (1), was isolated from the stem bark of Albizia julibrissin Durazz (Legumino-
sae) by using chromatographic method. The structure of 1 was established by spectroscopic methods. 1 displayed significant anti-
tumor activity in vitro against PC-3M-1E8, Bel-7402, and HeLa cancer cell lines at 10 lM assayed by SRB method.
� 2005 Elsevier Ltd. All rights reserved.

Albizia julibrissin (Leguminosae) has been recorded in
Chinese Pharmacopoeia as a sedative and an anti-in-
flammatory drug for treating swelling and pain of the
lungs, skin ulcers, and wounds.1 In the previous re-
search, the novel and complex triterpenoid saponin with
cytotoxic activity was isolated and identified.2 On our
continuing study, a new saponin obtained from the n-
BuOH soluble part of the 95% ethanol extracts from
the stem barks of A. julibrissin showed significant inhib-
itory activity in vitro against human tumor cell lines.
Isolation5 of the active extract led to the separation of
compound 1 as the major novel active principle. The
structure of 1, named julibroside J28, was determined
by NMR spectra, including 1H–1H COSY, HSQC,
TOCSY, and HMBC techniques.6 Compound 1 had sig-
nificant antitumor activity against PC-3M-1E8, Bel-
7402, and HeLa cancer cell lines in vitro. We herein re-
port the isolation and structural characterization of juli-
broside J28.


Julibroside J28 (1), white powder, gave positive Lieber-
mann–Burchard reaction and Molish reaction. MAL-
DI-TOF-MS showed the quasi-molecular ion peak at
m/z 2219 [M+1+Na]+. Its 1H NMR spectrum showed
seven angular methyl signals at d 0.94 (3H, s), 0.99
(3H, s), 1.03 (3H, s), 1.05 (3H, s), 1.18 (6H, s), and
1.89 (3H, s), one olefinic proton at d 5.60 (1H, br s),
and sugar proton signals at d 3.5–6.4. 13C NMR spec-
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trum indicated two olefinic carbon signals at d 143.3
and 123.1, suggesting that 1 was an oleanane type triter-
penoid saponin. In a comparison of the 13C NMR sig-
nals for aglycone of 1 with those of known saponin
julibroside III (2)3 (Table 1), all signals due to the agly-
cone of 1 were almost superimposable with those of 2,
indicating the aglycone of 1 was same as that of 2, which
was acacic acid (3b,16a,21b-trihydroxyolean-12-ene-28-
oic acid) and its 3,21-hydroxy groups and 28-carbonyl
group carried a sugar moiety, respectively. On acidic
hydrolysis, 1 furnished glucose, glucosamine hydrochlo-
ride, fucose, xylose, rhamnose, arabinose, and quino-
vose, which were identified by co-TLC with authentic
samples. On acidic hydrolysis, amino sugar gave glycos-
amine hydrochloride. 13C NMR spectrum gave nine
anomeric carbon signals at d 95.7, 99.3, 99.4, 101.8,
103.4, 104.8, 105.8, 107.0, and 111.1. The anomeric pro-
ton signals at d 4.83 (1H, d, J = 8.0 Hz), 4.86 (1H, d,
J = 8.0 Hz), 5.03 (1H, d, J = 8.5 Hz), 4.99 (1H, d,
J = 8.5 Hz), 5.08 (1H, d, J = 6.0 Hz), 5.35 (1H, d,
J = 7.0 Hz), 5.91 (1H, br s), 6.06 (1H, d, J = 7.5 Hz),
and 6.28 (1H, br s) were assigned by direct correlation
from HSQC. On the basis of the 1H and 13C NMR data
of 1, the anomeric configurations of the sugar moieties
were determined as b-configuration for glucose, 2-de-
oxy-2-acetamidoglucose, fucose, xylose, and quinovose,
and a-configuration for rhamnose and arabinose. In the
13C NMR spectrum of 1, all of the signals due to sugar
moieties of 1 were identical with those of julibroside III
(2)3 (Table 1), indicating that the sugar moieties of 1
were the same as those of julibroside III. Except the sig-
nals of the aglycone and sugar moieties, there were
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Table 1. 13C NMR data of compounds 1–5 (Py-d5)


C 2 1 C 2 1 C 2 1 C 4 5 2 3 1


1 38.7 38.8 C-3 C-28 MT


2 26.5 26.6 glc 1 104.6 104.8 glc 0 1 95.5 95.7 1 167.8 167.8 167.8


3 88.8 88.8 2 57.8 57.9 2 76.7 76.9 2 128.6 127.9 127.9


4 39.3 39.4 3 75.8 75.9 3 78.0 78.2 3 142.3 142.3 142.3


5 55.9 56.0 4 72.1 72.2 4 71.1 71.2 4 23.7 23.8 23.6


6 18.6 18.4 5 77.4 77.5 5 78.9 79.1 5 40.5 40.5 40.5


7 33.6 33.6 6 69.8 70.0 6 61.9 61.9 6 79.8 79.4 79.7


8 40.1 40.1 C@O 170.1 170.0 7 144.1 144.0 144.0


9 47.1 47.1 CH3 23.7 23.6 rha 1 101.7 101.8 8 115.0 115.0 115.1


10 37.0 37.1 2 70.5 70.6 9 12.7 12.7 12.7


11 23.8 23.8 fuc 1 103.3 103.4 3 81.9 82.0 10 23.8 23.5 23.9


12 123.0 123.1 2 82.1 82.2 4 79.0 79.1 MT 0


13 143.2 143.3 3 75.1 75.3 5 69.0 69.1 1 170.6 170.7 167.8 167.8 167.7


14 41.9 42.0 4 72.4 72.5 6 18.7 18.9 2 129.0 129.1 128.2 128.6 128.5


15 35.8 36.0 5 71.7 71.8 3 142.4 142.2 144.0 143.5 143.6


16 73.8 73.9 6 17.1 17.2 araf 1 110.9 111.1 4 23.6 23.8 23.7 23.7 23.6


17 51.6 51.6 2 84.3 84.5 5 38.8 40.6 40.5 38.7 38.4


18 40.9 41.0 xyl 1 106.8 107.0 3 78.3 78.4 6 79.5 79.6 79.5 79.8 79.4


19 47.7 47.8 2 75.8 75.8 4 85.4 85.5 7 144.4 144.2 144.1 144.4 144.4


20 35.2 35.3 3 78.3 78.4 5 62.6 62.7 8 114.1 114.8 114.8 114.1 114.2


21 76.8 77.2 4 70.7 70.8 9 12.9 12.8 12.7 12.8 12.8


22 36.3 36.4 5 67.0 67.1 10 24.7 23.9 23.8 24.8 24.9


23 28.1 28.1


24 17.0 17.1 C-21


25 15.7 15.8 qui 1 99.2 99.4 qui0 1 99.1 99.3 glc00 1 105.7 105.8


26 17.2 17.3 2 75.5 75.6 2 75.5 75.5 2 75.3 75.5


27 27.2 27.3 3 75.5 75.6 3 78.3 78.4 3 78.3 78.4


28 174.4 174.4 4 77.1 77.0 4 77.0 77.0 4 71.2 71.3


29 29.1 29.2 5 70.1 70.2 5 72.5 72.7 5 78.1 78.1


30 19.0 19.1 6 18.3 18.4 6 18.6 18.7 6 62.4 62.5
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another 20 carbon signals, indicating 1 had two mono-
terpene moieties (MT and MT 0). 1H NMR spectrum
of MT and MT 0 showed 4 methyl proton signals at d
1.93 (3H, s), 1.83 (3H, s), 1.53 (3H, s), 1.45 (3H, s),
two olefinic proton signals at d 7.10 (1H, t, J = 7.5 Hz)
and 6.88 (1H, t, J = 7.5 Hz), and two groups of one-
substituted olefin proton signals, one group at d 6.22
(1H, dd, J = 17.0, 11.0 Hz), 5.25 (1H, d, J = 11.0 Hz),
and 5.45 (1H, d, J = 17.0 Hz), and the other group at

R1 R2 C-6
Julibroside J28 (1) CH3 NHAc R
Julibroside III (2) CH3 NHAc S
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Figure 1. The structures of 1–5 and the HMBC of 1.

d 6.31 (1H, dd, J = 18.0, 11.0 Hz), 5.18 (1H, d,
J = 11.0 Hz), and 5.41 (1H, d, J = 18.0 Hz). 1H and
13C NMR data of the two monoterpenes of 1 indicated
that the two monoterpenes had different configurations
with that of 2. One- and two-dimensional NMR tech-
niques including 1H NMR, 13C NMR, DEPT, 1H–1H
COSY, HSQC, TOCSY, and HMBC spectra, permitted
assignments of all 1H and 13C NMR data of the two
monoterpenes. Saponins 1 and 2 possessed markedly
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different 13C NMR data due to differences in MT 0 group
(Table 1). A comparison of the 13C NMR data of 1 with
those of 2 showed that the signal of C-5 and C-10 of 1
underwent an upfield shift of 2.1 ppm and a downfield
shift of 1.1 ppm, respectively. The above differences be-
tween two saponins were quite similar to the 13C NMR
data of (6R)-menthiafolic acid-6-O-b-DD-quinovoside (4)
and (6S)-menthiafolic acid-6-O-b-DD-quinovoside (5)4


(see Fig. 1), which revealed the configurations of the
two monoterpene moieties were C-6 (S) and C-6 (R),
respectively. The 1H and 13C NMR data of monoter-
pene moieties of 1 were in agreement with those of juli-
broside J14 (3)7 (Table 1). The linkage modes for the
above structural units (aglycone, nine sugars, MT, and
MT 0) were established by HMBC experiments of 1
(Fig. 1). Finally, the structure of 1 was determined as 3-
O-[b-DD-xylopyranosyl-(1! 2)-b-DD-fucopyranosyl-(1! 6)-
b-DD-2-deoxy-2-acetamidoglucopyranosyl]-21-O-{(6S)-2-
trans-2,6-dimethyl-6-O-[4-O-((6R)-2-trans-2,6-dimethyl-
6-O-b-DD-quinovopyranosyl)-2,7-octadienoyl-b-DD-quinovo-
pyranosyl]-2,7-octadienoyl}-acacic acid-28-O-b-DD-gluco-
pyranosyl-(1 ! 3)-[a-LL-arabinofuranosyl-(1 ! 4)]-a-LL-
rhamnopyranosyl-(1! 2)-b-DD-glucopyranosyl ester.Com-
pound 1 was a new saponin, named julibroside J28.


Julibroside J28 (1) showed significant activity against
PC-3M-1E8, Bel-7402, and HeLa cancer cell lines; the
inhibitory rates were 80.47, 70.26, and 58.53%, respec-
tively, at 10.0 lM assayed by SRB method.
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Abstract—We have evaluated the anti-HIV activity of eleven natural 4-phenylcoumarins isolated from Marila pluricostata and three
of their derivatives. Antiviral activity was assessed on MT-2 cells infected with viral clones carrying the luciferase gene as reporter.
Inhibitions of HIV transcription and Tat function were tested on cells stably transfected with the HIV-LTR and Tat protein. Most
of the coumarins tested displayed NF-jB inhibition. Two coumarins were also Tat antagonists and the presence of both activities
correlated with a stronger inhibition of HIV replication. Our results show that antiviral effect of 4-phenylcoumarins can be related to
the inhibition of NF-jB and Tat, and suggest that these types of compounds can be useful in the treatment of HIV infection as viral
transcription inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

The viral cycle of the HIV can be divided into early and
late events. Early events comprise several steps, from
viral attachment on the cell surface to integration in
the host genome. Late events include the processes of
HIV mRNA synthesis, protein expression and morpho-
genesis. Once integrated, HIV can remain in a latent
state in resting lymphocytes or undergo active replica-
tion. Transition from latency to HIV expression occurs
mainly when cells are activated and requires the concert-
ed action of cellular transcription factors and regulatory
HIV proteins.1,2 Among the transcription factors
involved in LTR transactivation, the HIV proximal
enhancer contains three binding sites for SP1 transcrip-
tion factor and two binding sites for NF-jB. The
NF-jB/Rel family of transcription factors represents a
major inducible regulatory element involved in HIV
transcription.3 Located downstream of the basal pro-
moter TAR sequence is the RNA target for the viral
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protein Tat, which acts in concert with other cellular
factors4 to generate full-length RNA transcripts.5 Fur-
thermore, NF-jB and Tat cooperate in driving HIV rep-
lication from the state of latency. Therefore, inhibition
of the activity of these critical proteins should result in
an effective blocking of viral replication.6–8


It has been reported that natural coumarins and deriva-
tives can display anti-HIV activity through different
mechanisms, including blockade of viral entry, inhibi-
tion of reverse transcriptase and interference with viral
integration.9,10 Some phenylcoumarins and chalcones,
as well as tannins and lignins, have been proposed as
suppressors of LTR-dependent transcription, but the
mechanism of action has not been fully characterised.11


More interestingly, (+)-calanolide A, a natural dipyr-
anocoumarin currently undergoing anti-AIDS clinical
trials,12 has also proven to be an effective antimycobac-
terial against drug-sensible and drug-resistant Mycobac-
terium tuberculosis strains. This relevant fact should
promote further studies to take advantage of this thera-
peutic ambivalence and to evaluate the possibility of
using coumarins for treating patients suffering from
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both AIDS and tuberculosis diseases.13 This could also
contribute to ameliorate patient adhesion to the
treatment.


Here, we report on the results of anti-HIV evaluation of
4-phenylcoumarins through inhibition of NF-jB and
Tat activity. The structures of the assayed 4-phen-
ylcoumarins are shown in Figure 1. They were mainly
isolated from the dichloromethane extract of leaves of
Marila pluricostata (Fam. Clusiaceae) collected in Pana-
ma and belong to the prenylated mammea and mesuol
types of coumarins, commonly found in other Clusia-
ceae species. Their structures were established by spec-
troscopic and chemical means, and the details of their
characterisation have been reported recently.14


As it can be seen, apart from the 4-phenyl group, all the
coumarins tested contain oxygenated functions at posi-
tions C-5 and C-7. Additionally, two coumarins have a
prenyl (1) or acyl (2) monosubstitution at C-8; eight
compounds (3–7) are disubstituted at positions C-6
and C-8 with prenyl, acyl, or hydroxyalkenyl groups in
different combinations and in the last four compounds
(8–11) the oxygen at position C-7 is involved in the for-
mation of fused dihydrofuran (8, 9) or pyran (10, 11)
rings. Thus, in spite of the small number of compounds
tested, a wide variety of structural arrangements have
been covered, which would facilitate comparisons of
the influence of the type and position of the substituents
on the antiviral activities tested.


As part of the characterisation of anti-HIV activity, the
effect of these coumarins on Tat and NF-jB functions
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Figure 1. Natural 4-phenylcoumarins evaluated as anti-HIV agents.

has been analysed. To this aim, we have used two stably
transfected cell lines. Previously described 5.1 cell line15


is a Jurkat-derived clone stably transfected with a plas-
mid containing the luciferase gene under the control of
HIV-LTR. In this cell clone, activation with TNFa
induces NF-jB activation and subsequent HIV-1
expression. We have also analysed the anti-HIV activity
in HeLa-Tat-Luc cells,16 in which the HIV-1 LTR is
directly activated by the HIV-1 Tat protein. A com-
pound was considered active in one assay if it inhibited
the target function by more than 50% (NF-jB) or 30%
(Tat) at either 25 or 50 lM concentration. The active
compounds were submitted for further evaluation
through a HeLa-Tet-ON assay, as previously de-
scribed.17 Compounds with a non-specific mode of
action were not examined further, and those showing
specific activity were analysed using a recombinant virus
(RV) assay. In addition, those compounds that were
specific and did not reach the threshold of NF-jB and
anti-Tat activity were also tested in RV assay to rule
out anti-HIV activity through other pathways. In this
system, a luciferase reporter gene has been cloned in
full-length infectious DNA. The measured luciferase
activity is therefore directly proportional to the replica-
tion of the virus. This assay is more sensitive and reliable
than classic infectious assays (Bedoya et al. manuscript
in preparation). The complete results of anti-HIV evalu-
ation of coumarins 1–11 are shown in Table 1.


The RV assay displayed anti-HIV activity in the case of
coumarins 1, 2, 3, 6a, 7, 10, and 11, and their mode of
action was specific. AZT was used as a reference com-
pound. Coumarins 4, 5, 6, 6b, 6c, 8, and 9 were not
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Table 1. Results of anti-HIV evaluation of 4-phenylcoumarins


Compound Antiviral activity Toxicity


RV (VIH) IC50 (lM) 5,1 + TNFa HeLa-Tat-Luc HeLa-Tet-ON Cell death (%) at 50 lM


25 lM 50 lM 25 lM 50 lM 50 lM


1 11.2 33.4 84.5 NT 15.4 NT 34.4


2 6.9 81.0 85.6 42.0 69.4 S 17.2


3 31.9 67.0 67.1 36.7 34.3 S 11.5


4 NT 67.1 77.9 11.5 71.3 U 22.5


5 NT NT 85.2 NT 86.7 U 28.8


6 NT NT 58.8 NT 53.1 U 16.6


6a 22.2 NT 43.6 NT 13.5 NT 4.8


6b NT NT 81.1 NT 50.4 U 15.7


6c NT NT 60.0 NT 47.6 U 8.0


7 0.5 55.4 53.1 43.6 70.4 S 18.5


8 NT NT 59.4 NT 59.5 U 79.5


9 NT 66.9 86.3 NT 22.0 U 34.1


10 123.8 5.9 15.7 2.0 3.0 NT 4.7


11 32.1 10.8 20.2 0.0 0.0 NT 4.5


AZT 0.01 NT NT NT NT NT >100


Mesuol 2.5 71.0 77.9 NT 71.3 S 22.5


IC50, concentration that inhibits infection at 50%.


Rest of the values are percentages of inhibition. HeLa-Tet-ON assay: NT, not tested; S, specific; U, unspecific.
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tested in the RV assay because of their non-specific
mode of action. All the coumarins tested were non-toxic
at 50 lM excepting compound 8 that displayed high
cytotoxicity. Other coumarins, as imperatorin, induce
cell cycle arrest in the G1 phase,18 but the analysis of
compound 8 suggests a clear apoptotic effect at concen-
trations as low as 25 lM (data not shown).19


Coumarins 1, 2, 3, and 7 showed inhibitory activity in the
NF-jB test at 50 lM, and coumarins 2, 3, and 7 also at
25 lM. Regarding the anti-Tat activity, coumarins 2, 3,
and 7 showed anti-Tat activity in the HeLa-Tat-Luc as-
say and their mode of action was specific, although cou-
marin 3 inhibition percentage at 50 lM was lower than
40%. Mesuol was used as a reference inhibitor of NF-
jB and Tat activities.20 All these compounds showed
activity in the RV assay. Interestingly, coumarins 2 and
7, displaying both anti-NF-jB and anti-Tat activities,
also became active in the RV assay, with IC50 values of
6.9 and 0.5 lM, respectively. Thus, coumarins inhibiting
both targets, NF-jB and Tat, are more potent inhibitors
of the HIV replication, suggesting a possible synergy be-
tween NF-jB and Tat, as it has previously been shown in
peripheral blood lymphocytes (PBLs).5 Despite of cou-
marin 2 was more potent as NF-jB inhibitor, coumarin
7 displayed better activity in the RV assay, although
anti-Tat activity was similar in both. These results sug-
gest that additional target in viral replication could not
be ruled out for coumarin 7, as previously stated for
other coumarins as imperatorin.18


Coumarin 3 was less active as Tat inhibitor and accord-
ingly its IC50 value was higher, 31.9 lM. Coumarins 6a
and 11 were active in the RV assay, with IC50 values of
22.2 and 32.1 lM, but did not show either anti NF-jB
or anti-Tat activity. Overall, our data suggest that inhi-
bition of viral transcription would be the main target of
these natural coumarins. However, other mechanisms
could be involved,10 as it can be deduced for compounds

6a and 11, although their antiviral activity is lower than
that of the anti-NF-jB or anti-Tat natural coumarins.
Therefore, the potential role of this type of coumarin
as possible therapeutic agents for HIV infection points
to their capacity for inhibiting HIV expression from
latency, mainly through interference of NF-jB and
Tat functions.


Although all the compounds tested contain the same 4-
phenylcoumarin skeleton and the double hydroxyl sub-
stitution at C-5 and/or C-7, no other structural features
can be identified to be determinant factors of the activity
and specificity observed in the most interesting com-
pounds. Compounds 2 and 3, which contain an acyl
group attached to C-8, differ in the respective absence
or presence of the prenyl chain at C-6. Neither the pres-
ence of the mentioned acyl chain at C-8 could be consid-
ered necessary for the activity, because it is absent in
compound 7, which in turn, contains a b-hydroxyalke-
nyl substituent at C-8. Compounds 2 and 7 have shown
more potency in the RV assay and target both NF-jB
and Tat proteins. It has been described that Tat can acti-
vate NF-jB by yet unidentified pathways21 and both
proteins act synergistically in driving HIV transcription.


These considerations along with the results shown here
suggest that 4-phenylcoumarins, and specially com-
pounds 2 and 7, are HIV transcription inhibitors. Fur-
ther studies including the synthesis and the evaluation
of a number of related coumarins are in progress and
a deeper insight to determine the mechanism of action
is required for assessing the actual potential and interest
of these 4-phenylcoumarins as anti-HIV drugs.
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Abstract—Diaryl-(4-piperidinyl)-pyrrole derivatives bearing hydroxylated N-alkyl substituents have been synthesized and evaluated
as anticoccidial agents. High potency in Et-PKG inhibition and broad-spectrum anticoccidial activities have been observed on com-
pounds, such as 4b and 5h, which are fully efficacious in vivo at 50 ppm in feed.
� 2005 Elsevier Ltd. All rights reserved.

Coccidiosis, a parasitic disease of chickens, is the major
cause of morbidity and mortality in the poultry industry
worldwide and the economic losses can be devastating.
All major poultry operations use anticoccidial agents
prophylactically. Resistance to current coccidiostats is
becoming widespread and new broad-spectrum drugs
directed at novel biochemical targets are needed. Coc-
cidiosis is caused by the invasion of protozoan parasites
of the genus Eimeria into the avian intestinal lining.1 It
has been recently reported that inhibition of a novel
cGMP-dependent protein kinase (PKG), isolated from
these parasites, stops the parasite proliferation by block-
ing parasite invasion.2,3 High throughput screening of
known kinase inhibitors4 and medicinal chemistry
studies resulted in the discovery of N-alkyl-4-piperidi-
nyl-2,3-diarylpyrroles as potent PKG inhibitors and
broad-spectrum anticoccidial agents.5 Herein, we
report the synthesis, evaluation, and optimization of
hydroxylated N-alkyl-4-piperidinyl-2,3-diarylpyrroles
with improved PKG inhibition potencies and in vivo
anticoccidial activities.


To evaluate these compounds as anticoccidial agents, an
enzyme inhibition assay against the native Eimeria
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tenella PKG (Et-PKG) was used as the initial screen,
and an in vivo anticoccidial assay was carried out to
evaluate their in vivo efficacy in oocyst reduction against
two major subtypes of protozoa parasites: E. tenella
(E.t.) and Eimeria acervulina (E.a.). Details of these
procedures and rules of scoring were published earlier.5


Early SAR studies on lead compound 1 have established
the fact that modification of either aromatic rings is not
well-tolerated, usually resulting in a sharp decrease in
both potency of Et-PKG inhibition and in vivo efficacy.5


On the other hand, alkylation of the piperidine nitrogen
(easily accomplished by treating piperidine 1 with
sodium hydride and an alkyl halide in DMF at room
temperature overnight) resulted in improvement of both
Et-PKG inhibition and in vivo broad-spectrum activi-
ties,5 especially for those containing a hydroxyl group
(Table 1).6


Compared to their alkyl analogs,5 hydroxylated deriva-
tives 2a–d are more potent PKG inhibitors. More
importantly, all of these compounds have shown excel-
lent in vivo activities in anticoccidial assay against both
E.t. and E.a.. Acylation (2e) or elimination (2f) of the
hydroxyl group resulted in a decrease in potency of
PKG inhibition and showed no activity in anticoccidial
assay at 100 ppm in feed. It has been demonstrated that
inhibition of PKG stops the life cycle of these para-
sites.2,3 However, in vivo efficacy after oral dosing in
feed is also dependent on bioavailability and tissue dis-
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Table 1. Et-PKG inhibition and anticoccidial activities of diaryl-(4-piperidinyl)-pyrrole derivatives 2


N
H


2a-f


N


F N R
N
H


1


N


F NH


NaH, R-X


DMF


Compounds R Et-PKG inhibition IC50 (nM
a) Anticoccidial Activity at


100 ppm in feed5


E.t. E.a.


2a (CH2)2OH 0.71 3 3


2b (CH2)3OH 0.53 2 3


2c (CH2)4OH 1.34 3 3


2d (CH2)5OH 1.46 3 3


2e (CH2)2OAc 2.08 0 0


2f (CH2)2CH3 4.2 0 0


a Values are means of three experiments. The Z score for the assay is typically 0.9 and the same for data in other tables. For details, see Ref. 5.
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tribution of these compounds in chicken, and/or their
ability to penetrate into the parasites. This may explain
the disproportional decline of in vivo activity among
this class of anticoccidial agents. Based on these results,
a more detailed evaluation of b-hydroxy derivatives was
carried out. Reaction of 1 with various epoxides in
refluxing methanol overnight yielded, after silica gel
(column or preparative thin layer) chromatography,
the desired b-hydroxy derivatives 3a–g. Their anticocci-
dial activity evaluation is given in Table 2.


Racemic epoxides were used in most cases since cost-
control is a pressing issue in anticoccidial research and
development, due to the very low cost and low profit
margin of the poultry industry.7,8 However, when enan-
tiomerically pure propylene oxides were used (3a–b),
very little differences in both in vitro and in vivo activi-
ties were observed. Thus, no further efforts were directed
at separating enantiomers and diastereomers unless pure
forms were commercially available. Similar to the x-hy-
droxy derivative 2a–d, these b-hydroxy derivatives are
highly potent Et-PKG inhibitors. Their in vivo activities

Table 2. Et-PKG inhibition and anticoccidial activities of diaryl-(4-piperidin


F
N
H


1


N


F NH


Epoxides


Compounds R Et-PKG i


2a H 0.71


3a (R)-CH3 1.20


3b (S)-CH3 0.48


3c CH2CH3 0.71


3d (CH2)2CH3 0.38


3e (CH2)3CH3 0.41


3f (CH2)5CH3 1.01


3g Benzyl 1.28

decrease as the substituent gets larger and more lipophil-
ic, although the effects on PKG inhibition are relatively
small. These results are consistent with our working
hypothesis that optimal size and/or lipophilicity are nec-
essary for in vivo activity. In an effort to decrease the
lipophilicity of the substituent, glycidyl ether derivatives
(4a–i) were synthesized and evaluated (Table 3).


Consistent with our prediction that insertion of an oxy-
gen atom into the alkyl chain would not improve PKG
inhibition, but would have positive effects on the com-
pounds� in vivo activities, both methyl glycidyl ether
derivatives 4a–b are sub-nanomolar inhibitors of PKG,
and both have improved efficacious levels in feed. In
the case of the (S)-isomer 4b, complete oocyst reduction
(80–100%) can be achieved at 50 ppm against both E.t
and E.a., slightly better than the (R)-isomer 4a, which
showed partial oocyst reduction (60–79%) against E.t.
at the 50 ppm level. Comparison between 4a–b and
3 d, and also between 4c and 3e seems to suggest that
lipophilicity has a larger effect on in vivo activity than
steric bulk. These pairs of compounds have similar sizes

yl)-pyrrole derivatives 3


N
H


3a-g


N


N OH


R


nhibition IC50 (nM) Anticoccidial activity


100 ppm in feed5


E.t. E.a.


3 3


3 3


3 3


3 3


0 0


0 0


0 0


0 3







Table 3. Et-PKG inhibition and anticoccidial activities of diaryl-(4-piperidinyl)-pyrrole derivatives 4


N
H


4a-i


N


F NN
H


1


N


F NH


Epoxides


OH


O
R


Compounds R Et-PKG inhibition IC50 (nM) Anticoccidial activity


100 ppm in feed5


E.t. E.a.


4a (R)-CH3 0.69 3 3


4b (S)-CH3 0.56 3 3


4c CH2CH3 0.59 2 3


4d iso-Propyl 0.69 0 0


4e tert-Butyl 0.98 0 0


4f Allyl 0.80 0 0


4g Phenyl 0.66 0 0


4h Benzyl 0.47 0 0


4i Furfuryl 0.82 0 0


Table 4. Et-PKG inhibition and anticoccidial activities of diaryl-(4-piperidinyl)-pyrrole derivatives 5


N
H


5a-h


N


F NN
H


1


N


F NH


Epoxides


OH


R'


R


Compounds R R0 Et-PKG inhibition IC50 (nM) Anticoccidial


activity 100 ppm in


feed5


E.t. E.a.


5a (R)-H OH 0.51 3 0


5b (S)-H OH 0.71 3 3


5c (S,S)-CH2OH H 0.82 3 3


5d (R,R)-CH2OH H 1.01 3 3


5e H CH2OH 1.27 3 0


5f H CH(CH3)OH 0.40 3 3


5g (S,R)-CH3 H 0.86 3 3


5h (R,S)-CH3 H 0.94 3 3
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but somewhat different lipophilicity when the methylene
group is replaced by an oxygen atom. As a result, their
Et-PKG inhibitions are very similar. In both cases, how-
ever, glycidal ether derivatives showed better in vivo
activities. Not surprisingly, a decline in in vivo efficacy
was observed as the steric bulk and lipophilicity of the
substituent further increased (4d–i).


Between these boundary conditions, we were able to
synthesize additional hydroxyl group bearing derivatives
in search for improved in vivo activities. By limiting the
number of carbon atoms on the side chain to not more
than four, we achieved a higher success rate in making
active agents in vivo, although there was no noticeable
improvement in Et-PKG inhibition (Table 4). This is
consistent with the speculation that other factors, such
as lipophilicity mentioned above, may be playing impor-
tant roles in affecting bioavailability and/or parasite
penetration, which are essential for in vivo efficacy.
Quite interestingly, when a second hydroxyl group was

added to further reduce its lipophilicity, we began to ob-
serve a decline in activities against E.a. as compounds
(5a and 5e) are only active against E.t., although 5b re-
mains active against both species at 100 ppm. Since
broad-spectrum activity is critical for the development
of novel coccidiostats, these diols are not suitable for
further development. It is worth mentioning that 5g
and 5h, which are isomers of 3c (not active at 50 ppm
in feed), showed improved in vivo activities. Compound
5h showed complete control of both E.t. and E.a. oo-
cysts at the 50 ppm level in feed, whereas 5g only con-
trolled E.t. oocysts at 50 ppm.


Our data on in vitro Et-PKG inhibition suggest that this
enzyme is not very discriminating with respect to the
substituent on the piperidine nitrogen as long as its over-
all size is modest. Importantly, however, small changes,
especially in polarity of the substituent, often resulted in
changes in the compound�s in vivo efficacy. Thus, it is
conceivable that further improvement can be made by
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modification of the aforementioned hydroxylated N-al-
kyl groups and fine-tuning their lipophilicity.


Based on early SAR studies, we realize that amino group
can also improve the potency and anticoccidial activity of
our lead.5 To elaborate further on hydroxyl bearing sub-
stituents on the piperidine nitrogen, we have synthesized
hydroxyl pyrrolidine derivative 6, and we were delighted
to find that compound 6 is one of the most potent inhibi-
tors against Et-PKG (IC50 0.16 nM) and also showed
broad-spectrum anticoccidial activities in vivo. It is inter-
esting to point out that possibly the basic amino group is
contributing to improved potency, because acylation of
the pyrrolidine nitrogen (compound 7, IC50 2.2 nM)
resulted in a decrease of Et-PKG inhibition by an order
of magnitude. These preliminary results have prompted
us to continue our investigation in other heterocycles as
substituents on the piperidine nitrogen.


N
H


6 R = H     7  R = Ac


N


F N


N OHR


In summary, our SAR study on diaryl-(4-piperidinyl)-
pyrrole derivatives has revealed that hydroxylated alkyl
substituents on the piperidine nitrogen improve the inhi-
bition against Et-PKG with IC50s less than 1 nM. On
the other hand, improvement in in vivo anticoccidial
properties was only observed with small alkyl groups.
These results have suggested that lipophilicity might be
one of the important factors in determining the in vivo
efficacy of these compounds. In the case of (S)-methyl
glycidyl ether derivative 4b, and (R)-methyl b-(S)-hy-
droxy derivative 5h, two of the major Eimeria subtypes
(E.t. and E.a) are effectively controlled at 50 ppm level
in feed. Further investigation to improve anticoccidial
efficacy is ongoing.
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Abstract—A series of N-[2-(5-bromothiophen-2-yl)-2-oxoethyl] and N-[2-(5-bromothiophen-2-yl)-2-oximinoethyl]derivatives of pip-
erazinyl quinolones were synthesized and evaluated for antimicrobial activity against Gram-positive and Gram-negative microor-
ganisms. Some of these derivatives exhibit comparable or better activity against Gram-positive bacteria, Staphylococcus aureus,
Staphylococcus epidermidis and Bacillus subtilis, than ciprofloxacin, norfloxacin and enoxacine as reference drugs.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structural features and common pharmacophor of quino-

Increasingly multidrug-resistant pathogens have become
a serious problem particularly during the last decade.1


The design of new agents active against resistant organ-
isms is of critical importance. In the field of quinolones
antibacterial agents, the new generation of quinolones
achieved significant improvement in terms of potency,
spectrum and pharmacokinetic properties, but these
agents faced a rapid increase of resistance from Gram-
positive organisms.2,3 Therefore, enhancing the potency
of quinolones, especially against Gram-positive organ-
isms, has become increasingly urgent.


Quinolones consist of a bicyclic ring structure (Fig. 1) in
which there is a substitution at position N-1, with vari-
ous moieties. Most of the current agents have a carboxyl
group at position 3, a keto group at position 4, a fluo-
rine atom at position 6 and a nitrogen heterocycle moi-
ety at the C-7 position.4 The quinolones exert their
antibacterial action by interfering with the function of
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lone antibacterials.

two bacterial type-II topoisomerase enzymes, DNA
gyrase and topoisomerase IV.5 Structure–activity
relationship (SAR) studies and the known drug target
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have facilitated the development of new more potent
quinolones with broader spectrum activity, better phar-
macokinetics and good tolerability. The SARs of quino-
lones have been the subject of extensive review.6–8 In
general, b-keto carboxylic acid moiety is required for
hydrogen bonding interactions with DNA bases in the
single-stranded regions of double helix of DNA created
by the action of the enzyme, and therefore it is essential
(Fig. 1). The substituent at N-1 and C-8 positions should
be relatively small and lipophilic to enhance self-associ-
ation.9,10 Groups at C-5 and C-6 have also been opti-
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Figure 2.
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Scheme 1. Synthesis of intermediates a-bromoketone 10 and a-bromooxim


(b) Br2, CHCl3, rt; (c) hydroxylamine hydrochloride or O-benzyl hydroxylam

mized in which an amino and fluoro substituent,
respectively, at C-5 and C-6 appear to be the best. The
nature of substituent at C-7 position has a great impact
on potency, spectrum, solubility and pharmacokinetics.
Almost all quinolones have nitrogen heterocycles linked
to the C-7 position of quinolone ring through the het-
erocyclic nitrogen.9,10 Extensively investigated substitu-
ent at C-7 are piperazin-1-yl and its 4-substituted
derivatives. Ciprofloxacin 1, norfloxacin 2 and enoxacin
3 are characterized by having a piperazine moiety at C-
7, which represents a site amenable to significant
modification (Fig. 2). In addition, a position on the
7-piperazinyl quinolone molecule, where substitutions
of bulky groups are permitted, is at the N-4 of pipera-
zine ring.11 Accordingly, a number of quinolones 4 with
a 2-oxoethyl or 2-oximinoethyl derivative attached to
the piperazine ring at C-7 position were synthesized
and evaluated for antibacterial activity by us and oth-
ers.12–19


In continuation of our efforts to complete the SARs of
N-piperazinyl quinolones and to achieve a better antimi-
crobial profile at lower concentrations against Gram-
positive bacteria, herein, we report the synthesis and
antibacterial activity of a new series of N-piperazinyl
quinolones (5, 6 and 7) containing 2-(5-bromothio-
phen-2-yl)-2-oxoethyl or 2-(5-bromothiophen-2-yl)-2-
oximinoethyl groups (Fig. 2).


Our synthetic pathway to intermediates 10 and 11, and
target compounds 5–7 is presented in Schemes 1 and
2. 1-(5-Bromothiophen-2-yl)ethanone 9 was obtained
from 2-bromothiophene 8 according to the method
reported in the literature.20 Ketone 9 was brominated
with Br2 in CHCl3 to give corresponding a-bromoke-
tone 10.21 Compound 10 was converted to oxime deriv-
ative 11a by stirring with 3 equiv of hydroxylamine
hydrochloride in methanol at room temperature. Simi-
larly, the O-benzyloxime ethers 11b were synthesized
by reaction of compound 10 with O-benzylhydroxyl-
amine hydrochloride.12–16 Reaction of quinolones (1, 2
or 3) with a-bromoketone 10 or a-bromooxime deriva-
tives 11a,b in DMF, in the presence of NaHCO3 at room
temperature afforded corresponding ketones 5 and
oxime derivatives 6 and 7, respectively.12–16


Compounds 5–7 (a–c) were evaluated for their antibac-
terial activity against Gram-positive (Staphylococcus
aureus ATCC 6538p, Staphylococcus epidermidis ATCC
12228 and Bacillus subtilis PTCC 1023) and Gram-
negative (Escherichia coli ATCC 8739, Klebsiella
pneumoniae ATCC 10031, Pseudomonas aeruginosa
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ATCC 9027 and Enterobacter cloacae PTCC 1003) bac-
teria using conventional agar-dilution method.22 The
minimum inhibitory concentration (MIC) values were
determined in comparison to ciprofloxacin 1, norfloxa-
cin 2 and enoxacin 3 as reference drugs.


As noted in Table 1, the MIC values of the tested com-
pounds indicated that most compounds exhibited high
activity against Gram-positive bacteria and mild activity
against Gram-negative bacteria, except P. aeruginosa.


TheMIC values of ketones 5 and oximes 6 against Staph-
ylococcus strains indicate thatmost compounds possessed
a comparable or better activity (MIC = 0.03–1 lg/mL) in
comparison to the reference drugs (MIC = 0.25–1 lg/
mL). Compound 6a was the most active compound
against S. aureus; its activity was found to be 16 to 32
times better than reference drugs. Derivatives 5a,b and
6a were the most active against S. epidermidis, showing
MIC values of 0.06 lg/mL; their activities were four- to
eight fold more than reference drugs.


Most compounds showed significant activity against B.
subtilis. In fact, the most active compound was 6a
(MIC = 0.03 lg/mL) being fourfold more active than
enoxacin and almost equipotent to ciprofloxacin and
norfloxacin.

Table 1. Antibacterial activities of compounds 5–7 against selected strains (


Compound X Y R S. aureus S. epidermidi


5a CH O Cyclopropyl 0.125 0.06


5b CH O Ethyl 2 0.06


5c N O Ethyl 1 0.5


6a CH NOH Cyclopropyl 0.03 0.06


6b CH NOH Ethyl 0.5 0.125


6c N NOH Ethyl 2 0.25


7a CH NOBn Cyclopropyl 32 8


7b CH NOBn Ethyl 64 32


7c N NOBn Ethyl 64 32


1 (Ciprofloxacin) 0.5 0.25


2 (Norfloxacin) 1 0.5


3 (Enoxacin) 1 0.5

Generally, most compounds showed moderate to signif-
icant activity (MIC = 0.25–16 lg/mL) against Gram-
negative bacteria, with the exception for antibacterial
activity against P. aeruginosa. Nearly, all compounds
except 5a, showed poor or no activity against P. aerugin-
osa. Compound 5a showed good activity comparable to
the reference drugs against this microorganism. In fact,
compound 5a was the most potent against all Gram-
negative bacteria, with MIC value of 0.25–4 lg/mL. Its
activity was found to be comparable to reference drugs.


In terms of SAR, ketones 5 and oximes 6 showed better
antibacterial activity than O-benzyl oximes 7 against
both Gram-positive and Gram-negative bacteria. Com-
parison between MIC values of ketones 5 and oximes
6 revealed that oximation of ketones seemed to have
different influence on the antibacterial activity against
various bacteria strains. The results of MIC tests against
both Gram-positive and Gram-negative bacteria
revealed that ciprofloxacin derivatives (R = cyclopropyl,
X = CH) were usually more active than norfloxacine
and enoxacine derivatives (R = ethyl, X = CH or N,
respectively).


In the 5-bromothiophene series 5–7, comparison with
the corresponding non-bromo substituted thiophene
derivatives16 brought to the fore that this pharmaco-

MICs in lg/mL)


s B. subtilis K. pneumoniae E. coli P. aeruginosa E. cloacae


0.06 0.5 0.25 4 0.5


0.125 2 16 >64 8


0.5 4 4 32 4


0.03 8 1 >64 1


0.125 8 4 >64 4


0.125 32 8 >64 4


0.25 32 64 >64 64


0.5 64 >64 >64 >64


1 >64 >64 >64 >64


0.015 0.03 0.125 1 0.06


0.06 0.125 0.25 4 0.125


0.125 0.25 0.25 4 0.25
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modulation in many cases exerted a positive effect: for
example, compounds 5a and 6a were more active than
non-bromo substituted analogues against all of the test-
ed Gram-positive strains. Compound 6a was the most
potent antibacterial against Gram-positive among the
studied 5-bromo- and non-bromo-substituted thiophene
derivatives and other previously described N-substituted
piperazinyl quinolone series 4.12–16 Nevertheless, the
effect of bromo-substitution was dependent on the
other substituents.


These results demonstrated that the introduction of
thiophen-2-yl or 5-bromothiophen-2-yl group instead
of phenyl, substituted phenyl and furan-2-yl group at
2 position of 2-oxoethyl or 2-oximinoethyl moiety at-
tached to the piperazine ring in 7-piperazinyl quinolones
improved the overall antibacterial activity against
Gram-positive bacteria.


Differences in the moiety present at N-1 position or at
C-7 position markedly influence both microbiological
and pharmacokinetic properties.23 Generally, the 7-pip-
erazinyl quinolones (ciprofloxacin, norfloxacin and
enoxacin) have better Gram-negative than Gram-
positive antimicrobial potency. In contrast, from our
biological results, it is evident that N-[2-(5-bromothio-
phen-2-yl)-2-oxoethyl] derivatives of piperazinyl quino-
lones 5–7 exhibited more potent antibacterial activity
against Gram-positive rather than Gram-negative bacte-
ria. This change of antibacterial profile may be due to
the change of selectivity to target enzyme. Recently it
was investigated that the mode of action of quinolones
involves interaction with both DNA gyrase, the original-
ly recognized drug target and topoisomerase IV, a relat-
ed type II topoisomerase.5 In a bacterial cell, these two
enzymes often differ in their relative sensitivities to many
quinolones, and commonly DNA gyrase is more sensi-
tive in Gram-negative bacteria and topoisomerase IV
more sensitive in Gram-positive bacteria. It seems that
topoisomerase IV is the primary target of the quinolones
(5–7) with bulky functional group at N-4 position of
piperazine ring. Thus, the improvement of overall anti-
bacterial activity of these compounds against Gram-po-
sitive bacteria might be a result of better interaction with
topoisomerase IV rather than with DNA gyrase.


In conclusion, we have described a convenient synthesis
of N-[2-(5-bromothiophen-2-yl)-2-oxoethyl] and N-[2-
(5-bromothiophen-2-yl)-2-oximinoethyl] derivatives of
piperazinyl quinolones 5–7 and biological studies have
shown that many of these derivatives were highly potent
as antibacterial agents especially against Gram-positive
bacteria. First approach in the series of new N-[2-(5-
bromothiophen-2-yl)-2-oxoethyl] derivatives of piperaz-
inyl quinolones bearing different structural features on

the quinolone ring and piperazine moiety points out that
compound 6a exerts significant in vitro antibacterial
activity against Gram-positive bacteria and it was more
potent than the reference drugs against S. aureus, S. epi-
dermidis and B. subtilis. These data demonstrated the
importance of the attached moiety to piperazine ring
to obtain potent antibacterial agents.
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Abstract—The purpose of this study was to prepare various isoniazid derivatives by introducing the isoniazid pharmacophore into
several molecules and screening for antimycobacterial activity. Ortho-hydroxy acetophenone reacts with isoniazid to form acid
hydrazones. The C-Mannich bases of the above acid hydrazones were prepared by reacting them with formaldehyde and various
secondary amines. The synthesized compounds were screened againstM. tuberculosisH37Rv using the alamar blue susceptibility test.
The synthesized compounds inhibit Mycobacterium tuberculosis strain H37Rv with minimum inhibitory concentrations ranging from
0.56 to 4.61 lM. Compound N 0-{1-[2-hydroxy-3-(piperazin-1-ylmethyl)phenyl]ethylidene}isonicotinohydrazide 8 was found to be
the most active compound with an MIC of 0.56 lM, and was more potent than isoniazid (MIC of 2.04 lM). After 10 days of treat-
ment, compound 8 decreased the bacterial load in murine lung tissue by 3.7-log10 as compared to controls, which was equipotent to
isoniazid. The results demonstrate the potential and importance of developing new isoniazid derivatives against mycobacterial
infections.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Tuberculosis (TB) is one of the most common infectious
diseases known to man. About 32% of the world�s pop-
ulation (1.9 billion people) is infected with TB. Every
year, approximately 8 million of these infected people
develop active TB, and almost 2 million of them die
from the disease,1 a life lost to TB every 15 s. The inci-
dence of TB infection has steadily risen in the last dec-
ade and this increase can be attributed to a similar
increase in human immunodeficiency virus (HIV) infec-
tion.2 The association of TB and HIV infections is so
dramatic that, in some cases, nearly two-thirds of the
patients diagnosed with TB are also HIV-1 seroposi-
tive.3 Furthermore, numerous studies have shown that
TB is a cofactor in the progression of HIV infection.4


The reemergence of TB infection is further complicated
by an increase in cases, which are resistant to conven-
tional antitubercular drug therapy.5 On the other hand,
in spite of toxicity on repeated dosing, isoniazid (INH) is
still considered to be a first line drug for chemotherapy
of tuberculosis.6 Recently, it was suggested that the
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mechanism of resistance to INH is related to katG
mutations and deletions, and secondly to chromosomal
mutations in inhA and kasA.7 Antibacterial resistance
to a drug can be counteracted by designed new deriva-
tives.8 Further, pharmacokinetic properties and cellular
permeability of a drug can be modulated by derivatiza-
tion to bioreversible forms of this drug, namely hydra-
zones.9 Preparation of Mannich bases of isonicotinoyl
hydrazone have improved the lipid solubility.10 Here,
we report the synthesis and preliminary antimycobacte-
rial activity data of newer isonocotinoyl hydrazones.

2. Chemistry


Isonicotinylhydrazones 1–15 described in this study is
shown in Table 1, and a reaction sequence for the prep-
aration is outlined in Figure 1. 2-Hydroxy acetophenone
reacts with isoniazid in the presence of glacial acetic acid
in ethanolic medium refluxed for 9 h to form acid
hydrazones (yield: 72.6%, mp: 242 �C),14 which in turn,
reacts with formaldehyde and appropriate secondary
amines in a microwave oven at an intensity of 80% with
30 s/cycle. The number of cycles in turn depended on the
completion of the reaction, which was checked by TLC.
The reaction timing varied from 1.5–3 min to form tar-
geted compounds (55–64% yields). The purity of the
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Table 1. Physical data and antimycobacterial activity of synthesized compounds


C NNHCO


CH3


OH


CH2 R


N


Compound R Molecular formula Yield (%) Mp (�C) logPa MICb (lM) IC50
c (lM)


1 –N(CH3)2 C17H20N4O2 56 234 2.32 2.49 >20.00


2 –N(C2H5)2 C19H24N4O2 62 213 2.75 2.29 >18.35


3 –N(C4H9)2 C23H32N4O2 52 208 5.29 3.93 >15.76


4 N C20H24N4O2 62 186 3.83 4.43 >17.73


5 N C19H22N4O2 58 194 3.36 4.61 >18.47


6 ON C19H22N4O3 55 219 2.05 2.20 >17.63


7 –N(C6H5)2 C27H24N4O2 61 208 6.16 3.57 >14.32


8 NHN C19H23N5O2 50 183 2.61 0.56 >17.68


9 NCH3N C20H21N5O2 54 194 2.02 8.61 >17.20


10 –N(CH2C6H5)2 C29H28N4O2 46 190 6.07 3.36 >13.46


11 N N
N


O


COOHF


C32H31N6O5F 64 237 1.18 1.30 >10.44


12
N N


N


O


COOHF


CH3 F C2H5


C32H32N6O5F2 63 230 1.42 1.26 >10.10


13 NN
N


C24H26N6O2 61 51 4.87 0.90 >14.52


14 NN CH2
C26H29N5O2 57 62 6.01 0.88 >14.09


15 NN F C25H26N5O2F 55 57 3.12 0.87 >13.97


Isoniazid — — — — �0.58 2.04 >45.57


a logP was calculated using online www.logp.com site.
bMIC = minimum inhibitory concentration.
c IC50 = Cytotoxicity represented as inhibitory concentration in 50% of cell line.
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compounds was checked by TLC and elemental analy-
ses, and the compounds of this study were identified
by spectral data. In general, IR spectra15 showed C@N
(azomethine) peak at 1640 cm�1 and CH2 (Mannich
methylene) peak at 2860 and 2840 cm�1. In the 1H
NMR spectra, the signals of the respective protons of
the prepared derivatives were verified on the basis of
their chemical shifts, multiplicities, and coupling
constants. The spectra of all the compounds showed a
singlet at d 4.8–5.1 ppm corresponding to –NCH2N–
group. The elemental analysis results were within
±0.4% of the theoretical values. Lipophilicity of the
synthesized derivatives 1–15 and the parent compound,
INH, is expressed in terms of their logP values. These

values were computed with a routine method called cal-
culated logP (C logP) using Alchemy software.

3. Antimycobacterial activity


The synthesized compounds 1–15 were tested for their
antimycobacterial activity in vitro against Mycobacteri-
um tuberculosis H37Rv using the microplate alamar
blue assay method11 in duplicate and MICs of the com-
pounds were reported in Table 1. MIC is defined as the
minimum concentration of compound required to give
90% inhibition of bacterial growth. Results show that
compounds 1–15 exhibited excellent antimycobacterial
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Table 2. In vivo activity data of 8 and isoniazid against Mycobacte-


rium tuberculosis in mice


Compound Lungs (log CFU ± SEM)a


Control 9.78 ± 0.12


8 (25 mg/kg) 6.08 ± 0.19


Isoniazid (25 mg/kg) 6.38 ± 0.18


a CFU = colony forming units; SEM = standard error in mean.
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Figure 1. Synthetic protocol of the compounds.
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activity. The lipophilicity of the synthesized compounds
increased remarkably compared with the parent drug,
INH. This may render them more capable of penetrating
various biomembranes12, consequently improving their
permeation properties through mycobacterial cell mem-
branes. All the synthesized compounds inhibit M. tuber-
culosis with MIC ranging from 0.56 to 4.61 lM. Six
compounds (8, 11–15) were more potent than INH
and compound 8 (MIC 0.56 lM) emerged as the most
potent derivative, being three times more effective than
INH (MIC 2.04 lM) in vitro.


All the compounds were further examined for toxicity
(IC50) in a mammalian cell line, VERO cells by the
TAACF. The compounds were non-toxic as represented
in Table 1 and the selectivity index (IC50/MIC) for the
most active compound 8 was more than 30.


Subsequently, compound 8 was tested for efficacy
against MTB at a dose of 25 mg/kg in mouse model.13


Briefly, 30 inbred female AKR mice (as this strain is
used in the previous report as mentioned in Ref. 13),
weighing 18–20 g were infected iv via the lateral tail vein
with 107 CFU of M. tuberculosis H37Rv. They were
divided into three groups of 10 mice each after 2 days.
One group received daily for 10 days the aqueous sus-
pension of the test compound 8 by intraperitoneal route
at a dose of 25 mg/kg body weight. The second group re-
ceived INH at 25 mg/kg body weights for 10 days by ip
route, whereas the third group served as the control
receiving no drug. The control groups did not receive
sham injections. Bacterial counts were measured by plat-

ing lung homogenates on day 28 (Table 2). Compound 8
decreased the bacterial load by 3.7-log10 while INH de-
creased counts by 3.4-log10. Statistical analysis (Stu-
dent�s t-test) suggested that compound 8 and INH
were equipotent.

4. Conclusion


It is conceivable that these derivatives showing antimy-
cobacterial activity can be further modified to exhibit
better potency than the standard drugs. These results
need to be refined in terms of degradation kinetic mea-
surements and stability studies of the synthesized
derivatives.
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Abstract—Several new, potent dopamine subtype 2 (DA D2) active compounds with serotonin subtype 2A (5-HT2A) pharmacology
are presented. 8-Substituted 3,4-dihydroquinolinones, tetrahydroquinolines, and N-acyl tetrahydroquinolines were evaluated in pri-
mary assays. Subtle changes on this novel scaffold translated to large changes in potency and selectivity in vitro. These compounds
show promise as novel atypical antipsychotics for the treatment of schizophrenia.
� 2005 Elsevier Ltd. All rights reserved.

Nearly 24 million people worldwide are afflicted with
schizophrenia, a chronic debilitating mental disorder.1


It is thought that excess dopamine in the brain underlies
the positive symptoms of schizophrenia and that block-
ade of dopamine receptors is a prerequisite for antipsy-
chotic activity. There is a clearly established relationship
between the dose that is adequate to treat positive symp-
toms and the drug�s affinity for the DA D2 receptor.2


Older standards of treatment such as haloperidol, a
non-subtype selective dopamine antagonist without sig-
nificant serotonergic pharmacology, have little effect on
negative symptoms and are implicated in the develop-
ment of extra-pyramidal side effects (EPS).3

N
O N


F


N


N


O


Risperidone


N
H


N
N


N


Cl


ClozapineF


O
N


OH
Cl


Haloperidol
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The newer generation of treatments, referred to as atyp-
ical antipsychotics, incorporate potent activity at seroto-
nin (5-HT) receptors. It is thought that 5-HT2A


antagonism together with relatively weaker dopamine
antagonism are principal features that differentiate the
side-effect profile of atypical antipsychotics, such as clo-
zapine, from the first generation of treatments.4


Although the newer atypical antipsychotics olanzapine,
risperidone, and quetiapine have brought about
improvements in toleration and negative symptomolo-
gy, chronic treatment may lead to unwanted weight
gain, blood dycrasias, and motor dysfunctions, such as
EPS and tardive dyskinesia (TD).5 These side effects
may be linked to drug-dependent affinity for other
receptors.6 The search continues for new atypical anti-
psychotics that are more efficacious and have fewer side
effects than currently available treatments. In this paper,
we describe our recent efforts to discover novel tem-
plates in the area of selective dual 5-HT2A/D2 antago-
nists for potential use as treatments for schizophrenia.


The compounds prepared in this program include a un-
ique 8-linked 3,4-dihydroquinolinone scaffold (Scheme
1). The chemistry affording aniline 1 was readily scale-
able and amenable to rapid diversification.7 Nitration
of commercially available phenylacetic acids proceeded
smoothly to provide a coupling substrate for benziso-
thiazole and benzisoxazole piperazines.8 The piperazine
was efficiently coupled to the acid using BOP-Cl. Bor-
ane-methyl sulfide complex was utilized to reduce the
amide and treatment with Raney Ni afforded 1. From
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Table 1. 3,4-Dihydroquinolinones


NN


N


X N


R1


R4


R2


R3'


R2'


R3


O


4


Entry X R1 R2, R20 R3, R30 R4 D2 Ki


(nM)a
5HT2A


Ki (nM)a


4a S H H H H >100 0.28


4b S H H CH3 H 21 0.22


4c S H H CH3 6-F 15 0.17


4d S H CH3 H H 73 1.06


4e S CH3 H CH3 H 81 0.17


4f S H H H, Ph H 15 0.18


4g O H H CH3 H >100 190


4h S H H CH3 5-CH3 11 0.13


4i SO H H CH3 6-F 92 2.23


4j O H H CH3 5-CH3 35 0.28


4k S H H CH3 6-Cl >100 0.05


4l O H H CH3 6-F >100 0.28


a Values are means of at least three experiments, see Ref. 8.
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Scheme 1. Reagents: (a) TFAA, NH4NO3, CHCl3; (b) BOP-Cl, Et3N, CH2Cl2; (c) BMS complex, toluene, reflux; (d) Raney Ni, H2, cat. Et3N; (e)


Et3N, THF; (f) AlCl3, chlorobenzene, reflux.
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this common intermediate, appropriate acid chlorides
were employed to yield 2. Alternatively, chloropropio-
nyl chlorides may be used to afford cyclization sub-
strates (amide 3). Friedel–Crafts cyclization to the
lactam yielded the first targets 4a–l, which were then fur-
ther derivatized via a reduction–acylation procedure
(Scheme 2). In selected cases, borane was again used
to reduce the amide of the 3,4-dihydroquinolinone (5a
and 5b). N-Acyl tetrahydroquinolines were prepared
via acylation of 5 with the appropriate acid chlorides
to furnish compounds 6a–k.


The affinities of target compounds for DA D2 and 5-
HT2A receptors were evaluated in in vitro binding assays
using the radioligands [3H]spiperone or [3H]ketanserin,
respectively.9


The in vitro results for 4a–l are given in Table 1. Substi-
tutions at R3,R30 are required for potency in DA D2.
While fluoro is tolerated at the 6-position, chloro substi-
tution is not (entries 4c and 4k). Methyl groups at the
5-position seem to enhance affinity in DA D2 (see 4j
vs. 4g). When the lactam nitrogen is substituted with
a methyl group, (4e) a fourfold reduction in DA D2
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potency takes place. Replacement of benzisothiazole with
benzisoxazole results in compounds with conserved 5-
HT2A affinity, except in the case of 4g, which shows a sig-
nificant reduction of affinity for both receptors.Oxidation
of the benzisothiazole is detrimental both toDAD2and5-
HT2A potency. In general, these compounds retain the de-
sired 10-fold ratio of DA D2 to 5-HT2A affinity.


To determine whether the lactam carbonyl was essential
for binding, selected compounds were reduced. The
resultant tetrahydroquinolines given in Table 2 retain
5-HT2A potency, but with a threefold decrease in affinity
for the DA D2 receptor when compared to analogs from
Table 1. Owing to this characteristic drop in D2 affinity,
these intermediates were not routinely screened.


Table 3 (compounds 6a–k) shows that the potency is
recovered by introduction of acyl groups on the tetrahy-
droquinoline. Again, 6-chloro substitutions adversely
affect DA D2 affinity for these compounds, as seen in
6h. Although tolerated in DA D2, large acyl groups
(6c, 6d) result in reduced affinity for 5-HT2A. Interest-
ingly, the cyclohexyl group (6e) does not cause this
change. When comparing 6j to 4f from Table 1, it seems
that the large phenyl group at R3 has a deleterious effect
on 5-HT2A potency in the N-acyl series.

Table 2. Tetrahydroquinolines


NN


HN


R4
X N


5
Entry X R4 D2 Ki (nM)a 5HT2A Ki (nM)a


5a S H 59 0.18


5b S 6-F 55 0.28


a Values are means of at least three experiments see Ref. 8.


Table 3. N-Acyl tetrahydroquinolines


NN
X N


O


R1


6
Entry X R1 R3, R30


6a S Phenyl CH3


6b S CH3 CH3


6c S 2,5-Dimethyoxy benzyl CH3


6d S 3-Methoxy benzyl CH3


6e S Cyclohexyl CH3


6f S CH3 CH3


6g O CH3 CH3


6h S CH3 CH3


6i O CH3 CH3


6j S CH3 H, phenyl


6k S CH3 CH3


a Values are means of at least three experiments see Ref. 8.

In general, the lactam scaffold is useful for modulating
DA D2 affinity and the N-acyl scaffold reveals robust
5-HT2A potency. This trend can be seen more clearly
in the plot (Fig. 1).


In summary, a series of novel 8-substituted 3,4-dihydro-
quinolinones, tetrahydroquinolines, and N-acyltetrahy-
droquinolines were synthesized and evaluated in vitro
for affinity to DA D2 and 5-HT2A receptors. This flexi-
ble scaffold proves useful for promoting atypical anti-
psychotic activity.10 Additionally, this series of
compounds provides options for the development of
SAR in either DA D2 or 5-HT2A. The optimal separa-
tion of at least 10-fold ratio of DA D2/5-HT2A binding
translates to a lack of EPS in a rat model.11 Although
the SAR for both receptors does not track together,
small changes on this scaffold can have a large impact
in tuning DA D2 or 5-HT2A affinities or both.
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Figure 1. Plot DA D2 vs. 5-HT2A for N-acyl and lactam analogs. Blue


dots represent tetrahydroquinoline analogs from Tables 2 and 3, while


green squares represent 3,4-dihydroquinolinone analogs from Table 1.
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Abstract—A new series of functionalized 1,2,4-trioxanes 10–21 have been prepared and assessed for antimalarial activity in mice.
Several of these trioxanes show significant activity. Trioxane 16, the most active compound of the series, has shown activity by oral
route which is comparable with that of the clinically used drug, b-arteether.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction


Malaria is a major parasitic disease affecting over 100
countries of the tropical and subtropical regions of the
world including India. Around 300–500 million clinical
cases of malaria are reported every year of which around
2–3 million die due to complicated cases of malaria.1


The situation is getting worse with the emergence of
multi-drug resistant parasites. Against this background,
isolation of artemisinin 1 by the Chinese as the active
principle of their traditional antimalarial drug, Artemi-
sia annua, has been a major breakthrough in malaria
chemotherapy. Artemisinin is active against both chlo-
roquine sensitive and chloroquine resistant malaria.2
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Several derivatives of artemisinin with better activity pro-
file, for example, artemether 2, arteether 3 and artesunic
acid 4 are being clinically used.3 The peroxide group pres-
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ent in the form of 1,2,4-trioxane is essential for the anti-
malarial activity of artemisinin and its derivatives.
Several synthetic trioxanes originating from different lab-
oratories including our grouphave shown promising anti-
malarial activity both in vitro and in vivo.4,5


Earlier we have shown that b-hydroxyhydroperoxides
6a,b prepared by photooxygenation of allylic alcohols5a


5a,b react with 1,4-cyclohexanedione to give keto-func-
tionalized 1,2,4-trioxanes 7a,b (Scheme 1) and that these
trioxanes undergo facile reductive amination with vari-
ous amines to give amino functionalized 1,2,4-trioxanes
(prototype 8 and 9).6


Some of these amino functionalized 1,2,4-trioxanes
showed high order of activity against chloroquine resis-
tant Plasmodium yoelii in mice.6b

OHAr OArAr


7a-b6a-b5a-b


Scheme 1. Reagents and conditions: (a) hm (light produced by 500 W


tungsten halogen lamp), O2, methylene blue, MeCN, �10 to 0 �C.
(b) 1,4-Cyclohexanedione, concd HCl, 5 �C.
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We have further explored the chemistry of the carbonyl
group of these keto-trioxanes and report herein the syn-
thesis of a new series of functionalized 1,2,4-trioxanes
10–21. Several of these trioxanes show better activity
profile than the parent trioxanes 7a,b. Trioxane 16, the
most active compound of the series, has shown activity
by oral route which is comparable with that of the
clinically used drug, b-arteether.

2. Chemistry


Reduction of 7a with NaBH4 in MeOH furnished
alcohol 10 in 96% yield as an inseparable mixture
of diastereomers, which on reaction with succinic
anhydride and Et3N in CH2Cl2 at rt gave hemisucci-
nate 12 in 93% yield, again as an inseparable mixture
of diastereomers. Similarly keto-trioxane 7b on reduc-
tion furnished alcohol 11 in 95% yield as an insepara-
ble mixture of diastereomers, which on reaction with
succinic anhydride and Et3N in CH2Cl2 at rt gave
hemisuccinate 13 in 95% yield, again as an insepara-
ble mixture of diastereomers. Reaction of 7a with
BrCH2COOEt/Zn in dry benzene furnished a mixture
of diastereomers 14a,b in 83% yield. Compounds
14a,b were separated by column chromatography.
Similar reaction of 7b with BrCH2COOEt/Zn in dry
benzene furnished a mixture of diastereomers 15a,b
in 88% yield. The pure isomers were separated by col-
umn chromatography. Keto-trioxane 7a when reacted
with triethylphosphonoacetate in the presence of NaH
as base in dimethoxyethane furnished the Wittig
product 16 in 93% yield as an inseparable mixture
of geometrical isomers. Reaction of keto-trioxane 7a
with triethylphosphono-2-propionate under the same
conditions furnished 17 in 83% yield again as an
inseparable mixture of geometrical isomers. Keto-tri-
oxane 7b on reaction with triethylphosphonoacetate
and triethylphosphono-2-propionate under similar
reaction conditions furnished 18 and 19 as an insepa-
rable mixture of geometrical isomers in 93% and 84%
yields, respectively. Reaction of keto-trioxane 7a with
MeMgBr in diethylether furnished a diastereomeric
mixture of 20a,b in 54% yield which were separated
by column chromatography and characterized as pure
isomers. Similar reaction of 7a with PhMgBr fur-
nished trioxane 21a,b as a diastereomeric mixture in
59% yield, which were separated into pure isomers
by column chromatography and characterized sepa-
rately,7,8 while they were screened as mixture for bio-
logical activity.

3. Antimalarial activity


1,2,4-Trioxanes 10–21 were initially screened for
their antimalarial activity against multi-drug resistant
P. yoelii in Swiss mice at a highest dose of 96 mg/kg9


by oral and intramuscular (im) routes. The trioxanes
showing activity at 96 mg/kg by either route were
further evaluated at 48 and 24 mg/kg. The results are
shown in Table 1.
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20a R = methyl (higher Rf)
20b R = methyl (lower Rf)
21a R = phenyl (higher Rf)
21b R = phenyl (lower Rf)


14a Ar = phenyl (higher Rf)
14b Ar = phenyl (lower Rf)
15a Ar = 4-bihenyl (higher Rf)
15b Ar = 4-biphenyl (lower Rf)


14a-b and 15a-b


12 Ar = phenyl
13 Ar = 4-biphenyl


12-13
10 Ar = phenyl
11 Ar = 4-biphenyl


10-11


16 Ar = phenyl, R = H
17 Ar = phenyl, R = CH3


18
19


 Ar = 4-biphenyl, R = H
 Ar = 4-biphenyl, R = CH3


20a-b and 21a-b

4. Results and discussion


As can be seen from Table 1, the Wittig product 16, is
the best compound in the series. At 48 mg/kg given
orally, this compound shows complete clearance of
parasitaemia on day 4 and all the animals survive be-
yond day 28. Even at 24 mg/kg, this compound shows
complete clearance of parasitaemia on day 4 though
none of the animals survive beyond day 28. This triox-
ane also shows complete clearance of parasitaemia on
day 4 at 96 mg/kg by im route and 40% of the animals
survive beyond day 28. Surprisingly, Wittig product 17,
which is structurally very close to 16 except that olefin-
ic proton is replaced by a methyl group, is completely
inactive by both the routes. Trioxane 18 is the next best
compound in the series. It shows 100% clearance of
parasitaemia at 96 and 48 mg/kg by oral route and
provides 100% protection at 96 mg/kg in the 28-day
observation period. It also shows 96% clearance of par-
asitaemia on day 4 at 96 mg/kg by im route but none
of the animals survive beyond day 28. Here again the
corresponding methyl substituted derivative 19 is less
active. It provides only 40% protection to the mice
treated at 96 mg/kg by oral route and no protection
when given by im route. Compounds 11 and 20 pro-
vide 100% suppression by im route on day 4 and
40% protection to the treated mice. The rest of the
functionalized trioxanes 10, 12–15 and 21 show only
moderate activity.


The moderate order of activity of trioxanes 16 and 18,
the two most orally active compounds of this series,
by im route could be due to their poor solubility in water
which restricts their absorption from the site of injec-
tion.10 We have also observed such difference in activity
between oral and im routes earlier in a related series of
amino functionalized 1,2,4-trioxanes.6b







Table 1. In vivo antimalarial activity of functionalized 1,2,4-trioxanes


against P. yoelii in Swiss mice


Compound Dose


(mg/kg/day)


Route % Suppression


on day 4a
Mice alive


on day 28


7a 96 Oral 7 0/5


96 im 99 0/5


7b 96 Oral 92 0/5


96 im 100 1/5


10 96 Oral 78 0/5


96 im 82 0/5


11 96 Oral 91 0/5


96 im 100 2/5


12 96 Oral 82 0/5


96 im 14 0/5


13 96 Oral 99 0/5


96 im 74 0/5


14a (higher Rf) 96 Oral 87 0/5


96 im 30 0/5


14b (lower Rf) 96 Oral 37 0/5


96 im 62 0/5


15a (higher Rf) 96 Oral 93 0/5


96 im 84 0/5


15b (lower Rf) 96 Oral 97 0/5


96 im 86 0/5


16 96 Oral 100 5/5


48 Oral 100 5/5


24 Oral 100 0/5


96 im 100 2/5


17 96 Oral 39 0/5


96 im 40 0/5


18 96 Oral 100 5/5


48 Oral 100 0/5


96 im 96 0/5


19 96 Oral 100 2/5


48 Oral 100 0/5


96 im 78 0/5


20a and 20b 96 Oral 92 0/5


96 im 100 2/5


21a and 21b 96 Oral 95 0/5


96 im 93 0/5


b-Arteether 48 Oral 100 5/5


24 Oral 100 1/5


Vehicle control — — — 0/15


a Percent suppression = [(C � T)/C] · 100, where C is parasitaemia in


control group and T is parasitaemia in treated group.
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5. Conclusion


A new series of functionalized trioxanes have been
prepared using the chemistry of carbonyl group of
trioxanes 7a,b. Several of these trioxanes show bet-
ter activity profiles than the parent trioxanes 7a,b.
Trioxane 16, the most active compound of the ser-
ies, has shown activity by oral route which is
comparable with that of the clinically used drug,
b-arteether.
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[M+H]+; Anal. calcd for C27H30O5: C, 74.63%; H, 6.96%.
Found: C, 74.84%; H, 6.82%. Trioxane 20a. An oil: IR
(neat, cm�1) 3419; 1H NMR (200 MHz, CDCl3) d: 1.26 (s,

3H), 1.63–1.93 (m, 6H), 2.03–2.18 (m, 1H), 2.37–2.44 (m,
1H), 3.76 (dd, 1H, J = 11.6, 3.1 Hz), 3.88 (dd, 1H,
J = 11.6, 10.1 Hz), 5.25 (dd, 1H, J = 10.1, 3.1 Hz), 5.33
and 5.50 (2 · s, 2H), 7.31–7.36 (m, 5H); 13C NMR
(50 MHz, CDCl3) d: 24.94 (t), 29.94 (q), 30.68 (t), 35.31
(t), 35.60 (t), 63.36 (t), 69.56 (s), 80.76 (d), 102.73 (s),
116.83 (t), 126.43 (d, integrating for 2 carbons), 127.65 (d),
128.57 (d, integrating for 2 carbons), 139.02 (s), 143.87 (s);
ES-MS (ES++Na) 313; Anal. calcd for C17H22O4: C,
70.32; H, 7.64. Found: C, 70.37; H, 7.24. Trioxane 20b. An
oil: IR (neat, cm�1) 3381; 1H NMR (200 MHz, CDCl3) d:
1.25 (s, 3H), 1.58–2.03 (m, 7H), 2.58 (dd, 1H, J = 6.2,
2.2 Hz), 3.77 (dd, 1H, J = 11.9, 2.9 Hz), 4.01 (dd, 1H,
J = 11.9, 10.3 Hz), 5.25 (dd, 1H, J = 10.3, 2.9 Hz), 5.31
and 5.50 (2 · s, 2H), 7.29–7.48 (m, 5H); 13C NMR
(50 MHz, CDCl3) d: 25.04 (t), 30.48 (q), 31.13 (t), 35.35
(t), 35.51 (t), 63.27 (t), 69.44 (s), 80.72 (d), 102.71 (s),
116.79 (t), 126.78 (d, integrating for 2 carbons), 128.58 (d),
128.98 (d, integrating for 2 carbons), 139.04 (s), 143.82 (s);
ES-MS (ES++Na) 313; Anal. calcd for C17H22O4: C,
70.32; H, 7.64. Found: C, 70.76; H, 7.36. Trioxane 21a. mp
96–98 �C; IR (KBr, cm�1) 3448; 1H NMR (300 MHz,
CDCl3) d: 1.70–1.78 (m, 4H), 1.95–2.26 (m, 3H), 2.71 (d,
1H, J = 12.0 Hz), 3.80 (dd, 1H, J = 12.0, 3.0 Hz), 3.91
(dd,1H, J = 12.0, 9.9 Hz), 5.28 (dd, 1H, J = 9.9, 3.0 Hz),
5.34 and 5.50 (2 · s, 2H), 7.23–7.50 (m, 10H); 13C NMR
(75 MHz, CDCl3) d: 24.3 (t), 29.9 (t), 34.5 (t), 35.0 (t), 62.9
(t), 72.5 (s), 80.3 (d), 102.1 (s), 116.4 (t), 124.5 (d,
integrating for 2 carbons), 126.4 (d, integrating for 2
carbons), 127.0 (d), 128.1 (d), 128.3 (d, integrating for 2
carbons), 128.5 (d, integrating for 2 carbons), 138.5 (s),
143.3 (s), 148.0 (s); FAB-MS (m/z) 353 [M+H]+; Anal.
calcd for C22H24O4: C, 74.98%; H, 6.86%. Found: C,
74.66%; H, 6.71%. Trioxane 21b. mp 104–106 �C; IR
(KBr, cm�1) 3449; 1H NMR (200 MHz, CDCl3) d: 1.69–
2.21 (m, 7H), 2.84 (d, 1H, J = 12.5 Hz), 3.81 (dd, 1H,
J = 11.9, 2.8 Hz), 4.07 (dd, 1H, J = 11.9, 10.4 Hz), 5.29
(dd, 1H, J = 10.4, 2.8 Hz), 5.34 and 5.52 (2 · s, 2H), 7.28–
7.52 (m, 10H); 13C NMR (50 MHz, CDCl3) d: 25.11 (t),
31.25 (t), 35.49 (2 · t), 63.39 (t), 73.46 (s), 80.78 (d), 102.50
(s), 116.92 (t), 124.91 (d, integrating for 2 carbons), 126.81
(d, integrating for 2 carbons), 127.46 (d), 128.67 (d),
128.76 (d, integrating for 2 carbons), 129.05 (d, integrating
for 2 carbons), 139.04 (s), 143.78 (s), 148.66 (s); FAB-MS
(m/z) 353 [M+H]+; Anal. calcd for C22H24O4: C, 74.98%;
H, 6.86%. Found: C, 74.72%; H, 6.53%.


8. In all cases ratio of the diastereomers and geometrical
isomers, as assessed by 1H NMR and 13C NMR, is around
50:50.


9. The in vivo efficacy of compounds was evaluated against P.
yoelii (MDR) in Swiss mice model. The colony bred Swiss
mice (25 ± 1 g) were inoculated with 1 · 106 parasitized
RBC on day zero and treatment was administered to a
group of five mice at each dose, from day 0 to 3, in two
divided doses daily. The drug dilutions of compounds 10
and 11, 14–21 were prepared in groundnut oil while
hemisuccinates 12 and 13 were dissolved in 5% NaHCO3


so as to contain the required amount of the drug (1.2 mg for
a dose of 96 mg/kg, 0.6 mg for a dose of 48 mg/kg and
0.3 mg for a dose of 24 mg/kg) in 0.1 ml and administered
either intramuscularly or orally for each dose. Parasitaemia
level was recorded from thin blood smears between days 4
and 28.11 Mice treated with b-arteether served as positive
controls.


10. Belpaire, F.; Bogaert, M. G.. In Wermuth, C. G., Ed.,
Second ed.; The Practice of Medicinal Chemistry; Aca-
demic Press: Oxford, 2003, pp 501–515.


11. Puri, S. K.; Singh, N. Exp. Parasitol. 2000, 94, 8.
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Abstract—A series of N-(5-benzylthio-1,3,4-thiadiazol-2-yl) and N-(5-benzylsulfonyl-1,3,4-thiadiazol-2-yl) derivatives of piperazinyl
quinolones was synthesized and evaluated for antibacterial activity against Gram-positive and Gram-negative microorganisms.
Some of these derivatives exhibit high activity against Gram-positive bacteria; Staphylococcus aureus and Staphylococcus epidermi-
dis, comparable or more potent than their parent N-piperazinyl quinolones norfloxacin and ciprofloxacin as reference drugs. The
SAR of this series indicates that both the structure of the benzyl unit and the S or SO2 linker dramatically impact antibacterial
activity.
� 2005 Elsevier Ltd. All rights reserved.

OC5

Quinolones have become a major class of antibacterial
agents, which are under extensive clinical development.
They have an attraction because of their extremely po-
tent activity, rapid bactericidal effects, and low incidence
of resistance development.1 The main disadvantage of
the quinolones is their limited activity against Gram-
positive pathogens (because of their intrinsically low
activity against these species) and methicillin-resistant
Staphylococcus aureus (MRSA) (because of the develop-
ment of resistance).2 In addition, quinolones can cause
certain adverse effects, such as CNS effects, phototoxic-
ity, tendonitis, hypoglycemia, and serious cardiac
dysrhythmias.3,4 Thus, despite many advances in the
fluoroquinolone field, there exists continuous need for
novel quinolones with better activity profile, pharmaco-
kinetics, and tolerability, to overcome the limitations of
existing drugs.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Most of the quinolone antibacterial research has been
focused on the functionality at C-7 position since the
introduction of norfloxacin 1 and ciprofloxacin 2 (Figs.
1 and 2). Moreover, C-7 substituent is the most adapt-
able site for chemical change and is an area that deter-
mines potency and target preference. This area also
controls the pharmacokinetic properties of the drugs,
with a basic nitrogen.5–7 A five- or six-membered ring
is the most commonly found substitution at position
C-7, for example, gemifloxacin and trovafloxacin, have
an aminopyrrolidine substituent at C-7.8,9 Piperazine
substitution at C-7 position has resulted in a wide range
of clinically useful fluoroquinolone antibacterial agents
namely norfloxacin, ciprofloxacin, perfloxacin, pefloxa-

N


N1


COOH


C7


F


C8


Figure 1. Quinolone core with main substitution sites.
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Figure 2.
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cin, ofloxacin, amifloxacin, fleroxacin, lomefloxacin,
sparfloxacin, difloxacin, enoxacin, enrofloxacin, levo-
floxacin, marbofloxacin, and orbifloxacin.8,9 Fluoro-
quinolones with 7-piperazinyl moiety have been
reported to possess potent antibacterial activity.10–17


According to the inhibition mechanisms of the quino-
lones, proposed by Shen et al.7,18–20 the site near the
C-7 substituent is regarded as the drug–enzyme interac-
tion domain. In addition, Klopman et al. also concluded
that the cell permeability is dominantly controlled by C-
7 substituent.21 These facts motivate our concern to C-7
substituent of quinolone. The piperazine moiety of 7-
piperazinyl quinolones possess enough structural flexi-
bility to allow product optimization. In the preceding
papers, we described a number of N-substituted piperaz-
inyl quinolones by introducing a specific substituents in
the piperazine unit of 7-piperazinyl quinolones.22–29


As 2,5-disubstituted-1,3,4-thiadiazole derivatives are
reported to show antibacterial activity,30–33 in the pres-

S


NN
NH2HS


a


5 6a-d


S


NN
S


R1


R1= H, 2-NO2, 3-NO


Scheme 1. Synthesis of intermediates 7 and 8. Reagents and conditions: (a) ap


Cu, 0 �C, 1 h, then rt, 2 h; (c) H2O2 30% (excess), AcOH, 60 �C, 30–40 min.
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F
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Scheme 2. Synthesis of compounds 3a–h and 4a–h. Reagents and conditions


DMF, NaHCO3, DMF, 90 �C.

ent study we have aimed to achieve a better antimicrobi-
al profile at lower concentration, by preparing N-
substituted piperazinyl quinolones 3 and 4 carrying ben-
zylthio- and benzylsulfonyl-1,3,4- thiadiazole derivatives
(Fig. 2).


Our synthetic pathway to intermediates 7a–d and 8a–d,
and target compounds 3a–h and 4a–h is presented in
Schemes 1 and 2. The 2-amino-5-(benzylthio)-1,3,4-thi-
adiazole derivatives 6 was obtained from commercially
available 5-amino-1,3,4-thiadiazol-2-thiol 5. Thus, treat-
ment of 5 with benzylbromide derivatives in presence of
NaOH in 80% ethanol at room temperature afforded
S-benzyl intermediates 6.34 Diazotization of amine 6
with NaNO2 in hydrochloric acid in the presence of cop-
per powder gave the chlorothiadiazoles 7.34,35 Sulfones 8
were prepared by usual procedure from sulfides 7, using
an excess of 30% H2O2 in CH3COOH at 60 �C.34 Reac-
tion of compounds 7a–d with 1 or 2 in DMF in the pres-
ence of NaHCO3 at 130 �C gave compounds 3a–h.29
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Similarly, the reaction of compounds 8a–d with 1 or 2 at
90 �C gave the corresponding compounds 4a–h.


Compounds 3a–h and 4a–h were tested in vitro by con-
ventional agar-dilution method36 against Gram-positive
(Staphylococcus aureus ATCC 6538p, Staphylococcus
epidermidis ATCC 12228 and Bacillus subtilis PTCC
1023) and Gram-negative (Escherichia coli ATCC
8739, Klebsiella pneumoniae ATCC 10031, and Pseudo-
monas aeruginosa ATCC 9027). The minimum inhibito-
ry concentration (MIC) values were determined by
comparison to parent quinolones, norfloxacin 1 and cip-
rofloxacin 2 as reference drugs.


The MIC values in Table 1 indicate that most com-
pounds showed significant activity (MIC = 0.03–4 lg/
mL) against Gram-positive bacteria and moderate to
poor activity (MIC = 1–64 lg/mL) against Gram-nega-
tive pathogens.


Table 1 reveals that compounds 3g and 3h followed by
4g are superior in inhibiting the growth of S. aureus
(MIC = 0.5–1 lg/mL). However, compounds 3b–f and
4f are statistically equivalent in antibacterial activity
and better than the remaining tested compounds. Anti-
bacterial screening of compounds 3a–h and 4a–h against
S. epidermidis reveals that compounds 3b–d, 3f–h and
4f–h show a comparable or better activity
(MIC = 0.03–0.5 lg/mL) with respect to the reference
drugs (MIC = 0.25–0.5 lg/mL). Indeed, compounds 3h
and 4f were the most active compounds against S. epide-
rmidis, their activities were found to be 8- to 16-fold
more than reference drugs. Most compounds had
respectable in vitro activity against B. subtilis, but were
less active than reference drugs.

Table 1. Antibacterial activities of compounds 3a–h and 4a–h against select


N
S


NN


S
(O)n


R1


Compound R R1 n S. aureus S. epider


3a Ethyl H 0 16 2


3b Ethyl 2-NO2 0 4 0.5


3c Ethyl 3-NO2 0 2 0.25


3d Ethyl 4-NO2 0 4 0.5


3e Cyclopropyl H 0 2 1


3f Cyclopropyl 2-NO2 0 2 0.06


3g Cyclopropyl 3-NO2 0 0.5 0.06


3h Cyclopropyl 4-NO2 0 0.5 0.03


4a Ethyl H 2 64 16


4b Ethyl 2-NO2 2 >64 >64


4c Ethyl 3-NO2 2 >64 64


4d Ethyl 4-NO2 2 64 8


4e Cyclopropyl H 2 16 4


4f Cyclopropyl 2-NO2 2 4 0.03


4g Cyclopropyl 3-NO2 2 1 0.05


4h Cyclopropyl 4-NO2 2 8 2


1 (Norfloxacin) 1 0.5


2 (Ciprofloxacin) 0.5 0.25

Compound 3h was found to exhibit the most potent
in vitro antibacterial activity against Gram-positive
bacteria, with MIC of 0.5, 0.03, and 0.5 lg/mL against
S. aureus, S. epidermidis, and B. subtilis, respectively.


Generally, most compounds showed moderate activity
(MIC = 1–16 lg/mL) against Gram-negative bacteria,
with an exception of antibacterial activity against P.
aeruginosa. All compounds showed poor or no activity
against P. aeruginosa. In fact, Compounds 3h and 4f
were the most potent against all Gram-negative bacte-
ria, with an MIC value of 1–32 lg/mL.


The following SAR trends have been observed. In
general, benzylthio- or benzylsulfonyl-1,3,4-thiadiazole
groups are well tolerated in terms of Gram-positive
activity, as exemplified by the potency of ciprofloxacin
analogs 3e–h (MIC range of 0.5–2 and 0.03–1 lg/mL
for S. aureus and S. epidermidis, respectively). In many
cases, the compounds had superior activity to their
parent quinolones. As is evident from the data, higher
susceptibilities (lower MICs) were observed with
Gram-positive and poorer susceptibilities, with Gram-
negative bacteria. Thus, introduction of 1,3,4-thiadiaz-
ole carrying benzylthio derivatives at the N-4 position
of piperazine ring changes the antibacterial potency
profile of piperazinyl quinolones.


The effect of positional substitution was primarily inves-
tigated by preparing all three possible nitro regioisomers
on benzyl moiety. It was seen that introduction of a ni-
tro group in ciprofloxacin derivatives (R = cyclopropyl)
improved the potency against all tested pathogens, but
in norfloxacin derivatives (R = ethyl) improved the
potency only against Staphylococci. In some cases, the

ed strains (MICs in lg/mL)


N
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R


COOH


N


F


midis B. subtilis K. pneumoniae P. aeruginosa E. coli


8 16 >64 16


8 32 >64 16


8 16 >64 16


2 64 >64 32


4 32 >64 16


4 16 64 2


4 2 64 2


0.5 2 32 1


8 >64 >64 >64


16 64 >64 32


64 >64 >64 >64


32 >64 >64 >64


4 >64 >64 >64


1 4 32 1


8 16 64 8


1 64 >64 >64


0.06 0.25 2 0.25


0.015 0.06 0.5 0.06
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effect of nitro group was relatively similar for para,
meta, and ortho position. Nevertheless, the effect of ni-
tro-substitution and its position dependent on the other
substituents seems to have different influence on the
antibacterial activity against various bacterial strains.
Comparison between MIC values of thio analogs 3a–h
and sulfones 4a–h revealed that S,S-dioxidation of thio
compounds caused a diminution in antibacterial activity
against most bacterial species. Sulfonyl analogs of nor-
floxacin 4a–d were at best only weakly active as antibac-
terial as measured by MICs.


The results of MIC tests against both Gram-positive and
Gram-negative bacteria revealed that ciprofloxacin
derivatives (R = cyclopropyl) were usually more potent
than norfloxacin derivatives (R = ethyl) especially
against Gram-positive pathogens.


In the nitrobenzylthio-1,3,4-thiadiazole series 3b–h com-
parison with the corresponding nitrophenyl-1,3,4-thi-
adiazole derivatives29 brought to the fore that
incorporation of methylthio linkage between phenyl
and thiadiazole in many cases exerted an excellent posi-
tive effect: for example, compound 3g was more active
than nitrophenyl-1,3,4-thiadiazole analog against all of
the tested strains.


In light of the above structure–activity relationships, it
can be suggested that 1,3,4-thiadiazole bearing a certain
pendent group is well tolerated at N-4 position of piper-
azine ring. Methylthio linker is necessary for activity
and nitro-substituent on benzyl moiety enhances anti-
bacterial potency especially against Gram-positive bac-
teria. Moreover, the effects on antibacterial activity
correlate with the inherent activity of the parent
quinolone.


Previously, we reported that novel nitroaryl- and nitro-
heteroaryl-1,3,4-thiadiazolyl quinolones differing from
ciprofloxacin or norfloxacin solely by the linkage of var-
ious nitroaryl- and nitroheteroaryl-1,3,4-thiadiazolyl
groups to the piperazinyl residue at C-7 of the parent
drug have particularly high in vitro activity against
Gram-positive cocci such as S. aureus. Similarly, our
new series of compounds exhibit high activity against
Gram-positive and marginal activity against Gram-neg-
ative bacteria.


Although the nature of the C-7 substituent is known to
influence quinolone activity in bacteria,5–7 we identify
addition of the 1,3,4-thiadiazole group as a particular
chemical modification that allows manipulation of selec-
tivity and potency. In exploring possible causes of this
alteration of potency, it was noted that our title com-
pounds 3 and 4 could be viewed as hybrid drugs incor-
porating a quinolone and a functionalized thiadiazole
moiety that, in itself, shows some antibacterial activi-
ty.30–33 Conversely, two general factors that contribute
to antibacterial potency of quinolones are the kinetics
of drug uptake and the ability to inhibit gyrase or topo-
isomerase IV.37 The mechanism by which quinolones en-
ter the bacterial cell is complicated and not entirely
understood. Intracellular quinolone concentrations de-

pend on the balance between drug influx through porin
channels, drug transport across the cytoplasmic mem-
brane, and efflux of drug out of the cytoplasm and the
cell.38 The physicochemical properties of quinolones
(e.g., relative hydrophobicity, charge or molecular mass)
are important for penetration into bacterial cell and
have a different role in Gram-negative and Gram-posi-
tive bacteria. Increasing molecular mass and bulkiness
of substituent at C-7 position hinder penetration of
quinolones into Gram-negative organisms through the
porin channels, although hydrophobic molecules appear
to enter via the lipopolysaccharide or across the lipid
bilayer.39–41 Gram-positive bacteria do not possess an
outer membrane, and so lack outer membrane proteins
and lipopolysaccharide. Accumulation by Gram-posi-
tive bacteria (e.g., S. aureus) is thought to take place
by simple diffusion across the cytoplasmic mem-
brane.42,43 Accordingly, we suggest that compounds like
thiadiazolyl quinolones (3 and 4), which have high
molecular mass and bulky substituent at C-7 position,
are accumulated in the Gram-positive bacteria more
favorably than ciprofloxacin and norfloxacin. More-
over, ciprofloxacin and norfloxacin are zwitterionic
quinolones, but their structural modification to yield
the corresponding thiadiazole derivatives produces com-
pounds with different ionizable groups in the biological
pH range. This charge difference is suggested to account
for the better uptake into Gram-positive bacteria, for
the thiadiazolyl quinolones 3 and 4.


In conclusion, we have identified a series of N-substitut-
ed piperazinyl quinolones 3 and 4 in which the N-4
hydrogen of piperazinyl group of norfloxacin and cipro-
floxacin replaced with various nitrobenzylthio- and
nitrobenzylsulfonyl-1,3,4-thiadiazolyl moieties with
in vitro microbiological activity against Gram-positive
organisms comparable or higher than respective parent
quinolones, ciprofloxacin, and norfloxacin. The SAR
of this series indicates that both the structure of the ben-
zyl unit and the S or SO2 linker dramatically impact
antibacterial activity.

Acknowledgment


This work was supported by a grant from Research
Council of Kerman University of Medical Sciences, Ker-
man, Iran.

References and notes


1. Hooper, D. C.; Wifson, J. C. Antimicrob. Agents Chemo-
ther. 1985, 28, 716.


2. Ball, P. Infection 1994, 22, S140.
3. Ball, P.; Mandell, L.; Niki, Y.; Tilloston, G. Drug Safety


1999, 21, 407.
4. Ball, P. J. Antimicrob. Chemother. 2000, 45, 557.
5. Domagala, J. M.; Heifetz, C. L.; Hutt, M. P.; Mich, T. F.;


Nichols, J. B.; Solomon, M.; Worth, D. F. J. Med. Chem.
1988, 31, 991.


6. Chu, D. T. W.; Fernandes, P. B.; Claiborne, A. K.;
Pihuleac, E.; Nordeen, C. W.; Maleczka, R. E.; Pernet, A.
G. J. Med. Chem. 1985, 28, 1558.







4492 A. Foroumadi et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4488–4492

7. Shen, L. L.; Mitscher, L. A.; Sharma, P. N.; O�Donnell, T.
J.; Chu, D. W. T.; Cooper, C. S.; Rosen, T.; Pernet, A. G.
Biochemistry 1989, 28, 3886.


8. De Sarro, A.; De Sarro, G. Curr. Med. Chem. 2001, 8, 371.
9. Anderson, V. E.; Osheroff, N. Curr. Pharm. Des. 2001, 7,


339.
10. Koga, H.; Itoh, A.; Murayama, S.; Suzue, S.; Irikura, T. J.


Med. Chem. 1980, 23, 1358.
11. Hagihara, M.; Kashiwase, H.; Katsube, T.; Kimura, T.;


Komai, T.; Momata, K.; Ohmine, T.; Nishigaki, T.;
Kimura, S.; Shimada, K. Bioorg. Med. Chem. Lett. 1999,
9, 3063.


12. Domagala, J. M.; Hanna, L. D.; Heifetz, C. L.; Hutt, M.
P.; Mich, T. F.; Sanchez, J. P.; Solomon, M. J. Med.
Chem. 1986, 29, 394.


13. Konda, H.; Sakamoto, F.; Kodera, Y.; Tsukamoto, G. J.
Med. Chem. 1986, 29, 2020.


14. Fang, K.-C.; Chen, Y.-L.; Sheu, J.-Y.; Wang, T.-C.;
Tzeng, C.-C. J. Med. Chem. 2000, 43, 3809.


15. Gootz, T. D.; McGuirk, P. R.; Moynihan, M. S.; Haskell,
S. L. Antimicrob. Agents Chemother. 1994, 38, 130.


16. Pandeya, S. N.; Sriram, D.; Nath, G.; DeClercq, E. Eur. J.
Med. Chem. 2000, 35, 249.


17. Chu, D. T. W.; Fernandes, P. B.; Maleczka, R. E.;
Nordeen, C. W.; Pernet, A. G. J. Med. Chem. 1987, 30,
504.


18. Shen, L. L.; Pernet, A. G. Proc. Natl. Acad. Sci. U.S.A.
1985, 82, 307.


19. Shen, L. L.; Kohlbrenner, W. E.; Weigl, D.; Baranowski,
J. J. Biol. Chem. 1989, 264, 2973.


20. Shen, L. L.; Baranowski, J.; Pernet, A. G. Biochemistry
1989, 28, 3879.


21. Klopman, G.; Macina, O. T.; Levinson, M. E.; Rosenk-
ranz, H. S. Antimicrob. Agents Chemother. 1987, 31,
1831.


22. Foroumadi, A.; Emami, S.; Davood, A.; Moshafi, M. H.;
Sharifian, A.; Tabatabaiee, M.; Tarhimi Farimani, H.;
Sepehri, G.; Shafiee, A. Pharm. Sci. 1997, 3, 559.


23. Foroumadi, A.; Emami, S.; Haghighat, P.; Moshafi, M.
H. Pharm. Pharmacol. Commun. 1999, 5, 591.

24. Foroumadi, A.; Davood, A.; Mirzaei, M.; Emami, S.;
Moshafi, M. H. Boll. Chim. Farm. 2001, 140, 411.


25. Foroumadi, A.; Soltani, F.; Emami, S.; Davood, A. Boll.
Chim. Farm. 2002, 141, 247.


26. Mirzaei, M.; Foroumadi, A. Pharm. Pharmacol. Commun.
2000, 6, 351.


27. Foroumadi, A.; Mansouri, S.; Kiani, Z.; Rahmani, A.
Eur. J. Med. Chem. 2003, 38, 851.


28. Foroumadi, A.; Ashraf-Askari, R.; Moshafi, M. H.;
Emami, S. Pharmazie 2003, 58, 432.


29. Foroumadi, A.; Soltani, F.; Moshafi, M. H.; Ashraf-
Askari, R. Il Farmaco 2003, 58, 1023.


30. Russo, F.; Santagati, M. Il Farmaco 1976, 31, 41.
31. Tsotinis, A.; Varvaresou, A.; Calogeropoulou, T.; Siatra-


Papastaikoudi, T.; Tiligada, A. Arzneim.-Forsch. Drug
Res. 1997, 47, 307.


32. Dogan, H. N.; Duran, A.; Rollas, S.; Sener, G.; Uysal, M.
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Abstract—Structure–activity relationship studies leading to the discovery of novel mGlu5 receptor antagonists are described. These
compounds show high in vitro potency, have good in vivo receptor occupancy, and a reasonable intravenous pharmacokinetic
profile.
� 2005 Elsevier Ltd. All rights reserved.

Metabotropic glutamate (mGlu) receptors are a family
of G-protein coupled receptors in the mammalian ner-
vous system that are activated by L-glutamate.1,2 Eight
mGlu receptor subtypes have been identified to date
and these are organized into 3 groups (Groups I, II,
and III) based on sequence homology. Group I mGlu
receptors (mGlu1 and mGlu5) are localized primarily
in the postsynaptic region, but are also widely distribut-
ed in the hippocampus, thalamic nuclei, and spinal cord.
Stimulation of mGlu1 and mGlu5 receptors leads to
phosphoinositide (PI) hydrolysis and elevation of intra-
cellular Ca2+ levels ([Ca2+]i) via G-protein coupling to
phospholipase C.3,4 Excessive activation of mGlu5
receptors has been implicated in a number of CNS dis-
orders including pain,5 anxiety and depression,6–12 drug
dependence13, and mental retardation.14 It is for these
reasons that efforts have been directed toward the devel-
opment of potent and selective mGlu5 receptor
antagonists.
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The discovery of a number of potent and highly selective
ligands for the mGlu5 receptor, such as 2-methyl-6-
(phenylethynyl)-pyridine (MPEP, 1)15 and 3-[(2-meth-
yl-1,3-thiazol-4-yl)-ethynyl] pyridine (MTEP, 2)16,17,
has been recently reported. Our colleagues have previ-
ously reported SAR studies on the pyridyl ring of
MPEP,18 on replacing the alkyne moiety with various
heterocycles,19 and on the pyridyl ring of MTEP.20 In
this communication, SAR studies focused on replacing
the aryl group appended to the pyridine–alkyne motif
are described. The direction was to explore novel satu-
rated moieties, which were not previously investigated.
These efforts led to the discovery of new derivatives of
1 that display good in vitro potency, receptor occupan-
cy, and pharmacokinetics in rat. The functional
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potencies of these compounds in vitro were assessed
using an automated assay employing Ltk cells that sta-
bly express human recombinant mGlu5 receptors (Table
1). This cell-based assay measures changes in cytosolic
Ca2+ concentrations ([Ca2+]i) by fluorescence detection
using the Ca2+-sensitive dye fura-2.21–23 Binding to na-
tive mGlu5 receptors in vitro was determined by mea-
suring the displacement by test compounds of [3H]-3-
methoxy-5-(pyridin-2-ylethynyl)pyridine from rat corti-
cal membranes.17 Research from this laboratory has
demonstrated that most alkyne derivatives, such as 1
and 2, are inhibitors of CYP1A2;24 therefore, all com-
pounds were assayed for potency as CYP1A2 inhibitors
using recombinant CYP450 under Gentest-based proto-
cols.25 Furthermore, the hydrophobic nature of many of
these compounds could limit their solubility in CSF and
very likely reduce in vivo efficacy, so the logD was mea-
sured to assist in developing a compound with better
physical properties.26


The general scheme for the synthesis of alkyne deriva-
tives 3 and 4 involved the formation of lithium 2-pyr-
idylacetylide and subsequent trapping of this anion
with a carbonyl compound. The corresponding tertiary
alcohol was then dehydrated with phosphorus oxy-
chloride. Compound 5 was readily prepared using a
Sonogashira reaction between 2-bromopyridine and

Table 1. In vitro potency data for mGlu5 receptor antagonistsa


N NN


Cmpds 3-4 Cmpds 6-12bCmpds 5n


Compound R hmGlu5 Ca2+ Flux IC50 (nM


3 n = 1 3.1 (1.0, 4)


4 n = 2 2.4 (0.7, 2)


5 — 106 (33, 3)


6 S-2-naphthyl 213 (160, 5)


7 N-phthalyl 27 (4.0, 2)


8 S-4-pyridyl 22 (1.0, 4)


9 O-4-pyridyl 16 (14, 5)


10 N-3-pyridyl 8.6 (0.4, 3)


11 O-3-pyridyl 2.2 (1.0, 2)


12 O-3-(5-chloro)-pyridyl 0.90 (0.3, 4)


13 N-2-naphthyl 306 (68, 2)


14 N-c-pentyl 987 (193, 2)


15 N-morpholino 164 (37, 5)


16 N-3-pyridyl 12.6 (3.0, 6)


17 t-Boc 2.6 (0.9, 4)


18 H 580 (221; 3)


19 Phenoxy carbonyl 35 (13, 2)


20 cBz 12 (12, 3)


21 Benzylsulfonyl 58 (12, 2)


22 m-tosyl 8.2 (2, 2)


23 p-tosyl 7.9 (10; 4)


24 p-brosyl 2.2 (0.4, 3)


a Data are presented as the geometric mean followed in parentheses by the s
bCompounds were tested as racemates.
c Ca2+ flux assay using glutamate (10 lM) as agonist.18–20


d Displacement by test compounds of [3H]-3-methoxy-5-(pyridin-2-ylethynyl
e See Ref. 16.

ethynylcyclohexane to furnish the product directly
(Scheme 1).


Compounds 6–12 were synthesized by the addition of
lithium 2-pyridylacetylide to 3-ethoxy cyclohexenone,
which gave the corresponding a,b-unsaturated ketone
after work-up. Reduction with sodium borohydride in
methanol gave the corresponding allylic alcohol, which
could be derivatized using Mitsunobu conditions
(Scheme 2).


The synthesis of compounds 13–16 also utilized lith-
ium 2-pyridylacetylide which was added to 1,4-
cyclohexanedione monoethylene ketal to afford the
corresponding tertiary alcohol. The ketal was then
removed and the ketone was subjected to reductive
amination conditions using sodium triacetoxyborohy-
dride. Subsequent treatment with phosphorus oxy-
chloride furnished the desired compounds
(Scheme 3).


For compounds 17–24, lithium 2-pyridylacetylide was
added to N-(t-butoxycarbonyl)-4-piperidone and then
dehydrated with phosphorus oxychloride. Deprotection
with TFA gave the free amine, which was derivatized
with the corresponding carbonyl or sulfonyl chloride
(Scheme 4).

R


R


N


N
R


N


Cmpds 13-16b Cmpds 17-24


)c mGlu5 Ki (nM)d CYP1A2 IC50 (nM) logDe


10 2184 3.5


0.65 676 3.8


163 2779 3.9


75 5308 Fluorescent


5.8 5249 3.9


43 505 4.0


21 1021 3.5


7.3 3418 3.3


1.8 1038 3.4


1.1 608 3.9


304 >20000 5.1


7200 >20000 2.1


683 >20000 2.8


35 >20000 3.2


20 >20000 —


3400 >20000 1.6


171 >20000 3.7


0.83 >20000 —


389 >20000 3.4


13 >20000 4.6


12 >20000 3.3


3.1 >20000 3.7


tandard deviation and the number of replicates.


)pyridine from rat cortical membranes.16
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Scheme 1. Reagents and conditions: (a) n-BuLi/THF,�78 �C, then cycloalkanone. (b) POCl3, pyridine, 70 �C. (c) Pd(PPh3)4, CuI, pyrrolidine, 80 �C.
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Scheme 3. Reagents and conditions: (a) n-BuLi/THF, �78 �C, then cycloalkanone. (b) THF, 10% H2SO4 (aq), 70 �C. (c) NaBH3CN, CH2Cl2, AcOH.


(d) POCl3, pyridine, 70 �C.
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Scheme 4. Reagents and conditions: (a) n-BuLi/THF, �78 �C, then cycloalkanone. (b) POCl3, pyridine, 70 �C. (c) TFA, CH2Cl2. (d) Triethylamine,


CH2Cl2, acid chloride.
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a, b, c d


6 R = S-2-naphthyl
7 R = N-phthalyl 
8 R = S-4-pyridyl
9 R = O-4-pyridyl 
10  R = N-3-pyridyl
11 R = O-3-pyridyl 
12 R = O-3-(5-chloro)-pyridyl


(60%) (30-80%)


Scheme 2. Reagents and conditions: (a) n-BuLi/THF, �78 �C, then cycloalkanone. (b) Pyridine, POCl3, 70 �C. (c) NaBH4, MeOH, rt. (d)


Diethylazidodicarboxylate, PPh3, THF, phenol, thiol, or phthalimide.
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In replacing the phenyl ring of MPEP, these efforts ini-
tially gave rise to compounds 3 and 4 that contained
cycloalkenes. Interestingly, the fully saturated cyclohex-
ane 5 resulted in a 50-fold loss in potency, suggesting the
importance of the double bond for potency. Incorporat-
ing a large non-polar group, such as the sulfur-linked
2-naphthyl group in compound 6, resulted in a 100-fold
loss in potency. The direction turned towards smaller
and more polar groups to improve the logD and poten-
cy of these compounds. By directly linking a phthalyl
group, compound 7 was found to be 10-fold less potent.
Further reduction in size, but maintaining the presence
of basic moieties to decrease the logD gave rise to 8
and 9 which were slightly more potent. Changing the
4-pyridyl to a 3-pyridyl gave rise to 10 and 11, which
were equipotent with the original hits. The 5-chloro-3-
pyridyl analog (12) was found to be 2-fold more potent
in both the functional assay, as well as the binding assay.
Unfortunately, with increasing potency as mGlu5
inhibitors, these compounds were also found to be

increasingly potent as inhibitors of cytochrome P450
1A2 (CYP1A2).


Concurrently, substitution at the homo-allylic position
was investigated (compounds 13-16). Similar to substi-
tution at the allylic position (compounds 6-12), a large
naphthyl group (13) was found to be detrimental to
potency. Smaller substituents in 14 and 15 had improved
potency and even the N-3-pyridyl 16 was found to be
5-fold less potent. Although these compounds were not
quite as potent as their allylic counterparts, they were
found to be completely non-inhibitory toward CYP1A2,
which led to further investigation at this position.


For additional studies at the homo-allylic position, we
chose to replace the carbon with a more polar atom,
such as nitrogen. Compound 17 was surprisingly
equipotent with our original hit and not inhibitory to-
ward CYP1A2. Removal of the Boc-group gave second-
ary amine (18), which had a much lower logD.







Table 2. Selected rat pharmacokinetic dataa


Compound R T1/2


(h)


Cl


(mL/min/kg)


Vd


(L/kg)


4 n = 2 3.9 45 9.1


9 O-4-pyridyl 0.8 41 1.2


11 O-3-pyridyl 0.3 94 2.2


12 O-(5-chloro)-3-pyridyl 4.8 32 7.2


16 N-3-pyridyl 0.5 34 1.4


23 N-p-tosyl 1.5 29 14.7


24 N-p-brosyl 1.1 64 3.98


a i.v. dosing at 2 mg/kg.


Table 3. Selected rat receptor occupancy data


Compound R Occupancy (%)


4 n = 2 94


12 O-(5-chloro)-3-pyridyl 97


23 N-p-tosyl 25


24 N-p-brosyl 57
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Unfortunately, compound 18 lost a significant amount
of potency, suggesting that positively charged atoms
are not well-tolerated in this SAR. In an effort to make
this nitrogen less basic, derivatization as a phenoxycar-
bamate (19) and the benzyloxycarbamate (20) was
found to be less potent than the t-butoxycarbamate
(17). Derivatization as sulfonamides proved to be more
fruitful. The corresponding benzylsulfonamide 21 was
almost equipotent with carbamate 17. More rigid sul-
fonamides, such as 22, 23, and 24, had increased poten-
cy, with 24 being equipotent with the orginal hit 4. It
was gratifying to find that these sulfonamides were not
inhibitors of CYP1A2.


Ongoing pharmacokinetic evaluation revealed that some
compounds had reasonable profiles (Table 2). Com-
pounds 9, 11 and 16 were abandoned due to poor
half-lives, as well as CYP1A2 issues. Compounds 4
and 12 had better half-lives, but were not pursued fur-
ther due to CYP1A2 concerns. Compounds 23 and 24
had somewhat shorter half-lives, but warranted further
investigation. Compound 24 was dosed orally at
10 mg/kg to reveal a bioavailability of 10% and Cmax


of 0.02 lM (which is 10-fold the IC50).


Concurrently with intravenous pharmacokinetic analy-
sis, compounds were also evaluated for in vivo receptor
occupancy (Table 3). The test compound was adminis-
tered intraperitoneally at 10 mg/kg and at 59 min, while
[3H]-3-methoxy-5-(pyridin-2-ylethynyl)pyridine was
injected via the tail vein. One minute later, the rats were
euthanized and binding was measured from the brain
homogenate.27 Compounds 4 and 12 were found to be
highly occupant at 10 mg/kg (IP dosing). Unfortunately,
compounds 23 and 24, which were not CYP1A2 inhibi-
tory, were less potent in the occupancy assay.


Replacing the aromatic or hetero-aromatic moieties of
MPEP (1) or MTEP (2) with semi-saturated rings
allowed us to identify several novel compounds that
are highly potent antagonists of mGlu5 receptors. These

compounds tend to have moderate logD. Furthermore,
substitution at the homo-allylic position allowed us to
generate potent compounds, such as 23 and 24, which
were non-inhibitory toward CYP1A2. In vivo experi-
ments revealed that these compounds have moderate
half-lives and moreover, a lower receptor occupancy in
the rat brain model than their CYP-inhibiting counter-
parts. It is for this reason that this series of compounds
was excluded from further development.
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Abstract—Extensive structure–activity relationship studies utilizing a b-MSH-derived cyclic nonapeptide, Ac-Tyr-Arg-[Cys-Glu-
His-DD-Phe-Arg-Trp-Cys]-NH2 (3), led to identification of a series of novel MC-4R selective disulfide-constrained hexapeptide
analogs including Ac-[hCys-His-DD-Phe-Arg-Trp-Cys]-NH2 (12). The structural modifications associated with profound influence
on MC-4R potency and selectivity were ring size, ring conformation, and the aromatic substitution of the DD-Phe7. These cyclic pep-
tide analogs provide novel and enhanced reagents for use in the elucidation of melanocortin-4 receptor-related physiology, and may
additionally find application in the treatment of obesity and related metabolic disorders.
� 2005 Elsevier Ltd. All rights reserved.

The melanocortin family of peptides includes the
pro-opiomelanocortin derived a, b, and c melanocyte
stimulating hormone (MSH) isoforms and adrenocorti-
cotropic hormone (ACTH). These peptides share a con-
served His-Phe-Arg-Trp (HFRW) pharmacophore or
�message� sequence1 and biological activity that is medi-
ated through activation of a family of five G protein-
coupled receptors, MC-1R–5R.2–5 In contrast to the
MC-1, 3, 4, and 5 receptors which are activated by pep-
tides containing the common HFRW message sequence,
the MC-2 receptor can only be activated by interaction
with its unique ligand, ACTH.6 Signalling through the
melanocortin receptors is reported to mediate diverse
physiological functions including pigmentation (MC-
1R), inflammation (MC-1R and -3R), steroidogenesis
(MC-2R), energy homeostasis (MC-3R and -4R), food
intake (MC-4R), sexual function (MC-4R), and exocrine
gland secretion (MC-5R).1,7 Further characterization
for unique biological function inherent to each receptor

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Keywords: Melanocortin receptor agonist.
q The sequence nomenclature used throughout this report is based on


a-MSH (1–13): Ac-Ser1-Tyr2-Ser3-Met4-Glu5-His6-Phe7-Arg8-Trp9-


Gly10-Lys11-Pro2-Val13-amide.
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is dependent upon higher quality receptor ligands. The
non-pharmacologic genetic disruption of the MC-4
receptor in mice has been shown to result in hyperpha-
gia and obesity.8 Furthermore, mutations in the human
MC-4R have been associated with the most common
form of monogenic obesity.9 Validating the biological
function of the MC-4R pharmacologically has become
the subject of intense investigation.


Hruby and co-workers have reported the discovery of
several long-acting, enzymatically stable, non-selective
MC receptor superagonists. These include peptide-based
superagonists NDP-a -MSH (1),10 a series of lactam-
based cyclic analogs which includes the agonist MT-II
(2),11 and the MC-3/4 antagonist SHU-9119.12 The
development and availability of these peptides, particu-
larly MT-II and SHU-9119, enabled the initial elucida-
tion of the central role melanocortins serve in body
weight regulation and energy homeostasis. These obser-
vations have focused attention on the identification of
peptides with improved MC-receptor subtype selectivity
as a possible means to improved pharmacological treat-
ment of obesity.13–22


All peptides reported here were prepared by using stan-
dard Fmoc solid-phase chemistry, utilizing either Rink-
or Wang-type polystyrene resin. Final products were
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purified on reverse-phase HPLC and characterized by
analytical HPLC and mass spectral analysis.23 Our ef-
forts in this field, based on the b-MSH isoform, have
produced a number of potent MC-4R selective ligands17


including analog 3 (Fig. 1). This peptide possesses sub-
nanomolar potency at MC-4R, and respective selectivi-
ties at the MC-5R and MC-1R of approximately 600-
and 20-fold. The pharmacologic utility of analog 3 is
limited by its low solubility at physiological pH, and
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Figure 1. Summary of structure–activity relationship studies.


Table 1. In vitro binding and functional assay data


No. Structurea Binding affi


MC-1R MC-3R


1 NDP-a-MSH 0.10 ± 0.00 0.23 ± 0.01


2 Ac-Nle[DHdFRWK]-NH2
e 0.61 ± 0.07 15.80 ± 1.00


3 Ac-YR[CEHdFRWC]-NH2 17.80 ± 0.90 56.40 ± 2.20


4 Ac-YR[CFHdFRWC]-NH2 4.06 ± 1.10 28.00 ± 5.70


5 Ac-YR[CRHdFRWC]-NH2 0.08 ± 0.01 29.70 ± 6.10


6 Ac-YR[CAHdFRWC]-NH2 1.62 ± 0.05 34.90 ± 2.70


7 Ac-YR[CGHdFRWC]-NH2 7.40 ± 2.30 122.0 ± 32.90


8 Ac-YR[hCEHdFRWC]-NH2 235.0 ± 31.8 >500


9 Ac-YR[hCHdFRWhC]-NH2 10.50 ± 3.30 85.00 ± 26.00


10 Ac-YR[hCHdFRWC]-NH2 2.96 ± 0.74 9.04 ± 2.12


11 Ac-R[hCHdFRWC]-NH2 4.02 ± 0.81 1.90 ± 0.19


12 Ac-[hCHdFRWC]-NH2 13.80 ± 3.02 10.30 ± 0.43


13 Ac-[hCHdFRWPen]-NH2 194.0 ± 31.0 77.90 ± 6.60


14 Ac-[hCH(pF-dF)RWC]-NH2 20.40 ± 2.10 7.98 ± 0.46


15 Ac-[hCH(pCl-dF)RWC]-NH2 25.60 ± 1.80 1.86 ± 0.50


16 Ac-[hCH(pCl-dF)RWPen]-NH2 56.10 ± 7.90 1.29 ± 0.30


17 Ac-[CHdFRWhC]-NH2 >500 360.0 ± 37.00


18 Ac-[CH(pF-dF)RWhC]-NH2 245.0 ± 19.3 128.0 ± 10.00


19 Ac-YR[CEHdFRWC]-OH 112.0 ± 31.0 411.0 ± 54.00


20 Ac-[hCHdFRWC]-OH 115.0 ± 3.00 115.0 ± 6.00


21 Ac-Nle[hCHdFRWC]-NH2 0.06 ± 0.02 0.36 ± 0.05


a For details of peptide synthesis and characterization, see Ref. 23 and Supp
bKi values (n > or = 2) ± SEM were determined by a radioligand binding as
c EC50 values (n > or = 2) were determined by the concentration of peptide a
d Relative efficacy was defined as the maximum peptide-induced cAMP rele


(defined as 100%).
e Amino acids were abbreviated using one-letter system for brevity, and high


Glu; H: His; dF: DD-Phe; pF-dF: para-fluoro-DD-Phe; pCl-dF: para-chloro-DD-

to some extent its less than optimal selectivity to MC-
1R. In view of these shortcomings, we initiated SAR
studies to enhance MC-4R, selectivity, and to improve
physicochemical properties, most notably aqueous
solubility.


We first examined the role of Glu5, the single amino acid
within the disulfide-constrained region of the molecule
which is not part of the His-Phe-Arg-Trp tetrapeptide
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nity Ki (nM)b MC-4R functional activity


MC-4R MC-5R EC50 (nM)c Rel. eff (%)d


0.31 ± 0.01 0.17 ± 0.01 0.36 ± 0.01 100


0.68 ± 0.07 8.42 ± 0.94 0.16 ± 0.03 94.7 ± 2.6


0.77 ± 0.03 >500 0.27 ± 0.02 95.6 ± 1.3


0.53 ± 0.07 79.10 ± 7.20 0.05 ± 0.00 92.1 ± 2.2


0.24 ± 0.07 49.40 ± 6.10 0.04 ± 0.01 94.0 ± 3.4


0.41 ± 0.15 >500 0.04 ± 0.01 120.0 ± 3.8


1.10 ± 0.31 >500 0.10 ± 0.01 83.4 ± 0.6


25.10 ± 3.70 >500 3.75 ± 0.34 95.8 ± 2.1


2.10 ± 0.57 186.0 ± 28.20 0.05 ± 0.01 108.0 ± 1.8


0.38 ± 0.03 14.30 ± 2.40 0.05 ± 0.01 103.0 ± 4.6


0.08 ± 0.01 4.42 ± 0.78 0.05 ± 0.01 108.0 ± 5.2


0.27 ± 0.06 92.30 ± 26.70 0.10 ± 0.01 103.0 ± 4.0


1.14 ± 0.21 402.0 ± 74.00 0.68 ± 0.08 93.5 ± 5.0


0.28 ± 0.07 37.20 ± 3.90 0.16 ± 0.01 102.0 ± 3.6


0.20 ± 0.02 7.66 ± 0.13 0.23 ± 0.04 56.4 ± 2.7


0.05 ± 0.02 11.40 ± 2.50 0.60 ± 0.25 66.4 ± 6.4


9.36 ± 0.37 >500 0.55 ± 0.00 89.7 ± 3.5


2.51 ± 0.16 >500 0.42 ± 0.08 96.2 ± 3.1


8.78 ± 2.28 >500 1.53 ± 0.07 95.0 ± 2.6


2.68 ± 0.53 >500 1.20 ± 0.40 87.4 ± 3.4


0.05 ± 0.01 0.27 ± 0.02 0.10 ± 0.02 95.3 ± 6.4


lementary material.


say using I125-NDP-a-MSH. See Ref. 22 for detailed procedures.


t 50% maximum cAMP release. See Ref. 22 for detailed procedures.


ase relative to the maximum cAMP release induced by NDP-a-MSH


lighted in bold. Specifically, Y: Tyr; R: Arg; C: Cys; hC: homoCys; E:


Phe; W: Trp; Nle: norleucine; Pen: penicillamine.
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�message� sequence. Replacement of Glu5 with a num-
ber of amino acids (analogs 4–7, see Table 1) failed im-
prove biological performance, and suggested that this
acidic residue was not critical to MC-4R ligand–recep-
tor interaction. This also raised the possibility that this
amino acid could be deleted and that potency could be
maintained, provided appropriate adjustment was made
to the ring size. To systematically test this possibility,
we evaluated a number of des-Glu5 analogs where
one or both cysteines were replaced with homocysteine
in order to expand the disulfide loop by one or two
methylene units. Expansion of the 23-membered macro-
cycle of analog 3 to 24 by substitution of Cys4 with
homocysteine (hCys) gave analog 8 of decreased MC-
4R potency and selectivity to the MC-1R and MC-5R
subtypes. Substitution of both Cys4 and Cys10 with
homocysteine, with deletion of Glu5, gave the 22-mem-
bered analog 9, which exhibited improved MC-4R
potency compared to analog 3, but no improvement
in selectivity. Deletion of a single methylene group from
9 by replacement of hCys10 with cysteine gave the
21-membered cyclic analog 10, which further improved
MC-4R potency but not selectivity. Unexpectedly,
deletion of the N-terminal tyrosine afforded the hepta-
peptide 11, which demonstrated a nearly 10-fold en-
hanced MC-4R potency compared to the lead peptide
3, and improved selectivity with respect to MC-1R
and MC-5R. Further deletion of the exocyclic arginine
gave the hexapeptide 12, which further improved selec-
tivity with only slightly diminished MC-4R potency
compared to 11. At this point, our concerted SAR strat-
egy involving deletion of Glu5, N-terminal truncation
and fine-tuning of ring size resulted in a 33% reduction
in molecular size of the initial nonapeptide lead 3 (MW
1338) to hexapeptide 12 (MW 904) (Fig. 1). The in vitro
profile was improved with respect to lead analog 3 in
potency and MC-4R versus MC-1R selectivity. While
the absolute affinity for MC-5R increased, a sizable
340-fold selectivity margin relative to theMC-4Rwas still
inherent. Our second stated objective was also accom-
plished where the solubility of analog 12 improved to
approximately 10 mg/mL at neutral pH in saline from
2.5 mg/mL of 3 (as the acetate salt).


Two additional modifications were found to exert a pro-
found influence on potency, or selectivity, and at times
both parameters. The geminal dimethyl analog of cys-
teine, penicillamine, was observed to consistently improve
MC-4R subtype selectivity. For example, substitution of
Cys10 in 12 with penicillamine (analog 13) enhanced
MC-4R selectivity at MC-1R to 170-fold with only a
slight loss in binding affinity. We also examined the influ-
ence of aromatic substitution at the DD-Phe7 residue. Pre-
vious studies found that halogenation of the DD-Phe side
chain increased potency at the MC-4R.12,17 While the
modification of DD-Phe7 in analog 12 with a para-fluoro
or- chloro substituent (analogs 14 and 15) had little
overall effect, it resulted in enhanced selectivity when
introduced in combination with the penicillamine modifi-
cation. Analog 16 demonstrated excellent MC-4R bind-
ing and significantly improved selectivity versus the
MC-1 and MC-5 receptors (approximately 1200- and
250-fold, respectively). However, it exhibited a reduced

efficacy relative to NDP-a-MSH (66%), suggesting that
this peptide functions as a partial agonist at MC-4R.


An important part of our strategy was the use of cysteine/
homocysteine substitution to subtly modify ring size.
Interestingly, while the [hCys4, Cys10], and [Cys4,
hCys10] based scaffolds share the same ring size, the latter
scaffold was consistently associated with lower MC-4R
potency: 12 versus 17, and 14 versus 18, suggesting that
the orientation of the disulfide within the macrocycle is
important.


The C-terminal unsubstituted amides were found to pos-
sess optimal potency and selectivity. They were found to
be consistently more potent than the corresponding C-
terminal acids, but of comparable selectivity. This trend,
exemplified by analog pairs 3 versus 19 and 12 versus 20,
was general and consistent across each of the melano-
cortin receptor subtypes, where approximately a 10-fold
difference between acids and amides was noted.
This observation stands in contrast to changes in the
N-terminal region of the peptide series which was found
to serve a critical role in MC-receptor selectivity noted
previously. An additional example, analog 21, obtained
by addition of norleucine (Nle) to the N-terminus
of 12, exhibited a significant loss in selectivity among
the receptor subtypes by gaining both MC-1R and
MC-5R binding affinity (230- and 340-fold, respectively).
Interestingly, this disulfide containing analog 21
bears structural similarity to the lactamMT-II (2), which
also exhibits limited selectivity among the four receptor
subtypes (MC-1R, MC-3R, MC-4R, and MC-5R).


To summarize, minimization of the lead peptide (3)
through systematic truncation, optimization of ring size,
and linkage in the macrocycle, as well as aromatic
substitution of DD-Phe7 yielded improved biologic and
pharmaceutic properties. The systematic evaluation of
cysteine, homocysteine, and penicillamine containing
disulfide homologs was shown to be an effective, syn-
thetically straightforward strategy in the development
of soluble, potent, and selective peptide agonists at
MC-4R. The degree of constraint induced by the size
of the macrocycle, introduction of the geminal dimethyl
substitution, and even the orientation of the disulfide
were found to exert a significant influence on the in vitro
properties of these peptides. These peptides provide
alternative and improved tools for the study of MC-4
receptor pharmacology.
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Abstract—Synthesis and properties of oligodeoxynucleotides (ODNs) containing terthiophene (Thp) were described. One-electron
oxidation of Thp-modified ODN resulted in the formation of Thp radical cation (Thp�+), which remained stable in the experimental
time window up to 200 ls, showing that charge may be carried along DNA by Thp as Thp�+.
� 2005 Elsevier Ltd. All rights reserved.

DNA is a versatile molecule that can be used to con-
struct nanometer-sized higher-ordered assemblies and
architectures based on the stored information.1–4 In
view of the potential use of DNA as a molecular wire
for electronic applications, mechanistic studies of charge
transfer in DNA have attracted considerable atten-
tion.5–13 Gel electrophoretic analysis14,15 and our recent
time-resolved transient absorption measurement16 clear-
ly demonstrated that the hole generated on DNA upon
one-electron oxidation can migrate along DNA over
100 Å. However, since DNA is inherently unstable upon
oxidation, DNA itself cannot be a good conductive
material.17–20 Another promising way is to use DNA
as a scaffold for arranging organic molecules whose
radical ion is stable. Previously, we have shown that a
charge can be carried by pyrene and phenothiazine as
their radical cations along DNA.21 However, only a
few compounds, e.g., pyrene,22,23 phenothiazine,24–26


methylindole,27,28 and ferrocene,29,30 were tested as
carriers of positive charge along DNA. Here, we report
the synthesis of terthiophene-modified oligodeoxynu-
cleotides (ODNs), showing that a hole can be carried
as a radical cation of Thp (Thp�+) along DNA.


Polythiophenes and substituted polythiophenes have
received much attention as among the most studied
conducting polymers worldwide.31–33 We selected Thp
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to assemble along DNA because Thp�+ is shown to be
stable in water.34–36 The oxidation potential of Thp
(E0 = 1.23 V vs NHE in CH3CN)37 is lower than that
of guanine which has the lowest oxidation potential
among the four DNA bases (E0 = 1.47 V vs NHE in
CH3CN).38 Therefore, similar to the previously studied
pyrene22,23 and phenothiazine,24–26 Thp was expected
to serve as a hole trap in DNA and may be useful to car-
ry a hole along DNA. The minor groove of DNA has
been demonstrated to serve as a good candidate for
arranging heterocyclic compounds.39–41 Thus, we syn-
thesized a nucleoside derivative that possesses a Thp
group on guanine N2 (ThG) to arrange Thp along the
minor groove of DNA through the reaction of 3 0,5 0-pro-
tected 2-fluorodeoxyinosine derivative (4) with 5-(3-
aminopropyl)-2,2 0,5 0,200-terthiophene (3) as shown in
Scheme 1.42,43 ThG was converted to the phosphorami-
dite derivative (9) and ThG-modified ODNs were synthe-
sized by DNA synthesizer according to the standard
procedure. Incorporation of ThG into ODNs was
confirmed by digestion with snake venom phosphodies-
terase/nuclease P1/alkaline phosphatase to 2 0-deoxyribo-
nucleosides and MALDI-TOF mass spectra.44


First, to check the duplex stability of the ThG-modified
ODNs, melting temperatures were measured (Table 1).
ThG-modified ODN (11) showed slightly higher thermo-
stability compared to the corresponding unmodified
ODN (10). Incorporation of two ThG (12) showed a sim-
ilar Tm value with that of 10. Thus, ThG was incorporat-
ed into DNA without large disturbance of the duplex
stability.
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Scheme 1. Synthetic route of the ThG-phosphoramidite 9.


Table 1. Melting temperatures of ThG-modified ODNs


ODNs Sequence Tm (�C)a


10 50GCAGAACACG
30CGTCTTGTGC


34


11 50GCAThGAACACG
30CGTCTTGTGC


36


12 50GCAThGAACACG
30CGTCTTThGTGC


34


aUV melting measurements were carried out in a pH 7.0 Na phosphate


buffer 20 mM at a total strand concentration of 8 lM.
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Figure 1. Ground-state absorption (left axis) and transient absorption


spectra (right axis) obtained at 2, 10, and 200 ls during the pulse


radiolysis of ODN 11. Ground-state absorption spectrum was mea-


sured in a 20 mM Na phosphate buffer (pH 7.0) at a total strand


concentration of 8 lM. Pulse radiolysis was carried out in Ar-saturated


aqueous solution in the presence of 10 mM K2S2O8, 100 mM t-BuOH,


and 20 mM Na phosphate buffer (pH 7.0), at a total strand


concentration of 200 lM.
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Next, to obtain the information on the charge-carrying
properties of ThG, pulse radiolysis of ThG-modified
ODN was performed. A hole was produced in ThG-mod-
ified ODN from the reaction with SO4


�� that was
generated during the pulse radiolysis (28 MeV, 8 ns) of
Ar-saturated aqueous solution containing 10 mM
K2S2O8, 100 mM t-BuOH, 20 mM Na phosphate buffer
(pH 7.0), and 0.1 mM ODN (strand conc) (Scheme 2).
There are two possible processes for the formation of
Thp�+: the direct diffusional collision between SO4


��


and ThG, and the hole transfer from the radical cation
of nucleobases generated in DNA to ThG as shown in
Scheme 2. 22,23 Interestingly, a transient absorption with
a peak at 560 nm assigned to Thp�+was observed after the
electron pulse during the pulse radiolysis and was stable
within our experimental timescale up to 200 ls (Fig. 1).

H2O H• , e−
aq , •OH < 10 ns


S2O8
2− + e−


aq SO4
2− + SO4


•− < 20 ns


Thp-ODN + SO4
•− Thp-ODN•+ + SO4


2−


Thp•+-ODN


Thp-ODN•+ Thp•+-ODN < 10 µs


Scheme 2. Mechanistic scheme for generation of oxidizing reagent


SO4
�� during pulse radiolysis, hole generation, and transfer in Thp-


modified ODN.

In conclusion, a phosphoramidite derivative of ThG was
synthesized to assemble Thp along the DNA minor
groove as a hole carrier. It has been demonstrated that
ThG can be incorporated into DNA without large alter-
nation of the duplex stability. Pulse radiolysis of ThG-
modified ODN clearly demonstrated that Thp�+ can be
stably generated in DNA, showing that Thp serves as
a hole trap. Hence, by arranging several ThG along
DNA, it may be useful to carry a hole along DNA.
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Abstract—Nineteen compounds of various classes, such as flavonoid glycosides, pterocarpanoids, lipids, glycolipids, and alkaloids,
were isolated and identified from the Desmodium gangeticum whole plant. Aminoglucosyl glycerolipid (8) is reported here for the
first time. Its structure has been elucidated by spectroscopic and degradation studies. This novel compound exhibited in vitro antile-
ishmanial and immunomodulatory activities, as it enhanced nitric oxide (NO) production and provided resistance against infection
established in peritoneal macrophages by the protozoan parasite Leishmania donovani. Another known compound, glycosphingo-
lipid (cerebroside) (7) was found to possess significant in vitro antileishmanial and immunomodulatory activities against the same
parasite. Other compounds were found to be inactive.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Desmodium gangeticum DC (Leguminosae, suborder
Papilionaceae) is a small perennial shrub growing
throughout India. The plant is of great therapeutic value
in treating typhoid, piles, inflammation, asthma, bron-
chitis, and dysentery.1 The aqueous extracts of this spe-
cies are reported to have strong antiwrithing activity and
moderate central nervous system (CNS) depressant
activity.2 Total alkaloids of this species possess smooth
muscle stimulant, anticholinesterase, CNS stimulant,
and antileishmanial activities.3 Chemical investigations
have revealed that this plant contains alkaloids such as
tryptamines, phenethylamines, and their N-oxides;4


pterocarpanoids such as gangetin, gangetinin, desmo-
din, and desmocarpin;5 phospholipids,6 sterols,7 and fla-
vone glycosides, 4 0,5,7-trihydroxy-8-prenylflavone-4 0-O-
a-LL-rhamnopyranosyl-(1-6)-b-DD-glucopyranoside,8 and
8-C-prenyl-5,7,5 0-trimethoxy-3 0,4 0-methylenedioxy fla-
vone9 have also been reported from this plant.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Visceral leishmaniasis (VL) or Kala-azar is the most
dreaded disease amongst various forms of leishmaniasis
complexes. It is caused by Leishmania donovani, an obli-
gate intracellular protozoan parasite belonging to the
family Trypanosomatidae. In our earlier studies, the
chloroform and n-butanol fractions of the ethanolic ex-
tract of this plant have been reported to exert significant
chemoprophylactic, as well as leishmanicidal activities,
against experimental visceral leishmaniasis in ham-
sters.10 In view of this aspect, we decided to perform
activity-guided isolation of pure compounds from the
bioactive fractions and to evaluate them for the antile-
ishmanial and immunostimulant activities. Our efforts
resulted in the isolation of nineteen compounds out of
which, we have subjected eight compounds, 7, 8, 9, 14,
15, 17, 18, and 19, to undergo determination of their
antileishmanial and immunomodulatory activities by
in vitro assays.

2. Results and discussion


Repeated-column chromatography of chloroform-solu-
ble fraction of the ethanolic extract of Desmodium gan-
geticum whole plant afforded 10 compounds, 1–10,
while the n-butanol fraction afforded nine compounds,
11–19 (Fig. 1).
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Figure 1. Isolated compounds tested for the activity.
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Powdered whole plant (6.5 kg) was extracted with etha-
nol by percolation, afforded extract (425 g). Ethanolic
extract (400 g) was fractionated into CHCl3 (122.8 g)
and n-butanol (75.2 g) soluble fractions. The CHCl3
fraction was subjected to column chromatography over
flash silica gel (230–400 mesh), eluting with a gradient of
hexane/CHCl3 (1:0 to 0:1) and then eluting with a gradi-
ent of CHCl3/MeOH (1:0 to 8:2) to afford nine fractions
(F-1 to F-9). Flash CC of F-2 using hexane/CHCl3 (9:1)
afforded 1 (520 mg), 2 (350 mg), and 3 (150 mg); similar
purification of F-3 using CHCl3/MeOH (98:2) as eluent
yielded 4 (700 mg), while CC of F-4 afforded 5 (150 mg).
CC purification of F-5, performed with a gradient of
CHCl3/MeOH (98:2 to 95:5), afforded 6 (20 mg). Succes-
sive purification of F-6 by reverse-phase flash chroma-
tography, eluted with a gradient of MeOH/H2O (1:9 to
4:6) afforded 7 (100 mg). The fraction F-7 was purified
by reverse-phase flash chromatography, eluted with a
gradient of MeOH/H2O (1:9 to 4:6), to afford 8
(60 mg). The repeated-column chromatography of frac-
tion F-8, eluted with a gradient of CHCl3/MeOH (95:5
to 85:15), affording the compounds 9 (40 mg) and 10
(24 mg).


The n-butanol fraction was subjected to column chro-
matography over flash silica gel (230–400 mesh), eluting
with a gradient of CHCl3/MeOH (1:0 to 8:3) to give
fractions F-14 to F-23. Flash CC of F-14 using a gradi-
ent elution of CHCl3/MeOH (97:3 to 9:1) afforded com-
pound 11 (700 mg). Flash CC of F-15 using a gradient
elution of CHCl3/MeOH (1:0 to 9:1), afforded two com-
pounds 12 (15 mg) and 13 (50 mg). Similar purification

of F-16 by flash CC with a gradient elution of CHCl3/
MeOH (1:0 to 8:3) afforded three compounds 14
(150 mg), 15 (85 mg), and 16 (280 mg). Similarly, com-
pounds 17 (400 mg) and 18 (250 mg) were obtained by
repeated-column chromatography of fractions F-17
and F-18 by gradient elution with CHCl3/MeOH (93:7
to 85:15). Repeated efforts to obtain compound 19 from
fraction F-19 were not successful; therefore, the fraction
F-23 was acetylated using pyridine and acetic anhydride
under standard conditions, which was purified further
by flash CC with a constant elution of CHCl3/MeOH
(98:2), to afford compound 19 (320 mg) as its acetate.


Compound 8 revealed strong absorption peaks at
3416 cm�1 for hydroxyl and amino groups and at
1737 cm�1 for the ester carbonyl group in the IR spec-
trum. FAB-MS spectrum showed a molecular ion peak
[M+H]+ at m/z 702, while its elemental analysis (found
(%): C, 67.1; H, 10.9; N, 2.2; required (%): C, 66.7; H,
10.7; N, 2.0.) indicated the molecular formula to be
C39H75NO9. The


1H NMR spectrum (Table 1) exhibited
two terminal methyl signals at d 0.84 (6H, t, J = 6.3 Hz),
a broad signal at d 1.23 (44H, br s) due to methylene
protons, a signal at d 2.26 (4H, m) due to two methylene
protons linked to the ester functional group, signal at d
1.49 (4H, m) due to methylene protons adjacent to the
terminal methyl group while protons of the 6-amino 6-
deoxy glucopyranosyl moiety appeared in the region d
2.56–4.55 and protons of the glycerol unit at 4.14 (1H,
dd, J = 7.2, 11.2 Hz), 4.34 (1H, d, J = 12.0 Hz), 5.14
(1H, br s), 3.44 (1H, dd, J = 10.4, 4.7 Hz), 3.89 (1H,
dd, J = 9.6, 5.7 Hz), as determined by the 1H–1H COSY
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Figure 2. Effect of pure compounds of Desmodium gangeticum on the


production of nitric oxide by peritoneal macrophages of hamsters.


Data (means ± SD) are representative of three separate experiments.


Table 1. 1H and 13C data of compound 8 in DMSO-d6 (200 MHz)


Position dH (J in Hz) dC


1a 4.14 (1H, dd, 7.2, 11.7) 62.7


1b 4.34 (1H, d, 12.0) —


2 5.14 (1H, br s) 69.7


3a 3.44 (1H, dd, 10.4, 4.7) 64.6


3b 3.89 (1H, dd, 9.6, 5.7) —


100 4.55 (1H, br s) 98.3


200 3.18 (1H, br s) 71.6


300 3.34 (1H, dd, 9.1, 9.6) 72.9


400 2.92 (1H, m), 74.1


500 3.77 (1H, br s) 68.4


600a 2.56 (1H, d, 6.9) 54.3


600b 2.88 (1H, m) —


1 0 — 172.3, 172.5


2 0 2.26 (2 · 2H, m) 33.4, 33.3


3 0-130 1.23 (2 · 22H, br s) 29.8–31.1


14 0 1.49 (2 · 2H, m) 22.1


15 0 0.84 (2 · 3H, t, 6.3) 13.8
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spectrum. The 13C NMR spectrum (Table 1) showed
two quaternary carbons at d 172.3 and 172.5 for ester
carbonyl functions, two methyl carbons at d 13.8, twen-
ty-six methylene carbons in the region d 22.13–33.45,
three carbon signals characteristic of glycerol moiety
at d 62.7 (CH2–O), 69.7 (CH–O), and 64.6 (CH2–O), a
peculiar methylene carbon at d 54.3 attached to the ami-
no group,11 and an anomeric carbon at d 98.3. The b-
linkage of sugar with glycerol unit was determined by
the appearance of an anomeric proton at d 4.55 as dou-
blet with 7.5 Hz coupling. The compound gave positive
Fiegel�s test for glycosides but the sugar could not be
identified as any of the normal pyranose sugars by
hydrolysis.


Absence of the CH2-6
00 signal in 13C NMR around d 61


instead of the appearance of a CH2 signal at d 54.3, indi-
cated the attachment of an amino group at CH2-6


00 in
the sugar unit. Further, when the compound was hydro-
lyzed in MeOH and NaOMe,12 it gave pentadecanoic
acid (CH3–(CH2)13–COOH), as analyzed by FAB-MS
and compared with an authentic sample, indicating the
length the of fatty acid side chain attached to the glycer-
ol unit at C-2 and C-3. Presence of 6-amino, 6-deoxy
glucose was determined in the aqueous fraction by com-
paring the TLC with the standard sample.13 Therefore,
compound 8 was identified as an aminoglucosyl glycer-
olipid (pentadecanoic acid-3-(6-aminomethyl-3,4,
5-trihydroxy-tetrahydro-pyran-2-yloxy)-2-pentadecanoyl-
oxy-propyl ester), a novel compound that has been
reported for the first time from a plant. This compound
was found to possess good antileishmanial and immuno-
modulatory activities.


The 18 known compounds, trans-5-hexadecenoic acid
(1),14 1-tritriacontanol (2),15 1-heptadecanol(3),16 b-si-
tosterol(4),17 b-amyrone (5),18 gangetin (6),5 glycosphin-
golipid (7),19 5-methoxy N,N-dimethyl tryptamine (9),4


8-C-prenyl-5,7,5 0-trimethoxy 3 0,4 0-methylene dioxy
flavone(10),8 salicylic acid(11),20 5-O-methyl genistein
7-O-b-DD-glucopyranoside(12),21 3,4-dihydroxy benzoic
acid (13),20 kaempferol 7-O-b-DD-glucopyranoside
(14),22 5-methoxy N,N-dimethyl tryptamine Nb-oxide

(15),4 3-O-b-DD-glucopyranoside-b-sitosterol (16),23 rutin
(17),24 quercetin 7-O-b-DD-glucopyranoside (18),25 and
uridine triacetate (19),26 were characterized by compar-
ing their spectroscopic data with those reported in the
literature.


2.1. In vitro antileishmanial and immunomodulatory
activities of compounds


Peritoneal macrophages were isolated from hamsters
and grown in RPMI-1640 medium supplemented with
10% heat-inactivated fetal bovine serum in 16-well
chamber slides. Macrophages were incubated with com-
pounds at a conc of 100, 50, 25, and 10 lg/ml. After
48 h, macrophages were infected with L. donovani, as de-
scribed earlier.10 Culture supernatants were collected for
nitrite estimation by Griess reaction.


Chamber slides were fixed in methanol, stained with
Giemsa, and examined under a microscope for calculat-
ing the number of macrophages infected with L. dono-
vani.27 For nitrite estimation, 100 ll of cell supernatant
was mixed with an equal volume of a mixture of 1% sul-
fanilamide and 0.1% naphthylethylenediamine in 2.5%
H3PO4 and incubated at room temperature for 10 min.
The absorbance was read at 550 nm and the nitrite levels
were measured from a standard curve of NaNO2.


Compound 8 induced significant production of NO as
measured in the form of nitrite (12.4 ± 2.4 lM), whereas
compound 7 resulted in lesser (8.5 ± 1.8 lM) stimula-
tion of NO production. Maximum NO production was
shown by LPS (23.9 ± 5.2 lM) followed by compound
8. Compound 8 showed maximum activity at 100 lg/
ml, whereas at other doses it failed to show significant
activity. Other six compounds failed to induce nitrite
production (Fig. 2).


As compared to an untreated group where 88.5 ± 5.3%
macrophages were infected, only 48.5 ± 6.1% were
found to be infected in the compound 8-treated group
(72.0 ± 5.0%). Compound 7 showed moderate activity,
as it exerted 53.4 ± 4.4% inhibition of parasite multipli-
cation while other compounds were found to be inactive.
Miltefosine, a known antileishmanial drug, clears all the
amastigotes from macrophages (Table 2).







Table 2. In vitro antileishmanial activity of pure compounds of


Desmodium gangeticum


Compounds Concentration


(lg/ml)


% Infected


macrophages


% Inhibition


7 100 71.7 ± 4.7 53.4 ± 4.4


8 100 48.5 ± 6.1 72 ± 5


9 100 88.4 ± 7.4 NIa


14 100 87.5 ± 6.5 NI


15 100 87.4 ± 5.9 NI


17 100 88.3 ± 8.3 NI


18 100 88.6 ± 5.9 NI


19 100 85.3 ± 7.4 NI


Miltefosine 10 0 100


Untreated control — 88.5 ± 5.2 —


Data (means ± SD) represent results of three independent experiments.
a NI = no inhibition.
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The n-butanol and chloroform fractions of crude extract
of this plant had already been reported to exert signifi-
cant activity in vivo.10 Several plants are also reported
to promote nitric oxide release from macrophages.28


This prompted us to investigate further the action of
its pure compounds on macrophages, which are immu-
nocompetent cells,29 by measuring the capacity of com-
pounds to promote the production of NO, as well as to
induce intracellular killing of amastigotes.30 Compound
8 possesses significant in vitro immunostimulant activity
since it is able to induce NO production in macrophages.
NO is an effector molecule that exhibits leishmanicidal
activity by killing amastigotes. Compounds 7 and 8 also
imparted resistance to macrophages against the estab-
lishment of Leishmania infection. NO is involved in sev-
eral inflammatory diseases and is cytotoxic or cytostatic
in a wide range of infections caused by parasitic fungi,
protozoa, helminthes, mycobacteria, and viruses. 31


In conclusion, our study demonstrates the isolation and
characterization of two biologically active glycolipids,
which are possibly responsible for immunostimulatory
activity ofDesmodium gangeticum through their capacity
to promote the production ofNO and enhancing intracel-
lular killing of parasites in peritoneal macrophages.
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Abstract—Five kinds of Schiff bases of chitosan and carboxymethyl chitosan (CMCTS) have been prepared according to a previous
method and the antioxidant activity was studied using an established system, such as superoxide and hydroxyl radical scavenging.
Obvious differences between the Schiff bases of chitosan and CMCTS were observed, which might be related to contents of the active
hydroxyl and amino groups in the molecular chains.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


As one of the most abundant natural resources, chito-
san has been attracting people�s attention for its unique
physiochemical characteristics and bioactivities.1–4


With the development of the study on the sciences of
chitosan, chitosan and its derivatives are being increas-
ingly used in more and more fields, especially in bio-
medicine. It has been found that chitosan has
antioxidant activity, and that, many chitosan deriva-
tives were synthesized and their antioxidant activity
was assessed accordingly.5–8 In this paper, five Schiff
bases of chitosan and CMCTS were prepared, accord-
ing to Qu�s method9 and their antioxidant activity was
measured.

2. Chemical


Chitosan was purchased from Qingdao Baicheng Bio-
chemical Corp. (China). The degree of deacetylation
was 97% and the viscosity average-molecular weight
was 2.0 · 105. CMCTS was prepared according to a
previous method,10 and the synthesis of 2-hydroxy-5-
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chlorobenzaldehyde and 2-hydroxy-5-nitrobenzalde-
hyde was carried out according to Liu11 and Zhang.12


The Schiff bases of chitosan and CMCTS were synthe-
sized as follows (Scheme 1). Three grams of chitosan
(or CMCTS) was dispersed into 95% EtOH (100 ml),
and various aldehydes were added with stirring. The
mixture was refluxed for 8 h and then filter. Unreacted
aldehydes and other inorganic products were Soxhlet-
extracted with EtOH and ether for 2 days. The Schiff
bases were obtained by drying under vacuum for 24 h.
The elemental analysis results and the IR spectrum data
of the derivatives are shown in Table 1 and Figure 1.
There were strong peaks at about 1630–1660 cm�1 as-
signed to the characteristic absorbance of C@N, which
showed the Schiff bases that were obtained.

3. The antioxidant activity of the derivatives of chitosan


3.1. Scavenging ability of hydroxyl radical


According to the reference,13 the reaction mixture, total
volume 4.5 ml, containing the Schiff bases samples, was
incubated with EDTA-Fe2+ (220 lM), safranine O
(0.23 lM), and H2O2 (60 lM) in potassium phosphate
buffer (150 mM, pH 7.4) for 30 min at 37 �C. The absor-
bance of the mixture was measured at 520 nm. Hydroxyl
radical bleached the safranine O, so decreased absor-
bance of the reaction mixture indicated decreased
hydroxyl radical scavenging ability.
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Table 1. The elemental analysis results and the IR spectrum data of the Schiff bases of chitosan and CMCTS


Compound Elemental analysis (%) IR (KBr) (cm�1)


C N H


(a) 48.08 8.93 4.75 3441.31, 2876.05, 1640.47(C@N), 1530.75, 1069.18, 750.07


(b) 47.66 7.30 4.82 3444.76, 2923.16, 1660.13(C@N), 1542.44, 1508.40, 1437.25, 753.34


(c) 51.48 5.15 4.89 3446.26, 2892.36, 1631.90(C@N), 1577.81, 1482.93, 1072.81, 819.98


(d) 48.49 4.59 5.36 3445.45, 2878.52, 1642.09(C@N), 1557.97, 1408.82, 1138.40, 758.46


(e) 52.22 5.00 5.53 3438.89, 2891.21, 1632.57(C@N), 1573.69, 1503.96, 1457.45, 1067.92, 758.46


a


b


c


d


e


4000 3000 10002000


Wavenumbers (cm–1)


Figure 1. The IR spectra of the Schiff bases of chitosan and CMCTS.
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Scheme 1. Synthetic pathway of the Schiff bases of chitosan and CMCTS.
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Scavenging effect ð%Þ ¼ ½ðAsample 520 nm


� Ablank 520 nmÞ=ðAcontrol 520 nm


� Ablank 520 nmÞ� � 100;

where Ablank 520nm is the absorbance of the blank
(distilled water, instead of the Schiff bases) and
Acontrol 520 nm is the absorbance of the control (distilled
water, instead of H2O2).
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Figure 2. Scavenging effect of the Schiff bases of chitosan and CMCTS


on hydroxyl radicals.


20


25


0%
)


a


b


c


4602 Z. Guo et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4600–4603

3.2. Scavenging of superoxide radical


According to an earlier method,14 different concentra-
tions of each Schiff base of chitosanweremixed separately
with PMS (30 lM), NADH (338 lM), and NBT (72 lM)
in phosphate buffer (0.1 M, pH 7.4) and then incubated at
room temperature for 5 min. The absorbance was
measured and the capability of scavenging superoxide
radical was calculated using the following equation:


Scavenging effect ð%Þ¼ ð1�Asample 560 nm=Acontrol 560 nmÞ�100;


where Acontrol 560 nm is the absorbance of the control
(phosphate buffer, instead of NADH).


3.3. Statistical analysis


All data are expressed as means ± SD. Data were ana-
lyzed by an analysis of variance (P < 0.05) and the
means separated by Duncan�s multiple range test. The
results were processed by computer programs: Excel
and Statistical software (1999).
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Figure 3. Scavenging effect of the Schiff bases of chitosan and CMCTS


on superoxide radicals.

4. Results and discussion


4.1. Scavenging ability of a hydroxyl radical by all kinds
of Schiff bases of chitosan and CMCTS


The hydroxyl radical, generated by the Fenton reaction
in this system, was scavenged by the Schiff bases of
chitosan and CMCTS. Figure 1 shows the percentage
scavenging effect, and the scavenging effect increases
with increases in the concentration of the Schiff bases.
At a concentration of 1–5 mg/ml, the percentage scav-
enging effect was 15.6–45.1% for (a), and 14.4–51.7%
for (c), but at the same time, for (b), (d), and (e), at a
concentration of 1–5 mg/ml, the percentage scavenging
effect ranged from about 6.2% to not more than
20.0%. As shown in Figure 1, there was a very interest-
ing phenomenon in that the scavenging ability of (a) and
(c) was better than that of others, and the scavenging
rate was 45.1% and 51.7%, respectively, at maximum
concentration of about 5 mg/ml. Polysaccharides with
a scavenging effect on the hydroxyl radical have the
same structural feature in that all of them have one or
more alcohol or phenolic hydroxyl groups. And the
scavenging ability was related to the number of active
hydroxyl groups in the molecule. In the molecule of
(a) and (c), there are the active hydroxyl groups in C3


and C6, but part of the hydroxyl groups are substituted
by carboxymethyl in the molecule of (b), (d), and (e), so
the scavenging ability has obvious differences. For all
Schiff bases, phenolic hydroxyl was grafted to the chito-
san�s chain, but its antioxidant ability had not improved
accordingly. The reason may be due to hydrogen bonds
formed between the phenolic hydroxyl and the unre-
acted chitosan�s hydroxyl.


4.2. Scavenging ability on superoxide radical by all kinds
of Schiff bases of chitosan and CMCTS


The scavenging ability of the Schiff bases of chitosan and
CMCTS is shown in Figure 2. The inhibitory effect of all

kinds of Schiff bases on superoxide radical was concentra-
tion related, and at a concentration from 1 to 5 mg/ml, the
percentage scavenging effect valued from 5.1% to 20.2%
for (a), and from 8.8% to 16.1% for (c). Compared with
CMCTS,6 the scavenging ability of the Schiff bases of
chitosan and CMCTS studied in our experiments espe-
cially (b), (d), and (e) on superoxide radicals was softer.
And it proves that the Schiff bases are not of benefit
to antioxidant activity. That is to say that the active amido
may have important effects on the activity of antioxidant.
And like the scavenging ability of hydroxyl radical,
the scavenging ability on superoxide radical of (a) and
(c) was better than that of others too (Fig. 3). It may be
for the same reason that differences in activitywere caused
on account of the active hydroxyl. ToCMCTS, the degree
of substitution of C3 and C6 was about 0.79 in all, and to
the Schiff bases, the groupofNH2was changed toC@Nin
the degree of about 0.6. The antioxidant activity of
the Schiff baseswas reducedwhen the amidoandhydroxyl
were substituted, and it shows the importance of the
active amido and hydroxyl on the antioxidant ability.

5. Conclusion


As it is well known, the bioactivity of chitosan is mainly
attributes to the active hydroxyl and amino groups, and
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so does the antioxidant ability. A number of active
hydroxyl and amino groups of chitosan were affected
by intramolecular hydrogen bonds. The Schiff bases of
chitosan destroyed part of the hydrogen bonds, but at
the same time, new hydrogen bonds were formed,9 and
the NH2 group was changed to C@N, so the activities
of antioxidant did not show so much improvement.
The relation between the molecular and bioactivity
requires further research.
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Abstract—Substitution of the aryl sulfonamide moiety contained in MC4 agonist 1 with bicyclic heterocycles and aminotetralines
produced compounds with MC4 activity. The heterocycles represent alternative privileged structures to that contained in 1.
Compounds in which the polar group of the privileged structure was displayed in an endocyclic fashion were not as active as
the parent agonist 1, while those with an exocyclic polar group afforded activity competitive with 1.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1.

Melanocortins are a family of bioactive peptides derived
from the post-translational modification of proopiomel-
anocortin (POMC).1 These substances, whose properties
were first described in 1916,2 are known to possess a fas-
cinating array of physiological functions. Recently, five
unique type I G-protein coupled receptors (GPCRs)
have been identified and cloned for these peptide li-
gands.3 While use of the Melanocortins as pharmacolog-
ical tools has afforded considerable insight into the
functions of each receptor, complete characterization
of each member has been hampered by the lack of selec-
tive tools.4


We have recently described our library-based approach
for the generation of ligands for the melanocortin recep-
tors.5 This effort initially yielded structures of modest
potency and selectivity, which were readily optimized
for the Human Melanocortin receptor 4 (hMC4). The
lead compound (1) can be described as being composed
of a GPCR privileged structure6 (2) coupled with a
dipeptide �address element� 3 (Fig. 1). Consistent with
the literature, we found that optimization of these types
of structures benefited from chemical modification of
the privileged structure to a greater extent than the
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address element.7 This strategy was enhanced further
by the fact that our molecules� key components were
linked together with an amide bond, thus allowing ready
exchange of a variety of privileged structures. Herein, we
describe a portion of our efforts to develop and under-
stand new privileged structures that afford melanocortin
receptor activity when coupled to the previously
described dipeptide address element 3. Inspection of
the privileged structure contained in our lead compound
reveals functionality common to other similar motifs;
namely, an aryl group and an amine-based polar group.8


We sought to explore the relationship of these two
key elements by constraining the polar group in lead
compound 1. Specifically, we sought to see if the aryl
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sulfonamide could be replaced with suitably substituted
tetrahydroquinolines, indoles, and aminotetralines.


Preparation of the desired isoquinoline intermediates
begins by allowing 8-bromoisoquinoline9 (4) to react
with excess piperazine in the presence of palladium10


(Scheme 1). The resulting adduct was protected on the
secondary nitrogen with Boc2O and then partially re-
duced with Pt2O, affording tetrahydroisoquinoline 5.
The formed amine was then transformed further either
by reductive amination or acylation. Removal of the
Boc group from the piperazine was accomplished with
TFA. Intermediates containing either an 8-substituted
tetrahydroquinoline (6) or a 5-substituted tetrahydroiso-
quinoline (7) were prepared from the corresponding
bromoquinoline derivatives in a similar fashion.


Compounds containing a substituted indole or indolene
were prepared from protected indole 8, as outlined in
Scheme 2. The reaction of Boc-protected piperazine with
8 in the presence of palladium affords intermediate 9,
which, upon exposure to TFA, affords amine 10. Repro-
tection of the piperazine nitrogen in 10 yields indole 11,
which is then reduced with NaBH3CN providing
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Scheme 1. Reagents: (a) Piperazine, Pd(dba)2, NaOAc, BINAP; (b)


Boc2O; (c) Pt/H2.
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Scheme 2. Reagents: (a) Boc piperazine, Pd(dba)2, NaOAc, BINAP;


(b) TFA; (c) NaBH3CN; (d) MeSO2Cl; (e) HCl.

indolene 12. Sulfonamide 13 is readily obtained from
this material by exposure to methanesulfonyl chloride.
Deprotection of 12 and 13 is easily accomplished by
treatment with TFA, affording compounds 14 and 15.


Substituted 2-aminotetralines were prepared in several
ways, as outlined in Scheme 3. In general, 2-amino-8-
bromotetralines were coupled with Boc-protected piper-
azine to form intermediate 16 using the Buchwald
conditions described previously. Removal of the Boc
group from the piperazine afforded amines 17. Racemic
2-aminotetralines were prepared either by reductive ami-
nation of ketone 18 or by a routine acylation or alkyl-
ation of amine 19. Optically active aminotetralines
were prepared from the known bromotetraline 20.11


Final compounds for this paper were constructed by
coupling the aforementioned piperazine intermediates
with the known dipeptide address element 3. A specific
example of this sequence is illustrated with the reaction
of intermediate 15 and the previously described dipep-
tide 3 in the presence of HATU12 to afford the penulti-
mate derivative 21. Treatment with TFA provided the
desired deprotected compound 22d, which could be used
as the corresponding TFA salt or subjected to salt ex-
change to obtain the HCl salt (Scheme 4). Coupling of
racemic aminotetralines with dipeptide 3 afforded dia-
stereomeric pairs that were not separated for biological
evaluation.
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Compounds synthesized for this study were evaluated
for binding affinity, across human melanocortin recep-
tors 1, 3, 4, and 5, by determining the competitive inhi-
bition of [125I]NDP MSH binding.13,14 Compound
specific data obtained with these assays are given in
Tables 1–3.


Tetrahydroquinoline derivatives 22a–c, which represent
direct cyclic analogs of our lead compound 1, were the
first series examined (see Table 1). The sulfonyl substi-
tuted analog 22c afforded 3.8-fold less potency than its

Table 1. Fused heterocycle analogs 22a–n


Privileged structure Compound R hMC4R (lM)


Ki
13,15


N
R 22a H 1.6


22b COCH3 7.7


22c SO2CH3 0.9


R
N 22d SO2CH3 0.9


22e H 2.1


H
N 22f — 4.8


NR


22g COCH3 0.5


22h SO2CH3 0.6


22i SO2iPr 0.95


22j SO2Ph 2.5


22k CH3 0.28


22l CH2CH3 0.19


NR
22m CH2CH3 0.7


22n SO2CH3 3.9


Table 2. Tetraline analogs 22o–z


R


Compound R hMC4 (lM) Ki
13,15


22o H 4.2


22p NH2 0.24


22q NHAc 0.41


22r N(CH3)SO2CH3 0.53


22s NHCH3 0.15


22t N(CH3)2 0.07


22u N(CH2CH3)2 0.17


22v N(CH2CH2CH3)2 0.18


22w N(CH2)4 0.14


22x N(CH2)2O 0.23


22y R (NCH3)2 0.05


22z S (NCH3)2 0.08


Table 3. Representative binding selectivities


Compound Ki (lM) (Fold selectivity relative to MC4)


hMC113,15 hMC313,15 hMC513,15


22b 20 (23) 0.5 (0.6) 4.0 (5)


22j 7 (23) 1.2 (4) 0.7 (2.6)


22t 4 (72) 8.2 (164) 0.28 (5.6)


22o 3 (47) 1.2 (181) 0.26 (3.8)

acyclic congener 1. Exchange of the sulfonyl group with
an acetyl moiety (22b) resulted in further erosion of
activity (7.7 lM Ki). The nonsubstituted compound
(22a) had similar potency (1.6 lM) as the acetyl analog.
Contracting the nitrogen-containing ring by one atom
provided indolene 22d, which has similar activity
(0.94 lM) as the tetrahydroquinoline 22c. A comparison
of compounds 22e and 22f suggests that unsaturation in
the 5-membered ring had little impact on activity. Sur-
prisingly, the sulfonyl-capped isoquinoline analog 22h
was 2-fold more potent than its tetrahydroquinoline
analog 22c. Interestingly, in this series, the acetyl and
sulfonyl groups provide similar activities (compare 22g
and 22h with 22b and 22c). Changing the polar group
from acetyl to N-alkyl had a positive impact in this ser-
ies, as exemplified by compounds 22k and 22l, which
displayed binding affinities more potent than our lead,
compound 1. Isomeric isoquinoline analogs 22m and
22n were in each case less potent than there direct com-
parators 22h and 22l, respectively.


Replacement of the amine moiety in these tetrahydro-
quinoline analogs with a methylene provides tetraline
derivative 22o16 (Table 2), which is significantly less ac-
tive (4.2 lM) than any analog in the above series. Addi-
tion of a substituted amine to the tetraline ring of 22o
affords analog 22p, which has a Ki of 0.24 lM. Primary
amide 22q was 2-fold less active (0.41 lM) than amine
22p and similar in activity to tertiary sulfonamide 22r
(0.53 lM). In contrast to the aforementioned amide
derivatives, alkylation of the amine appeared to provide
better activity. For example, relative to primary amine
22p, monomethylation (22s) increased affinity slightly
(0.15 lM), and dimethylation (22t) afforded a 4-fold in-
crease in activity (0.07 lM). The diethyl (22u) and the
dipropyl analogs (22v) were similar in activity with Ki�s
of 0.17 and 0.14 lM, respectively. Cyclic amines (22w
and 22x) did not appear to provide any advantage rela-
tive to their dialkyl counterparts. Compounds 22y and
22z illustrate the activity contribution of each diastereo-
mer of the diethyl analog. The R containing enantiomer
22y was modestly more potent (0.05 lM) than the S
containing enantiomer 22z (0.08 lM).


In addition to MC4 activity, compounds were screened
for binding affinity at human melanocortin receptors
1, 3, and 5. Data for select compounds, which represent
the selectivity trends, observed for the series of com-
pounds described above, are given in Table 3. In gener-
al, the compounds we prepared were inherently selective
for MC4, with the greatest selectivity ratios seen be-
tween MC1 and MC3 (�20-fold). Selectivity between
MC4 and MC5 was modest, favoring the former rough-
ly by 3-fold. Selectivity for MC5 versus MC1 and MC3
was slightly less than that observed for MC4 with aver-
age ratios of 5- to 10-fold. Compounds with selectivity
for MC1 or MC3 were not observed for the series
reported in this paper.


The data highlighted in this report demonstrate that fused
ring systems, which incorporate separate aromatic and
polar functionalities, can be employed as privileged
structures in this series. Within the constrained analogs
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prepared, we noticed sensitivity in regard to placement
and type of the polar group. Locating the polar group
adjacent to the aromatic ring apparently afforded too
much conformational restraint, resulting in lower affinity,
relative to its acyclic congener. This activity was
somewhat restored by moving the polar group one atom
over to the benzylic position. Further movement within
the ring proved to be less optimal.Movement of the polar
group from an endocyclic to an exocyclic position
presumably provided additional conformational flexibil-
ity, which leads to an increase in activity. Interestingly, in
the one example shown, enantiomeric configuration
had little impact on overall activity. Consistent with
earlier findings, activity was higher with alkyl amine
substitution.5


Finally, compound 22o illustrates an important finding
of this paper. A comparison of compounds 22b and
22c with compound 22o illustrates the fact that mere
incorporation of a polar group into a privileged struc-
ture motif does not always lead to expected or enhanced
activity. Rather, the data suggest that placement and
orientation of this functionality are important aspect
to consider during the exploration and optimization of
an initial privileged structure containing hits. Once the
general location of the polar group has been identified,
there is usually some latitude with regard to functional
group identity and orientation that should allow further
refinement of either potency or overall properties of the
molecule.
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Abstract—Several hydroxamic acid derivatives with a substituted phthalimide group as a linker and/or cap structure, prepared
during structural development studies based on thalidomide, were found to have histone deacetylase (HDAC)-inhibitory activity.
Structure–activity relationship studies indicated that nature of the substituent introduced at the phthalimide nitrogen atom,
introduction of a hydroxamic acid structure, and distance between the N-hydroxyl group and the cap structure are important
for HDAC-inhibitory activity.
� 2005 Elsevier Ltd. All rights reserved.

ON


O


Thalidomide (Fig. 1 1) is a sedative and/or hypnotic
drug, which was used early in the 1960s, but was subse-
quently withdrawn from the market when its terato-
genicity was discovered.1–3 However, basic research on
thalidomide did come to a halt, and after the serendipi-
tous finding that thalidomide has immunomodulatory
activity that can be utilized in the treatment of erythema
nodosum associated with leprosy, numerous further
studies of thalidomide were reported. These studies
clearly indicated the drug�s effectiveness against various
kinds of ailments, including leprosy, AIDS, and can-
cers.2–4 Finally, thalidomide was relaunched in the
U.S. in 1998 for the treatment of Hansen�s disease, with
special precautions for usage. Furthermore, many clini-
cal studies of thalidomide for the treatment of multiple
myeloma, breast cancer, prostate cancer, and other con-
ditions are on-going in the U.S. Recently, thalidomide
has been included as one of the choices in combination
therapy for the treatment of multiple myeloma in Japan.


To explain the pleiotropic effects elicited by thalidomide,
we have postulated that thalidomide is a multi-target
drug, and we have been engaged in the structural devel-
opment studies of thalidomide as a scaffold.2,3,5–17 This
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systematic search has yielded a wide range of drug leads,
such as tumor necrosis factor (TNF)-a production
regulators,2,3,5–7 androgen receptor antagonists,2,3,8,9


peptidase inhibitors,3,10–13 glucosidase inhibitors,15,16


thymidine phosphorylase inhibitors,16 cyclooxygenase
(COX) inhibitors,17–20,19 and nitric oxide synthase
(NOS) inhibitors.21,22 These fruitful results have indicat-
ed that phthalimide structure is a pleiotropic pharmaco-
protophore to develop drug lead. We speculated that
histone deacetylase (HDAC) might be another antican-
cer-related molecular target of thalidomide, because
some metabolites or degradation products of thalido-
mide 23 (Fig. 2, 2, 3) seem to have structural similarity
to previously reported HDAC inhibitors, such as sodi-
um butyrate (Fig. 2, 4), sodium valproate (Fig. 2, 5),
phenylbutanoic acid (Fig. 2, 6), and suberoyl anilide
hydroxamic acid (SAHA) (Fig. 2, 7).


Histone acetylation and deacetylation play an impor-
tant function in modifying the chromatin structure

N
HOO
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Figure 1. Structure of thalidomide.
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Figure 2. Structures of the representative thalidomide metabolites


(2, 3), and HDAC inhibitors (4–8).


4428 C. Shinji et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4427–4431

and regulating gene expression. The key enzymes that
modify histone proteins and regulate gene expression
are histone acetyltransferases (HATs) and histone
deacetylases (HDACs).24,25 Both these acetylating/
deacetylating enzymes are included in large protein
complexes containing other proteins known to func-
tion in transcriptional activation and/or repression.26,27


Such complexes are recruited to specific regions in the
DNA and induce expression and/or silencing of the
genes. Well-known targets that are upregulated by
HDAC include p21WAF1/CIP129. p21WAF1/CIP1 is a cy-
clin-dependent kinase (CDK) inhibitor that associates
with a class of CDKs and inhibits their kinase activi-
ties, leading to cell cycle arrest and dephosphorylation
of Rb.28 Much evidence suggests that p21WAF1/CIP1


plays an important role in determining the fate of cells
during growth and differentiation. Therefore, com-
pounds that inhibit HDAC activity may depress these
genes, resulting in antiproliferative and antitumor

O


O


OH


O


O


a) b)N


O


OH


O


O


R
O


9 10a-10c


Chart 1. Reagents and conditions: (a) RNH2, heat, 60–70%; (b) (1) ethyl c


MeOH, 50–60% (two steps); (c) trifluoroacetic acid, rt, CH2Cl2, 60–80%.
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triethylamine, 0 �C,THF; (2) hydroxylamine, rt, MeOH, 94% (two steps).

effects.29 It has not so far been reported whether tha-
lidomide itself, thalidomide metabolites, and/or their
degradation products have apparent HDAC inhibitory
activity or not. As part of our continuing research
directed toward the structural development of thalido-
mide as a multi-template for drug lead discovery,
we report here novel HDAC inhibitors structurally
derived from thalidomide and related substituted
phthalimide.


Synthetic routes to the present series of phthalimide
derivatives are outlined in Charts 1–3.


1,2,4-Benzenetricarboxylic acid anhydride was heated
with amines to give the corresponding N-substituted
phthalimide derivatives (10a–10c). Compounds (10a–
10c) were condensed with tert-butylhydroxylamine via
the mixed anhydride to give protected N-hydroxybenza-
mide derivatives (11a–11c). Deprotection of the tert-butyl
group of 11a–11c under acidic conditions afforded N-
hydroxybenzamide derivatives (12a–12c) (Chart 1). Com-
pound (10b) was reduced with BH3 to give the hydroxy-
methyl derivative (13), and subsequent bromination
afforded the bromomethyl derivative (14). Dimethyl mal-
onate was alkylated with 14, and subsequent acid hydro-
lysis and concomitant decarboxylation afforded the
phenylpropanoic acid derivative (16). This compound
was derivatized to the N-hydroxyamide by the mixed
anhydride method to give theN-hydroxyphenylpropana-
mide derivative (17) (Chart 2). The 4-hydroxyphthalic
acid (18) was dehydrated (19) and subsequent treatment
with amines gave the corresponding N-substituted-5-
hydroxyphthalimide derivatives (20a–20k).


These compounds were treated with trifluoromethane-
sulfonic anhydride to give the Heck reaction substrates
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(21a–21k). Compounds (21a–21k) were treated with
methyl acrylate in the presence of (P(Ph)3)2PdCl2 and
triethylamine in N,N-dimethylformamide, and subse-
quent alkaline hydrolysis afforded cinnamic acid deriva-
tives (23a–23k). Compounds (23a–23k) were derivatized
to hydroxamic acids (24a–24k) by means of procedures
similar to those employed for the preparation of com-
pound 17 (Chart 3).


Kit assays. The assay of HDAC-inhibitory activity was
performed using an HDAC fluorescence activity assay/
drug discovery kit (AK-500, BIOMOL Research Labo-
ratories), according to the supplier�s protocol. The assay
was performed in triplicate and repeated at least two
times. The EC50 of SAHA (7), using this assay system,
was reported to be 280 nM.30


Enzyme assays and P21 promoter assay. Assay for inhib-
itory activities against partially purified HDAC 1, 4, and
6, and P21 promoter assay were done according to the
previously reported methods.31,32


Recent X-ray crystallographic analysis of histone deace-
tylase-like protein (HDLP),33 and HDAC834, com-
plexed with SAHA and/or TSA (8), has revealed that
the HDAC catalytic domain consists of a narrow tube-
like pocket spanning a length equivalent to a straight
chain of four to six carbons, and the zinc ion is buried
near the bottom of the active site. Therefore, the struc-
tural requirements for an inhibitor to exhibit potent
HDAC inhibitory activity involve three pharmaco-
phores of importance, i.e., (1) a zinc binding motif,
which interacts with the active site zinc, (2) a linking do-
main, which occupies the channel, and (3) a surface rec-
ognition domain, which interacts with residues on the
rim of the active site. Based on these concepts, many
HDAC inhibitors have been reported.35


To create novel HDAC inhibitors based on a new struc-
tural scaffold, we designed the general formula (I),
depicted in Figure 3. Hydroxamic acid structure is a
well-known zinc binding motif frequently used in al-
ready disclosed HDAC inhibitors. Phthalimide structure
is a novel linker domain that might be suitable to occupy
the narrow channel of the HDAC active site. Also,
introduction of aromatic ring at this position might be
expected to interact favorably with the side chain of

the aromatic amino acids located at the active site. An
N-substituent can interact with the hydrophobic surface
recognition domain of HDAC. Previous structure-activ-
ity relationship studies clearly indicated the importance
of the distance between the zinc binding motif and the
surface recognition domain. We anticipated that the dis-
tance between these two important pharmacophores
could be regulated by the introduction of various kinds
of X groups.


First, we evaluated the effects of N-substituents at the
phthaloyl nitrogen on HDAC-inhibitory activity (12a–
12c). As can be seen from Table 1, the N-phenyl deriva-
tive (12a) exhibited a very weak HDAC-inhibitory activ-
ity (EC50 125 lM). The introduction of a benzyl group
(12b) at the phthaloyl nitrogen greatly increased the
inhibitory activity, and 12b exhibited about 30-fold
more potent activity than 12a. This result suggests the
importance of the shape of the substituents for interac-
tion with the hydrophobic surface recognition domain
of HDAC. Further elongation by one methylene chain
to afford the N-phenethyl derivative (12c) decreased
the activity to some extent.


We next turned our attention to the linking X group,
and prepared the propionyl derivative (17) and the acry-
loyl derivative (24b). The natural product TSA contains
an a,b-unsaturated carbonyl group, while a saturated
carbonyl group is contained in many previously dis-
closed synthetic HDAC inhibitors, such as SAHA. The
propionyl derivative (17) exhibited a more potent
HDAC-inhibitory activity than the benzoic acid deriva-
tive (12b). Moreover, the acryloyl derivative (24b) exhib-
ited more potent HDAC-inhibitory activity than the
benzoic acid derivative (12b) and the propionyl deriva-
tive (17), respectively. This is consistent with the impor-
tance of the distance between the zinc binding motif and
distal hydrophobic tail part of the molecule. Consider-







Table 3. Inhibitory activity of compound 24b on HDAC1, HDAC4,


and HDAC6


Inhibitory activity IC50 (nM)


HDAC1 HDAC4 HDAC6


24b 572 358 709


TSA 20 39 91


Table 1. HDAC-inhibitory activity of the prepared compounds


N


O


O


XN
H


O


HO
R


Compound X R EC50 (nM)


12a — Ph 125000


12b — CH2Ph 4160


12c — CH2CH2Ph 6630


17 CH2–CH2 CH2Ph 407


24b CH2=CH2 CH2Ph 148
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ing the fact that the narrow channel of the HDAC active
site is composed mainly of aromatic amino acids (Y91,
F141, and F198 of HDLP), p-electron conjugation
might be favorable for potent inhibitory activity.


Based on these results, we adopted 24b as the next lead
compound and performed further modification focusing
on the nitrogen substituent at the phthaloyl group. The
results are given in Table 2. Although the number of
compounds examined is too small to allow a detailed
discussion of the SAR, some tendencies are apparent.
Roughly speaking, the N-phenyl derivative (24a) exhib-
ited moderate activity (micromolar order), while methy-
lene elongation to afford the N-benzyl derivative (24b)
resulted in about 10-fold more potent inhibitory activity
than 24a. Further elongation of the methylene chain
afforded the N-phenethyl derivative (24c), which showed
comparable inhibitory activity to that of 24b. These ef-
fects are similar to those seen in N-substituted phthaloyl
acid derivatives (12a–12c), and might indicate that the
nitrogen substituents of the phthaloyl group interact
with the same site of the hydrophobic surface recogni-
tion domain of HDAC. Introduction of substituents at
the 4-position of the benzene ring of the benzyl group
(24d, 24e) had little effect on the inhibitory activity.
The hydrophobic surface recognition domain of HDAC
is thought to be wide, so we prepared 24f and 24g as
compounds with a bulkier capped structure. But, to
our surprise, these compounds exhibited a much weaker
inhibitory activity than 24b. We cannot yet interpret this
finding, but it might imply that there is some distinct
structural requirement for potent HDAC-inhibitory
activity. Although, in the case of a 1-phenylethyl group

Table 2. HDAC-inhibitory activity of the prepared compounds


OH
N
H


O


Compound R EC50 (nM)


24a Ph 2080


24c (CH2)2Ph 177


24d CH2Ph(4Me) 474


24e CH2Ph(4MeO) 186


24f CH(Ph)2 2090

(24h, 24i), enantio difference is not clear, but in case of a
(2-(benzyloxy)-1-phenylethyl) group (24j, 24k), the (S)-
enantiomer exhibited a more potent HDAC-inhibitory
activity than the antipode. Compound 24b was found
to be the most potent HDAC inhibitor in the present
series of phthalimide-based compounds, at least in vitro.


HDACs have been divided into three distinct classes (I–
III), and HDAC classes I/II are considered to be thera-
peutic targets for the treatment of cancer and other dis-
eases. Therefore, we analyzed the inhibitory activity of
24b toward representative HDACs, i.e., HDAC 1 (class
I), HDAC4 (class IIa), and HDAC6 (class IIb), in com-
parison with that of TSA. As shown in Table 3, 24b is a
nanomolar-order pan-HDAC inhibitor, such as TSA,
and the inhibitory activity of 24b is about 1/10 to 1/30
of that of TSA.


In a majority of tumor cells, HDAC inhibitors were
reported to upregulate the expression of p21WAF1/CIP1


and to downregulate cyclin D1, in parallel with cell cycle
arrest in the G1 phase, and activation of the p21waf1/cip1


gene is associated with inhibition of proliferation, induc-
tion of differentiation, and/or apoptosis of tumor cells,
in vitro and in vivo.28,29 Therefore, we then assessed
the activity of 24b to upregulate the expression of
p21WAF1/CIP1 by means of reporter gene assay,30 and
found that the EC1000 value of 24b is 3.29 lM (the
EC1000 value of TSA is 0.0087 lM). This result indicates
that 24b exhibits significant HDAC-inhibitory activity
not only in vitro, but also at the cellular level. In conclu-
sion, we have designed and synthesized phthalimide-
based pan-HDAC inhibitors derived from thalidomide
as a multi-drug template. Compound 24b provides a
structurally novel type of HDAC inhibitor, and further
structural development of 24b with the aim of finding
class-selective and/or isozyme-selective HDAC inhibi-
tors is on-going.

N


O


O


R


Compound R EC50 (nM)


24g CH2-CH(Ph)2 7890


24h (S)-CH(Me)Ph 250


24i (R)-CH(Me)Ph 291


24j (S)-CH(CH2OBn)Ph 763


24k (R)-CH(CH2OBn)Ph 3790
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Abstract—Two-arm branched mPEG (monomethoxy-polyethylene glycol) with different molecular weights (Mn = 4000, 6000, 9400)
was synthesized and used as carrier for immobilization of cisplatin [cis-diammine(dichloro)platinum (II), CDDP]. As a contrast,
CDDP modified with linear mPEGs was also synthesized. All these polymeric drugs modified with branched mPEG are water sol-
uble and show higher cytotoxic activity against C6 human breast cancer cells than cisplatin modified with linear mPEG with the
same molecular weight. All the polymeric CDDP showed a much lower toxicity than the CDDP.
� 2005 Elsevier Ltd. All rights reserved.

Polymer–drug conjugates, that is, macromolecular pro-
drugs, can be expected to improve the distribution of
drugs in the body and prolong their half-lives and activ-
ities in vivo. Many kinds of water-soluble polymers are
used as drug carriers such as dextran,1 chitin,2 polypep-
tide,3 and polyethylene glycol (PEG).4 Among them,
PEG has been the most widely used as antitumor drug
carrier because it shows excellent water solubility, low
immunogenecity, and non-toxicity. Compared with
low molecular weight antitumor drugs, antitumor drugs
modified with PEG can be expected to achieve high
water solubility and overcome side effects. Ouchi
et al.4–7 reported several prodrugs of PEG end capped
with antitumor agents such as 5-fluorouracil, CDDP,
and doxorubicin, which showed high antitumor activi-
ties. Huang et al.8 reported the PEGylation of chloram-
bucil. It also exhibited high antitumor activity.


Recently, the synthesis of branched PEG and its appli-
cations of modifying drugs and proteins have become
one of the focuses of PEG study. Monfardini et al.9


reported that the enzymes modified with the branched
PEG presented greater stability to proteolytic digestion
relative to those modified with the linear mPEG. Reddy
et al. 10 reported in his review that branched-chain
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PEGylated protein is more stable against enzyme prote-
olysis than linear moieties, and may also enhance the
absorption and distribution of the protein. These advan-
tages confirm that the branched PEG may be the nice
choice in protein therapeutics.


Cisplatin [cis-diammine(dichloro)platinum (II), CDDP]
is one of the most potent antitumor platinum complexes,
but the accumulation of CDDP in kidney causes severe
renal toxicity. It is sparingly soluble not only in water
but also in lipid. Furthermore, it often shows very short
half-lives in the body and exhibits undesirable side ef-
fects. It is well known that the cytotoxic activity of plat-
inum complex is gradually decreased in blood stream
because of ligand exchange reactions with compounds
having amino groups. Ohya et al.11 reported CDDP
modified with linear mPEG maintained its cytotoxic
activity during the circulation in bloodstream because
the steric hindrance of PEG kept the platinum complex
from such deactivating factors. Since branched PEGs
have much more steric hindrance, they may keep better
the cytotoxic activity of CDDP.


On the basis of these facts, a novel kind of antitumor
drug with branched PEG was synthesized by us. Two-
arm branched mPEGs (DImPEG) with different molec-
ular weights were used to modify CDDP. To compare
with DImPEG drugs, the samples of CDDP with linear
mPEG were also prepared. The preliminary investiga-
tion was focused on their in vitro antitumor activities
and acute toxicity.



mailto:jlhuang@fudan.edu.cn





Figure 1. GPC traces of (a) mPEG (Mn = 2000), (b) crude product of


DImPEG-4000, and (c) DImPEG-4000.
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Monomethoxy-polyethylene glycols (mPEGs, Mn =
2000, 3000, 4700) were synthesized in our laboratory.
The polydispersity values were about 1.08–1.10. As
Scheme 1 showed that the linear mPEGs with carboxyl
group (mPEG-COOH, compound 1)12 were synthesized
by the method of Bückmann et al.13 The preparation of
DImPEGs was carried out according to Scheme 2.
mPEG-COOH (Mn = 2000, 9.5 g, 4.6 mmol), N-hy-
droxysuccinimide (NHS) (1.06 g, 9.2 mmol), and dic-
yclohexyl carbodiimide (DCC) (2.86 g, 13.8 mmol) were
used to prepare activated ester of mPEG (mPEG-NHS)
in yield of 95%. Then, the activated ester reacted with
the amino group of lysine. Because lysine hardly dissolves
in organic solvents and its a-amino group is less active, a
two-step procedure was used. First, mPEG-NHS (4.3 g,
2 mmol) was coupled to the x-amino group of excessive
lysine (1.46 g, 10 mmol) in water. After purification, the
a-amino group of above-mentioned product reacted with
another part ofmPEG-NHS (4.7 g, 2.2 mmol) inCH2Cl2.
The weight of purified DImPEG was 8.2 g The whole
procedure was monitored by gel permeation chromato-
graphy (GPC.Fig. 1)


This is a new method to prepare branched PEG.
Monfardini et al.9 prepared branched PEG in his work,
but the linear PEG was coupled to lysine through carba-
mate bond. Guiotto et al.14 proved that the carbamate
bond formed by mPEG-NHS with a-amino group of ly-
sine is unstable and might hydrolyze in basic solution;
then the branched PEG would lose one arm. Since in
following experiments, the hydrolysis of ester bonds in
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Scheme 1. Reagents and conditions: (A) sodium naphthalene, THF,


60 �C; (B) ethyl bromoacetate 4 h; (C) NaOH (0.1 mol/L), 50 �C, 24 h.
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Scheme 2. Reagents and conditions: (A) NHS and DCC, CH2Cl2,


12 h; (B) lysine, water, pH 8, 4 h; (C) mPEG-NHS, CH2Cl2, 40 �C,
24 h.

basic solution was a necessary step, a more stable amide
bond was used to substitute the carbamate in the prep-
aration of branched PEGs.


Purifying DImPEG was a difficult procedure. It is
impossible to separate DImPEG from the mixture of lin-
ear mPEG and DImPEG by dissolve–precipitate meth-
od due to their similar physicochemical properties.
Ultrafiltration is a peculiar method in separation of pro-
teins, and the proteins with different molecular weights
could be separated. By means of this method, DImPEG
could be isolated from the unreacted mPEG. Aqueous
(10%) of PEG mixture (8.2 g) was ultrafiltrated under
1.5 atmospheric pressure, and 5.0 g of pure DImPEG
was obtained. Figure 1 described the purification results;
it showed that no mPEG was detected after
ultrafiltration.


Cisplatin [cis-diammine(dichloro)platinum (II), CDDP]
modified with DImPEG was synthesized according to
Scheme 3. First, the activated ester of DImPEG (DIm-
PEG-NHS) was prepared using the similar way of the
first step in Scheme 2. Second, the DImPEG-NHS
(4.5 g, 1.1 mmol) was coupled to the amino group of
diethyl aminomalonate (0.7 g, 3.3 mmol) and compound
515 was obtained. After saponification, DImPEG with
two carboxyl groups (DImPEG-DA) was formed. By li-
gand exchange reactions of nitrato complex of CDDP
(4.5 mmol) with DImPEG-DA (0.92 mmol), cisplatin
modified with DImPEG (DImPEG-Pt) was obtained
and the yield was 3.4 g. And nitrato complex of CDDP
[diammine(dinitrato)platinum(II)) was synthesized by
the method of Ohya et al.16 (Scheme 4). At last, three
polymeric drugs (DImPEG-4000-Pt, DImPEG-6000-Pt,
and DImPEG-9400-Pt) with the molecular weight of
4000, 6000, and 9400 were obtained, respectively.


To compare the difference between the cisplatin modi-
fied with linear and branched PEG, we also prepared
the cisplatin with linear mPEG by the similar method
according to Scheme 3. Linear mPEG-COOH with dif-







0.02 0.1 1 10 100 1000
0.0


0.2


0.4


0.6


0.8


1.0
F


ra
ct


io
n 


of
 v


ia
bl


e 
ce


lls
a


ug/mL


 DImPEG-4000-Pt
 DImPEG-6000-Pt
 DImPEG-9400-Pt
 CDDP


Figure 2. Semi-log plots of viability of cells versus DImPEG drug


concentration. aThe fraction of viable cells = OD valuestreated/OD


valuescontrol.


0.6


0.8


1.0


 o
f v


ia
bl


e 
ce


lls
a


mPEG-4000-Pt
mPEG-6000-Pt
mPEG-9400-Pt
CDDP


mPEG2 COOH C


O


O N


O


O


mPEG2


C


O


mPEG2
H
N


O


O


O


O


C2H5


C2H5


C


O


mPEG2
H
N


O


O


OH


OH


C


O


mPEG2
H
N


O


O


O


O
Pt


NH3


NH3


A


C


B


D


4


5


6


7


Scheme 3. Reagents and conditions: (A) NHS and DCC, CH2Cl2,


12 h; (B) diethyl aminomalonate, triethylamine (TEA), CH2Cl2, 12 h;


(C) a mixture of methanol and 1 mol/L NaOH (9:1, v/v), 2 h; (D)


diammine(dinitrato)platinum(II), 60 �C, 24 h.


ACl
Pt


NH3


NH3


Cl


O3N
Pt


NH3


NH3


O3N


Scheme 4. Reagents and conditions: (A) silver nitrate, water, 60 �C,
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ferent molecular weights (Mn = 4000, 6000, and 9400)
were synthesized and their polydispersity was in the
range of 1.08–1.10. Three polymer drugs (mPEG-4000-
Pt, mPEG-6000-Pt, and mPEG-9400-Pt) with different
molecular weights were also obtained.


The contents of cisplatin modified by PEG were deter-
mined by inductively coupled plasma (ICP) and listed
in Table 1. From the data, it was found that in some
samples, the cisplatin contents modified by mPEG ex-
ceed 100%. This may be caused by diol by-product,
which was always present in the synthesis of mPEG.
Its separation was very difficult and time consuming,
and its content and polydispersity value depend on the
molecular weight (higher for high mass PEG).17 Howev-
er, as we indicated in the following discussion, this phe-
nomenon did not affect the reliability of our final
conclusion.


In vitro, the cytotoxic assays of DImPEG-4000-Pt,
DImPEG-6000-Pt, DImPEG-9400-Pt, mPEG-4000-Pt,

Table 1. The content of cisplatin in the conjugates


Drug Content of cisplatin (%)


DImPEG-4000-Pt 98.1


DImPEG-6000-Pt 99.4


DImPEG-9400-Pt 90.3


mPEG-4000-Pt 98.5


mPEG-6000-Pt 102.5


mPEG-9400-Pt 109.3

mPEG-6000-Pt, and mPEG-9400-Pt were performed
on the C6 human breast cancer cells.18 According to
the contents of cisplatin in the conjugates, IC50 values
for the polymeric drugs were determined from Figures
2 and 3 and listed in Table 2. Compared with that of
CDDP, their IC50 value against C6 human breast cancer
cells was in the range of 10�4–10�5 mol/L. As shown in
Figures 2 and 3, the cytotoxic activities of these conju-
gates were relatively lower than that of free CDDP.
Ohya et al.11 proved that the reduction of cytotoxic
activities of these polymeric drugs may attribute to the
fixing of cisplatin on the PEG terminal and the activity
could be recovered after releasing from the conjugates.
Thus, the immobilization of CDDP to PEG did not
have fatal effect on the cytotoxic activity of CDDP.


To evaluate the toxicity of the polymer drugs, LD50 val-
ues were measured and listed in Table 3.19 It shows that
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Figure 3. Semi-log plots of viability of cells versus mPEG drug


concentration. aThe fraction of viable cells = OD valuestreated/OD


valuescontrol.







Table 2. IC50 values of the polymer drugs


Drug IC50, 10
�5 mol/L


CDDP 0.527


DImPEG-4000-Pt 6.27


DImPEG-6000-Pt 27.2


DImPEG-9400-Pt 11.9


mPEG-4000-Pt 61. 4


mPEG-6000-Pt 30.7


mPEG-9400-Pt 61.9


Table 3. LD50 of the polymer drugs and CDDP


Drug LD50, mg/kg


CDDP 25.8


DImPEG-4000-Pt 901.5


DImPEG-6000-Pt 988.1


DImPEG-9400-Pt 1013.7


mPEG-4000-Pt 895.6


mPEG-6000-Pt 976.0


mPEG-9400-Pt 1095.3
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the toxicity of the polymer drugs whether modified with
linear PEGs or with branched PEGs was dropped great-
ly. The LD50 values of them were 34–42 times greater
than that of CDDP. When the molecular weights of
the polymer drugs increased, the LD50 increased too.


The effect of chain length of PEG on the cytotoxic activ-
ity was investigated. From Table 2, it was observed that
with the variation of molecular weights of DImPEGs,
the IC50 of corresponding polymer drugs was changed
too. The IC50 of DImPEG-4000-Pt was lower than that
of DImPEG-6000-Pt and DImPEG-9400-Pt. That
means DImPEG-4000 affects the cytotoxic activity of
cisplatin least and was the most suitable one for modify-
ing cisplatin.


The effect of the different type of PEG drugs on the cyto-
toxic activity was also investigated. Table 2 showed that
the cytotoxic activity of DImPEG-CDDP is higher than
that of the drug modified by linear PEG with the same
molecular weight. For example, the IC50 value of
mPEG-4000-CDDP is about 10 times more than that
of DImPEG-4000-CDDP. The releases of platinum moi-
eties from two types of PEG are similar because they all
are connected with PEGs through the same chelate-type
coordination bond. Hence, the difference of cytotoxic
activities between the two kinds of polymer drugs is
attributed to the difference of steric hindrance of these
PEGs. Guiotto et al.14 also reported that �Branched�
PEG analogues are superior with respect to the linear
ones in creating an �umbrella-like� surface coverage of
the protein, thus protecting it from proteolysis and
reducing its inactivation during conjugation.


In conclusion, we reported the synthesis of CDDP mod-
ified with branched PEG. It is a new polymer drug. The
cytotoxic activity of DImPEG-CDDP is higher than
that of linear mPEG-CDDP. That means branched
PEGs is a better drug carrier than linear ones.
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Abstract—Reporter cell lines are often used for high-throughput screening of natural product libraries or chemical libraries to iden-
tify new receptor ligands. Screening of neuromedin U2 receptor (NMU2R) ligands may be very useful to treat obesity for the reason
that centrally administered neuromedin U affects feeding behavior, energy expenditure, and pituitary. Here, we have developed a
stable cell line of neuromedin U2 receptor (NMU2R) to screen for its agonist. The experimental results demonstrate that icariin,
isolated from Herba epimedii, was a strong agonist for NMU2R, which could selectively activate NMU2R, but not M1R,
MC4R, and negative cell lines.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Obesity is characterized by a chronic imbalance be-
tween energy expenditure and energy intake. While
the corresponding mechanisms underlying obesity are
far from being fully understood, it has become clear
in the last few years that obesity is, in part, centrally
regulated and that several neuropeptides play an
important role in this regulation.1 In particular, these
neuropeptides that are essential in the pathophysiology
of obesity are ligands of deorphanized G protein-cou-
pled receptors (GPCRs), one of them being neurom-
edin-U.2,3


There is a growing body of evidence which suggests
that neuromedin U may be involved in the hypotha-
lamic modulation of feeding and energy balance.4


NMU2R is expressed most abundantly in the central
nervous system. Using in situ hybridization, rat
NMU2R is detected in the PVN, the wall of the bird

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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ventricle in the hypothalamus and in the CA1 region
of the hippocampus.5,6 Consistent with brain localiza-
tion of NMU and its receptors, NMU also acts central-
ly to decrease fast-induced and overnight food intake
and gastric acid secretion, with an increase in body
temperature, oxygen consumption, and locomotor
activity.4 Drugs targeting, GPCRs are believed to have
the potential to alleviate obesity processes; therefore,
discovery and identification of NMU2R agonist are
very useful from naturally occurring and synthetic
chemical agents for nutritional obesity. Natural prod-
ucts provide a huge source to be explored for drug dis-
covery and development.


To develop a highly potent agonist and to examine the
activity in vitro, the model of high-throughput screening
for NMU2R has been established in this study. Two
hundred and eleven extracts of natural products were
screened with this system. Combined with the programs
of comparison with standard sample and identification
with thin-layer chromatography and high-performance
liquid chromatography, icariin was shown as a strong
agonist for NMU2R. The experimental results have
demonstrated that this cell system makes possible a
new high-throughput screening approach for finding a
novel agonist for NUM2R.
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Figure 1. Basal and induced levels of luciferase expression in human


NMU2R cells stably carrying the indicated reporter genes. After the


cells were treated with 5 lM forskolin and/or 1 lM NMU, luciferase


activity was determined using the Reporter (Turner Design) with


Bright-Glo agents (Promega), treatment with equal volume vehicle


(DMSO) taken as control. The results represent at least three


independent experiments and are expressed as means ± SD. (N = 6,
*P < 0.05 versus control; **P < 0.01 versus control.)
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2. Materials and methods


2.1. Materials


Human hypothalamic cDNA was purchased from Clon-
Tech Laboratory Inc., pCR2.1-TOPO and pcDNA3.1
vector from Invitrogen, White 96-well assay plates from
Corning Costar, Bright-GloTM assay system reagent and
pGL3 vector from Promega, Fugene 6 transfection re-
agent from Roche, and DMEM cell culture medium
and fetal bovine serum (FBS) from Hyclone. G418
was from Gibco and the Standard icariin was purchased
from National Institute for the Control of Pharmaceuti-
cal and Biological Products. All chemical reagents (AR)
were obtained from Chongqing Chem. Ltd.


2.2. Plasmids


The reporter gene construct containing 3 · MRE/
3 · CRE/3 · SRE, followed by a luciferase gene, was
made by inserting MRE, CRE, and SRE elements into a
pGL3 vector, as described before.7,8 Upon ligand bind-
ing, Gq-coupled receptor enhances calcium and protein
kinase C signal, which, in turn, activates MRE and the
reporter gene.9 The human NMU2R was cloned by
PCR using human hypothalamic cDNA as template.
The primers used in the PCR cloning were: 5 0-ATGTCA
GGGATGGAAAAACTTC-3 0 and 5 0-TCAGGTTTTG
TTAAAGTGGAAGC-3 0. The PCR product was cloned
into pCR2.1-TOPO vector and further subcloned into
pcDNA3.1 mammalian expression vector. NMU2R
clone was confirmed by DNA sequencing.


2.3. Cell line generation and luciferase assay


HEK293 cells were stably transfected with the human
NMU2R, MC4R, or M1R clone and a plasmid contain-
ing MRE/CRE/SRE-LUC. Wild-type HEK293 cells
were cultured at 37 �C in DMEM with 10% fetal bovine
serum to be grown to 50–80% confluence. Transfection
was carried out in 6-well dishes with Fugene 6 transfec-
tion reagent (Roche) using the protocol provided by the
supplier. The ratio of human NMU2R receptor DNA
and MRE/CRE/SRE-LUC plasmid is 1:5. Stable cell
clones were picked up in the presence of 800 lg/ml
G418. One day before the luciferase assay, 2–10 · 104


cells were placed into a 96-well plate with 100 ll regular
medium. After the cells attached, 11 ll compounds at
different concentrations or vehicle were added. With a
continuous incubation of 6–8 h, Bright-Glo assay re-
agent (Promega) was added to the media at 110 ll /well,
and luminescence was measured using the Reporter
(Turner Design).


2.4. Samples of natural products


Two hundred and eleven samples of natural products
were boiled in 75% ethanol under reflux for 2 h, cooled
to room temperature and the solid residue was removed
by filtration. The extraction was repeated on the reten-
tate and the two filtrates were combined. If the sample
showed the signal to activate the NMU2R selectively,
based on the index of activity, it was separated with a

successive solvent partition, and a further partition with
Sephadex LH-20 column chromatography, and then iso-
lated with thin-layer chromatography and high-perfor-
mance liquid chromatography.


2.5. Statistical analysis


All data are presented as means ± SD. Data were ana-
lyzed by a one-way ANOVA, followed by Dunnett�s test
and an unpaired Student�s t test. Differences among
groups were considered statistically significant at
P < 0.05.

3. Results


3.1. Luciferase assay of the human NUM2R cell line


In this study, our objective is to develop a stable cell line
that could respond to both Gs and Gq-coupled
NMU2R. Therefore, in the reporter gene plasmid for
this screening system, three MRE, three CRE, and three
SRE regulatory elements and a promoter of SV40 were
inserted in front of the luciferase reporter gene to en-
hance the sensitivity of the reporter gene to the stimulus
resulting from NMU2R agonist exposure. The basal and
inducible expression levels of luciferase in NMU2R cell
clones, which stably carried reporter genes, are shown in
Figure 1.


Figure 1 shows that the activating level of neuromedin
U alone was up to 2-fold level of control, and the acti-
vating level of the combination of neuromedin U with
forskolin, a activator of CRE, was up to 5-fold level
of forskolin alone. These data have demonstrated that
although neuromedin U alone can activate the reporter
gene, combination of the neuropeptide with forskolin
would increase the response.
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Figure 3. Response of MC4R, M1R, and negative cell line of MRE/


CRE/SRE to Herba epimedii. The data are expressed as means ± SD


from three independent experiments. (N = 5, **P < 0.01 versus MRE/


CRE/SRE negative cell line treated with 5 lM Forskolin.)
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3.2. Luciferase assay of the negative cell lines


To demonstrate that this cell-based assay can be used to
identify new NMU2R agonist selectively, and to study
ligand specificity, the negative cell line and other recep-
tor (such as melanocortin 4 receptor, MC4R, and mus-
carinic 1 receptor, M1R) cell lines have also been
established. The negative cell line is stably transfected
with pcDNA3.1 blank vector and 3 · MRE/3 · CRE/
3 · SRE-LUC plasmid. The experimental results have
shown that, although forskolin could activate the nega-
tive cell line, NMU could not activate them (Fig. 2).


3.3. Screening of the natural product compound library


As described in Materials and methods, we have estab-
lished a natural product compound library using crude
extracts from natural products. Using our optimized
reporter gene assay, 211 extracts of natural products
were screened. Based on the results of first screening,
Herba epimedii was shown as a strong agonist for
NMU2R, the activating level of H. epimedii being up
to 12-fold of forskolin alone. To check the selectivity
and specificity of H. epimedii on NMU2R, we took
MC4R, M1R, and MRE/CRE/SRE negative cell line
as control. As shown in Figure 3, the extract of H.
epimedii did not induce responses in other receptor-
transfected cells, such as M1R, MC4R and the negative
control cell line (MRE/CRE/SRE). But, selective ago-
nists of a-MSH (3 lM) and acetylcholine (1 mM) could
evidently activate the MC4R and M1R separately.
These results have suggested that H. epimedii could
selectively activate the reporter gene through NMU2R.


3.4. Identification of icariin as NMU2R agonist


To look for active components, extracts of H. epimedii
were isolated with the method of column chromatogra-
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Figure 2. Effect of NMU (1 lM) and forskolin (5 lM) on the


3 · MRE/3 · CRE/3 · SRE-LUC plasmid transfected cells, a negative


cell line. After the cells were treated with 5 lM forskolin and/or 1 lM
NMU, and equal volume vehicle was taken as control, luciferase


activity was determined, as described in Materials and methods. The


results represent at least three independent experiments and are


expressed as means ± SD. (N = 5, **P < 0.01 versus control.)

phy, followed by separation of thin-layer chromatogra-
phy and high-performance liquid chromatography.
Combined with the program of comparison with
standard sample to activate the reporter gene and iden-
tification with thin-layer chromatography and high-per-
formance liquid chromatography, we found that icariin
(about 0.3425% in H. epimedii) is an active component,
which could activate the reporter gene through NMU2R
selectively (Fig. 4). The structure of icariin is shown in
Figure 5.
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Figure 4. Response of NMU2R, MC4R, M1R, and MRE/CRE/SRE


negative cell line to icariin. After the cells were treated with 100 lg/ml


icariin for 6–8 h, the luciferase activity was determined as described in


Materials and methods. The data are expressed as means ± SD of three


independent experiments. (N = 6, **P < 0.01 versus MRE/CRE/SRE


negative cell line treated with 5 lM Forskolin.)
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Figure 5. The structure of icariin.
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As shown in Figure 4, the activating level of icariin
(purity > 98%) separated from H. epimedii could stimu-
late the luciferase activity of NMU2R cells up to 3-fold
of forskolin alone. Furthermore, a-MSH and acetylcho-
line, the selective agonists for MC4R and M1R, could
activate the MC4R and M1R separately, but, icariin
failed to induce responses in other receptor-transfected
cells, including M1R, MC4R and the negative control
cell line (MRE/CRE/SRE). These results suggest that
icariin is a selective agonist for NMU2R.


3.5. Relationship between dose and active responses of
icariin


We also measured the dose response of icariin on the
NMU2R, the results showing that icariin is a strong
agonist of NMU2R, which could activate this reporter
system in a of dose dependent manner (Fig. 6). When
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Figure 6. Dose dependency of luciferase activity of icariin and NMU


in NMU2R cell line. NMU2R cell line was treated with icariin for 6–


8 h. Luciferase activity was determined with the Bright-Glo agent


(Promega) using the Reporter (Turner Designs). Equal volume vehicle


was taken as control. The data are expressed as means ± SD of at least


three independent experiments. (N = 6, #,*P < 0.05, ##,**P < 0.01


versus control.)

the concentration of icariin reaches up to 10�4 M, the
luciferase activity of icariin is stronger than that of
5 lM forklin alone.

4. Discussion


Multitudes of physiological processes are mediated by
signal transduction pathways that involve the interac-
tion of agonist with GPCRs that are increasingly target-
ed by the pharmaceutical industry. In this study, we
report the development of a microplate assay using
luciferase as the reporter that enables simple and rapid
screening of natural product library to identify a new
NMU2R agonist. This assay is based on HEK293 cells
that are co-transfected with the human NMU2R gene
and an integrated copy of a luciferase reporter gene driv-
en by a SV40 promoter under the control of a 3 · MRE,
3 · CRE, and 3 · SRE enhancer elements. The assay
measures the stimulation of GPCRs by detecting chang-
es in the luciferase levels.


In these experiments, we have demonstrated the feasibil-
ity of using this assay to perform high-throughput
screening of a small molecule library. Having initially
screened 211 extracts of natural products using this as-
say, we found that the extract of H. epimedii could acti-
vate the reporter gene response evidently. Combined
with the activity of standard sample to stimulate the
expression of reporter gene and the program of identifi-
cation with thin-layer chromatography and HPLC, it is
shown that icariin is a strong agonist of NMU2R, which
could selectively activate the NMU2R, but not MC4R,
M1R, and negative cell line.


The increasing data show that administration of NMU
suppresses food intake9 and stimulates the HPA axis.
These effects may be mediated by corticotrophin-releas-
ing hormone (CRH). NMU stimulates the release of
CRH from hypothalamic explants in vitro10 and increas-
es c-fos expression in the CRH-containing parvocellular
regions of the PVN.11 Furthermore, administration of
NMU induces a behavioral response consisting of a
marked increase in grooming and locomotion, and a de-
crease in sleeping which is comparable to that induced
by CRH,12 and raises plasma adrenocorticotrophic hor-
mone and corticosterone levels. Since NMU has been
demonstrated to suppress nutritional obesity in an
experimental model,4 icariin is very likely to have similar
action as NMU. More importantly, as a selective ago-
nist for NMU2R, a subtype NMU receptor, icariin
may have more potential in therapeutic implication for
clinical use in nutritional obesity.


High-throughput screening is an important tool for dis-
covering new drugs that target various biomolecular
sites.13 We expect that the results presented here would
serve to accelerate the application of living cells in
screens for drug discovery. It has been shown that this
new assay, as a cell-based functional one, could provide
a platform for identifying NMU2R ligands. Such con-
structs hold great promise to generate ever new
NMU2R ligands that will find increasing clinical utility.
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Abstract—An SAR study of psilocybin and psilocin derivatives reveals that 1-methylpsilocin is a selective agonist at the h5-HT2C


receptor. The corresponding phosphate derivative, 1-methylpsilocybin, shows efficacy in an animal model for obsessive–compulsive
disorder, as does 4-fluoro-N,N-dimethyltryptamine. These results suggest a new area for development of novel 5-HT2C agonists with
applications for drug discovery.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1.

Psilocybin (1), a hallucinogenic component of the sacred
Mexican mushroom Psilocybe mexicana, and its metabo-
lite, psilocin (2), are both potent agonists at the 5-HT2a


and 5-HT2c receptors (Fig. 1). In recent years, several case
reports of the efficacy of psilocybin in the treatment of
obsessive–compulsive disorder (OCD) have been pub-
lished.1As a result, anFDA-approved clinical trial for pa-
tients suffering from OCD is now underway.2 The
hallucinogenic activity of psilocybin and psilocin is be-
lieved to be largely due to activation of 5-HT2A receptors,
while the anti-OCD activity is associated with agonist
activity at 5-HT2C. Thus, it is believed that a selective
5-HT2C agonist would have considerable potential for
treatment ofOCDandother indications, suchasobesity.3,4


We recently began an initial structure–activity relation-
ship (SAR) study of some psilocin and psilocybin deriv-
atives with the goal of obtaining selectivity for the
5-HT2C receptor. Only very limited analog work has
been reported in the psilocybin area,5 and to our knowl-
edge, no pharmacological testing of psilocybin or psilo-
cin derivatives has been published since the discovery of
5-HT2 receptor subtypes.6,7 Although the amino acid
sequence of the 5HT2C receptor has been determined,
little data are available regarding its three-dimensional
structure3 and therefore, our program has initially
relied on an empirical approach.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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We examined the influence of structural modification at
a number of sites in the psilocybin structure. The com-
pounds prepared (3–17)8 are shown in Figure 2. Known
N-methylated derivatives 3 and 4 were synthesized
following published procedures.5,9,10 Treatment of 4-
benzyloxyindole with oxalyl chloride and then with dim-
ethylamine gave the 3-substituted oxamide. Amide
reduction (LAH), N-methylation (NaH, MeI), and
hydrogenation (H2, Pd(OH)2) afforded N-methylpsilo-
cin, 3. Phosphorylation followed by debenzylation gave
N-methylpsilocybin, 4. Targets 5, 6, 7,9 8, and 911 were
prepared following the same general route (Scheme 1).
Analogs 10,12 11, and 1213 were obtained similarly upon
treatment of the intermediates formed from 4-ben-
zyloxyindole and oxalyl chloride with the appropriate
secondary amines, followed by LAH reduction and de-
benzylation. The synthesis of 13 followed the reported
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route14 using aMannich reaction of formaldehyde and 4-
benzyloxyindole to give the intermediate, 4-benzyloxy-3-
dimethylaminomethylindole, followed by debenzylation.
N-Methylation of 4-benzyloxy-3-dimethylaminomethy-
lindole and debenzylation afforded target 14 (Scheme 2).
Compound 159 was obtained from 4-benzyloxyindole
upon treatment of the magnesium salt with 3-chloropro-

N
H


OCH2Ph


N
R


OH
N(CH3)2


   a, b (13)


or a, c, b (14)


13, 14


Scheme 2. Reagents: (a) (CH3)2NH, H2CO (82%); (b) H2, Pd/C (13:


74%, 14: 73%); (c) NaH, CH3I (34%).

pionyl chloride, to give an intermediate chloroketone.
After reaction with dimethylamine, an intermediate de-
benzylated ketone was the major product isolated. LAH
reduction provided 15 (Scheme 3). A similar sequence
using 2-chloropropionyl chloride afforded 16;9 however,
in this case debenzylation required a separate step
(Scheme 4). Alkylation of 4-benzyloxyindole with N,N-
dimethyl-2-chloroethylamine and debenzylation gave 17.9


The receptor binding of these 15 analogs to the seroto-
nin receptor subtypes 5-HT2A, 5-HT2B, and 5-HT2C


was then determined (Table 1).15 Functional assays of
selected compounds were also carried out (Table 2).16


1-Methylpsilocin, 3, displays selective binding at both
the INI and VGI isoforms of the h5-HT2C receptor
(7.0 and 33 nM, respectively) as compared to the h5-
HT2A receptor (900 nM). Functional assays reveal
that 3 is an agonist at both receptor subtypes with
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Table 1. Receptor binding (Ki) in nM of psilocybin analogs


Compound r5-HT2A h5-HT2A h5-HT2B r5-HT2C h5-HT2C INI h5-HT2C VGI


3 590 ± 80 900 ± 17 38 ± 1.7 48 ± 5.7 7.0 ± 1.6 33 ± 6


4 >10,000 >10,000 5500 ± 3000 >10,000 >10,000 540 ± 320


5 200 ± 16 310 ± 30 5.8 ± 0.5 15.7 ± 0.5 4.4 ± 1.1 14 ± 4


6 >10,000 3000 ± 800 170 ± 40 5700 ± 880 73 ± 21 210 ± 70


7 >10,000 7600 ± 1500 6300 ± 3500 19,000 ± 5600 >10,000 6800 ± 3000


8 1683 ± 486 122 ± 37 ND 1276 ± 177 ND 539 ± 277


9 1008 ± 114 335 ± 66 8.39 ± 0.85 359 ± 125 82 ± 34 84 ± 12


10 6903 ± 1692 9753 ± 4089 116 ± 95 >10,000 103 ± 63 ND


11 8367 ± 1676 ND 5566 ± 3440 1446 ± 312 468 ± 450 ND


12 ND 429 ± 137 423 ND 275 ± 72 1772 ± 1079


13 834 ± 257 923 ± 224 1242 ± 295 49 ± 11 24 ± 0.8 12.6 ± 1.8


14 ND 498 ± 185 1242 ND 87 ± 22 125 ± 74


15 ND 588 ± 219 98 ± 66 ND 1114 ± 41 84 ± 64


16 ND 982 ± 169 745 ± 316 ND 126 ± 19 ND


17 >10,000 ND ND 9351 ± 5551 2182 ± 848 4200 ± 788


Data represent means ± SD of computer-derived affinities from three or more separate experiments; ND, not determined.


Table 2. Functional assay (EC50) in nM of psilocybin and analogs


Compound 5-HT2A 5-HT2B 5-HT2C


1 3475 ± 2904 (31 ± 8%) 74 (24%) 506 ± 164 (51 ± 3%)


2 24 ± 2 (43 ± 17%) 58 (45%) 30 ± 18 (51 ± 37%)


3 633 ± 1.14 (31 ± 2.9%) Inverse agonist 12 ± 1.5 (45 ± 5.5%)


5 32 ± 29.7 (0.12 ± 0.065%) Inverse agonist 595 ± 42.5 (83 ± 12.9%)


6 Antagonist Antagonist Antagonist


9 949 ± 1.04 (49 ± 2%) 1180 ± 316 (38 ± 1.82%) 99 ± 168 (93 ± 49%)


13 Antagonist Antagonist Antagonist


Data represent mean EC50 values for activation of phosphoinositide hydrolysis in cells expressing human 5-HT2A, 5-HT2B or 5-HT2C-INI receptors,


relative to serotonin at 100%. When SD is given NP 3.
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considerable selectivity (EC50 at 5-HT2C = 12 nM, EC50


at 5-HT2A = 633 nM). Evaluation of the affinity of 3 for
the 5-HT2B receptor was also carried out, as agonist
activity at 5-HT2B is strongly associated with heart valve
toxicity.17,20 It was gratifying to find that although high
affinity for the 5-HT2B receptor was found (38 nM), a
functional assay revealed that 3 is an inverse agonist
at this receptor subtype. The observed selectivity of
compound 3 for the 5-HT2C receptor proved to be

remarkably sensitive to structural variation. An increase
in the size of the 1-substituent of 3 to n-butyl (5) affor-
ded a compound that was a much weaker agonist at
the 5-HT2C receptor in the functional assay used.21


Modification of the 4-hydroxy group (7), the 2-position
(8), and the diethylamino substituent (10, 11, and 12) all
resulted in much less potent binding at the 5-HT2C


receptor and less selectivity over the 5-HT2A receptor.
However, the 4-fluoro analog 9 showed modest
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functional activity as an agonist at the 5-HT2C receptor
with some selectivity over the 5-HT2A and 5-HT2B


receptors (about 10-fold each). A shortening in the
length of the linker at the 3-position of the indole ring
to a methylene group (13) gave an antagonist at the
5-HT2A and 5-HT2C receptors, while 14 (N-methyl,
methylene linker), 15 (propylene linker), and 16 (a-
methyl) all showed reduced affinity and selectivity for
the 5-HT2C receptor. Finally, 17 (side chain moved to
the 1-position) was also quite inactive in binding at the
5-HT2C receptor. The psilocybin analogs (4, 6) gave very
low binding as compared to their psilocin analogs (3, 5).
However, metabolic dephosphorylation of psilocybin to
psilocin is known to readily occur in vivo22 and thus,
these psilocybin derivatives could act as prodrugs for
their psilocin analogs. In fact, 4 shows improved in vivo
activity as compared to 3 (vide infra, Fig. 3).


We next examined selected analogs in a mouse model for
OCD. Serotonin produces an itching sensation when
applied to the human skin and has been suggested to
be involved in pruritic diseases. Further research dem-
onstrated that an ip injection of 5-HT into the rostral
back of the mouse elicits scratching with the hind paws,
which is itch-associated rather than a pain response.23


The 5-HT action is at least partly mediated by 5-HT2


receptors in the skin, as shown by blocking with specific
antagonists.24 Psilocin and its analogs� effect on itch-as-
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Figure 3. Inhibition of serotonin-induced scratching by psilocybin and ana
#P < 0.01, *P < 0.05.

sociated scratching in the mice was thought to indicate
their action on 5-HT receptors, and a study was devised
as an animal model for OCD.25 Selected results are
shown in Figure 3. Psilocybin strongly inhibits scratch-
ing in this model, and more so than psilocin; however,
psilocin shows much greater functional activity at the
5-HT2C receptor. This difference may be due to active
transport of psilocybin across the blood–brain barrier
prior to dephosphorylation. N-Methyl derivatives 3
and 4 show comparable activity, but only at higher con-
centrations. Compound 4, like psilocybin, dramatically
inhibits scratching. N-Butylpsilocin, 5, however, is near-
ly inactive, in contrast to 3. Thus, positive effects seen in
this mouse model are consistent with 5-HT2C agonist
activity. Finally, 4-fluoro-N,N-dimethyltryptamine, 9,
also exhibits strong activity, which is comparable to that
of psilocybin and compound 4, despite displaying only
modest agonist activity at the 5-HT2C receptor
(99 nM).26 One possible explanation for these results is
that relatively lipophilic 9 may more readily penetrate
the blood–brain barrier, and thus affording the observed
in vivo activity.


Potent and selective 5-HT2C agonists may have applica-
tion in other therapeutic areas besides OCD, including
appetite suppression,7 Alzheimer�s disease,27 and epilep-
sy.28 Further studies are underway to more fully develop
this class of compounds.29
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Abstract—An efficient, high yield and one-pot synthesis of phenyl cyclopropyl methanones by reaction of different aryl alcohols with
4 0-fluoro-4-chloro-butyrophenone in THF/DMF in the presence of NaH/TBAB is reported. Most of the methanones were further
reduced to respective alcohols or methylenes. All the compounds were evaluated for their anti-tubercular activities against M. tuber-
culosis H37Rv in vitro displaying MICs ranging from 25 to 3.125 lg/mL. The most active compounds showed activity against MDR
strains and two of them (14 and 16) showed marginal enhancement of MST in mice.
� 2005 Elsevier Ltd. All rights reserved.
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An increase in the global burden of tuberculosis with the
worldwide mortality rate of 23% is a major cause of con-
cern in the socioeconomic and health sectors.1,2 The syn-
ergy of this disease with HIV infection and the emergence
of MDR tuberculosis (TB) poses a threatening global
challenge particularly in the developing countries.3


Although a number of leadmolecules exist today to devel-
op new drugs, no new chemical entity has emerged for
clinical use over the last 40 years for the treatment of this
disease.4,5 Therefore, there is an urgent need to develop
new drugs, acting through a novel mechanism of action
for the chemotherapy of TB. The incredible thickness of
mycobacterial cell wall, absent in human cells, is respon-
sible for longer period of treatment and the emergence
of resistance against the known first line anti-TB
drugs.6–8 Therefore, it is a selective target and many cru-
cial enzymes involved in the biosynthesis of cell wall mac-
romolecules and their inhibitors are being looked at as
future hope to develop new drugs against this disease.
One such enzyme system is FAS-II required in the initial
steps of mycolic acid biosynthesis.9 Many inhibitors of
FAS-II system are known and among them phenethyl
alcohol10 and triclosan10 are important for lead optimiza-
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tion (Fig. 1). Recently, anti-mycobacterial activities
have been reported in simple acetophenones,11a benzylid-
eneacetophenones11b and p-nitro-a-acetylamino-b-
hydroxypropiophenones.11c,11d We have also identified
a glycosylated phenyl cyclopropyl methanone (Fig. 2)
as a very good anti-tubercular agent active even
against MDR strains of M. tuberculosis and in vivo

OO


O


Figure 2. Glycosyl phenylcyclopropylmethanone.
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Table 1. In vitro antimycobacterial activities of compounds 1–29


Comp-


ound


X MABA MIC


(lg/ml)


against


M. tuberculosis


H37Ra


Agar microdilution


MIC (lg/ml)


against


M. tuberculosis


H37Rv


1 Phenyl 25 6.25


2 4-Methoxy phenyl >50 12.5


3 3,4-Methoxy phenyl 25 12.5


4 4-Fluoro phenyl >25 12.5


5 Furfuyl 25 25


6 3-Pyridyl >25 25


7 4- Pyridyl >25 12.5


8 2-Chloro phenyl >25 12.5


9 4-Chloro phenyl >25 25


10 3,4-Dichloro phenyl >25 25


11 Cyclopentyl >25 25


12 Cyclohexyl >25 >25


13 Phenyl >50 25


14 4-Methoxy phenyl >50 3.12


15 3,4-Methoxy phenyl 3.12 >50


16 4-Fluoro phenyl 25 6.25


17 Furyl >25 >25


18 3-Pyridyl >25 >25


19 4- Pyridyl >25 >25


20 2-Chloro phenyl >25 -


21 Cyclopentyl 25 3.12


22 Phenyl >50 12.5


23 4-Methoxy phenyl >25 25


24 3,4-Methoxy phenyl 12.5 25


25 4-Fluoro phenyl nd 12.5


26 Furfuryl 25 25


27 3-Pyridyl >25 25


28 2-Chloro phenyl >25 >50


29 4-Fluoro phenyl nd 3.12
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too.12Cyclopropyl ring is a common structural element of
the mycobacterial cell wall13 and its chemotherapeutic14


importance is also well known. Further, aryl cyclopropyl
ketones play a prominent role as intermediates in the syn-
thesis of many other biologically active compounds.15


Keeping in view the above, we were prompted to synthe-
size aryl cyclopropyl methanones and evaluate them for
anti-mycobacterial activity.


A number of methods for the synthesis of cyclopropyl
ring formation exist in the literature16 and very recently,
we have reported a rapid one-pot procedure for the syn-
thesis of combinatorial library of phenyl cyclopropyl
methanones on solid phase.17 Requirements for larger
quantity of material for biological evaluation led us to
explore a new conventional approach for their synthesis.


Phenyl cyclopropylmethanones 1–12 were prepared by
reaction of 4-chloro-4 0-fluoro butyrophenone with
furylmethyl-, phenylmethyl-, 4-methoxy phenylmethyl-,
3,4-dimethoxy phenylmethyl-, 2-chloro phenylmethyl-,
4- fluoro phenylmethyl-, 3-pyridylmethyl-, 4-pyridylm-
ethyl-, 4-chlorophenylmethyl-, 3,4-dichloro phenylmeth-
yl-, cyclohexyl and cyclopentyl alcohols in THF/DMF
(1:1) in the presence of NaH and tetrabutylammonium
bromide (TBAB) as phase transfer catalysts at 0–
100 �C in very good yields (Scheme 1). The structures
of all the compounds were determined on the basis of
their spectroscopic data and microanalysis.18


The keto group in most of the active methanones has
been partially or completely reduced to alcohol and
methylene groups with sodium borohydride and Wolf–
Kishner reduction, respectively, to see its effect on
anti-tubercular activity profile. Thus, reduction of phen-
yl cyclopropyl ketones 1–8 and 11 with NaBH4 in etha-
nol gave compounds 13–21, respectively, in good
yields.19 However, reduction of compounds 1–6 and 8
with hydrazine hydrochloride followed by heating in
the presence of KOH led to the respective phenyl cyclo-
propyl methanes 22–28 in moderate yields.20


In one of the most active compounds, 16, the hydroxyl
group was further derivatized as O-(epoxy-n-propyl)
derivative 29 by its reaction with epichlorohydrin in
THF in the presence of catalytic amount of tetrabutyl
ammonium bromide following our earlier reported
method21 (Scheme 2).


All the compounds synthesized were evaluated for their
anti-tubercular activity against M. tuberculosis H37Ra
by MABA method22 while Agar Microdilution meth-
od23 was used against M. tuberculosis H37Rv. Com-
pound 16 was also screened against MDR strains,

O
ClF


NaH/ 
XCH2OH +


0 0C/ 3


Scheme 1.

while the most active compounds 14 and 16 were also
evaluated in mice model.24


As evident from Table 1, except compounds 9, 10, 12,
15, 17–19 and 28 all other compounds displayed activity
with MIC ranging from 25 to 3.25 lg/mL against the
virulent strain M. tuberculosis H37Rv. However, none
of the compounds except compound 16 was active
against avirulent strain H37Ra indicating that these
compounds are specific for virulent strain. Further,
compound 16, having fluoro substituent, completely
inhibited the growth of clinical isolates of MDR strains
of M. tuberculosis H37Rv at 6.25 lg/mL while the stan-
dard first line anti-TB drugs were ineffective at their crit-
ical concentrations for MDR strains (Table 2).


A closer look into the structure–activity relationship in
these compounds shows that cyclopropyl phenyl metha-
nones 6, 9, 10 and 12 are inactive as their MICs are
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Figure 3. (A) Chemotherapeutic efficacy of compound 14 against M.


tuberculosis H37Rv in mice. (B) Chemotherapeutic efficacy of Com-


pound 16 against M. tuberculosis H37Rv in mice.
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Table 2. In vitro activity of compound 16 and standard drugs against MDR


Compd. or drug Gro


BC-248(1) BC-283 (1)


Compound 16 (6.25 lg/ml) - - - -


INH (1 lg/ml) ++ ++


Rifampicin (64 lg/ml) ++ ++


Ethambutol (6 lg/ml) ++ ++


No drug control ++ ++


--, no growth; +, 1–20 growth (resistance), ++, heavy growth; (1) Strains re


rifampicin, isoniazid and ethambutol. (3) Strains resistant to rifampicin and
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>25 lg/mL. However, compounds 1–4, 7–8 have MICs
in the range of 12.5–6.25 lg/mL. It is interesting to note
that the partially reduced alcohols 14 (3.12 lg/mL), 16
(6.25 lg/mL) and 21 (3.12 lg/mL) of the corresponding
phenyl cyclopropyl methanones 2 (12.5 lg/mL), 4
(12.5 lg/mL) and 11 (25 lg/mL) did offer better protec-
tion. Among the completely reduced cyclopropyl phenyl
methanes, none of the compounds offer better inhibition
than the parent ketones as the MICs were either retained
or enhanced. Further, replacement of aryloxy moiety in
these compounds with heteroaryloxy group did not im-
prove the anti-tubercular efficacy. Replacement of aryl-
oxy group with cyclopentyloxy moiety in the alcohols
did offer a better result. However, in general, replacing
the aryloxy group with cycloalkyloxy group gave com-
pounds with comparable activities. Two of the cyclopro-
pyl phenyl methanols, compounds 14 and 16 with 4-
methoxybenzyloxy and 4-fluorobenzyloxy substituents
offer very good protection (MICs 3.125 and 6.25 lg/
mL, respectively). Since it is known that fluoro group
plays a very important role in the biological activity pro-
file of many biologically active molecules in vivo, there-
fore, compound 16 was further functionalized to the
respective O-(n-epoxypropyl) derivative 29, which has
MIC of 3.12 lg/mL.


Cytotoxicity of the two compounds 14 and 16 in VERO
cell line at different concentrations beginning from
10 · MIC of the compounds was assayed and is ex-
pressed as inhibitory concentration (IC50). On the basis
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of IC50 values, selectivity index (SI) of these compounds
was found to be 16 and 10, respectively, indicating that
these compounds are suitable for in vivo evaluation.


The efficacy of compounds 14 and 16 against challenge
of M. tuberculosis H37Rv was also seen at 100 mg/kg
in vivo in the mouse model. As evident from Figures
3A and B, there were 27% and 17% enhancements in
MST of the mice as compared to control by compounds
14 and 16, respectively.


In conclusion, we have developed a novel one-pot syn-
thesis of aryloxyphenyl cyclopropyl methanones and
their derivatives, which have shown very good activity
against M. tuberculosis. It will be interesting to prepare
an analogue of the active compound, which may be non-
toxic to eukaryotes but strongly anti-tubercular.
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Abstract—Aquantitative attempt has been made to correlate the structure–activity relationship (SAR) among the recently reported 6-
amino-4-phenyltetrahydroquinoline derivatives as antagonists for the Gs-protein-coupled human follicle-stimulating hormone (FSH)
receptor. The compounds used for the present study have been reported to show high antagonistic efficacy in vitro using a CHO-
hFSHR(luc) assay. OurQSAR investigations revealed a hydrophobic type of interactions between these ligands and the FSH receptor,
hence confirming thepresence of a lipophilic pocket on the active site of the target structure. Thepositive coefficient ofClogP variable in
our derived QSARmodel suggests that more hydrophobic ligands are crucial for their FSH receptor antagonistic efficacy. In exploring
the structural requirements among these congeners, we found anamide linkage as conducive to theirFSH receptor antagonistic activity.
Also, an unsubstituted 4-phenyl ring of the tetrahydroquinoline scaffold is favorable for their FSH receptor antagonistic activity. The
results discussed herein could be useful in understanding the nature of interactions of these newly identified ligands as FSH receptor
antagonists and in designing more potent ligands based on this novel 6-amino-4-phenyltetrahydroquinoline scaffold.
� 2005 Elsevier Ltd. All rights reserved.

Since the seminal work of Hansch almost 40 years
ago,1 QSAR research has been considered a major
tool in drug discovery to explore the ligand–recep-
tor/enzyme interactions. QSAR is an effective way of
optimizing or correlating the biological activity within
congeneric series with certain structural features or
with atomic, group or molecular descriptors, such as
lipophilicity, polarizability, and electronic and steric
properties. Previously, we reported several examples
of adopting a QSAR approach to probe the nature
of interactions of various classes of ligands towards
the cyclooxygenase enzyme.2–8 Herein, we report our
attempt to rationalize the physico-chemical and struc-
tural features among novel 6-amino-4-phenyltetrahy-
droquinoline derivatives in relation to their FSH
receptor antagonistic activity using QSAR approach.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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To our knowledge this is the first QSAR report on
this special category of drugs.


FSH plays a crucial role in the control of human fertil-
ity. FSH is a member of the family of pituitary glyco-
proteins and exerts its effect through interacting with
G-protein-coupled specific receptors.9 FSH receptors
are found in the gonads and have been localised to
the Sertoli cells of the testis and the granulosa cells
of the ovary.10 Hence inhibition of the FSH receptor
that is present in the ovaries would be a novel, fruitful
approach for contraception. Some of the antagonists
for the FSH receptor have been published11 and most
of them exist in patents.12,13 Recently, Van Straten
et al. reported a series of 6-amino-4-phenyltetrahydro-
quinoline derivatives as potent antagonists for the FSH
receptor.14 Hence we attempted to adopt a QSAR
approach for this novel category of drugs with an
objective of identifying the necessary physico-chemical
and structural features among 6-amino-4-phenyltetra-
hydroquinoline derivatives for their FSH receptor
antagonistic activity.
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The FSH receptor antagonistic activity of 6-amino-4-
phenyltetrahydroquinoline derivatives was reported as
IC50 in nanomolar units using a CHO-hFSHR(luc) as-
say. For the present QSAR study, the reported activity
is converted to the negative logarithm in terms of molar
units (PIC50). All the compounds used for the analysis
with their observed, converted activity and QSAR pre-
dicted activity are listed in Table 1. The linear regression
analysis was performed using systat version 10.2. The
physico-chemical properties such as ClogP and CMR
were calculated using ChemDraw ultra 6.0 software,
supplied by Cambridge soft corporation, USA. ClogP
is the calculated partition coefficient of compounds in
octanol/water and a measure of the hydrophobicity of
compounds. CMR is the calculated molar refractivity
based on the Lorentz–Lorentz equation,
MR = (n2 � 1)/(n2 + 2) MW/d, where n is the index of
refraction, MW represents molecular weight of the com-
pound and d is the density. It is a measure of volume
and polarizability of whole molecules. Suitable indicator
variables were used to account for the structural varia-
tion due to the wide range of substituents among the
congeners. An indicator variable designated as I with a
relevant subscript was assigned 1.0 when a particular
substituent or chemical feature is present and 0 if absent.
The use of indicator variables allowed us to combine all
the aliphatic, aromatic, and 6-biphenyl containing tetra-
hydroquinolines as a single larger dataset, which would
be expected to give more reliable and predictive QSAR
models. All the physico-chemical and indicator variables
derived for the present study are listed in Table 2. The
correlation matrix was used to correlate the biological
activity with the various physico-chemical and structural
predictor variables (Table 3). The forward stepping
regression method was used to build a QSAR model.
This method initially generates a QSAR model contain-
ing only one variable, which is chosen to be the one with
a high t statistic and subsequent variables were added
based on their relative importance as determined by t
statistics. For the current dataset of 19 compounds the
QSAR model development was restricted to a maximum
of three variables in accordance to the general accepted
rule of thumb (5:1 for compounds:descriptor) during
forward stepping regression. Descriptors with intercor-
relation above |r| > 0.5 were not taken into consider-
ation while accomplishing this task.


The QSAR models were evaluated by using the statisti-
cal parameters like correlation coefficient (r) or coeffi-
cient of determination (r2), adjusted r2 ðr2AdjÞ, standard
error of estimate (s), Fischer F value, and Student�s t dis-
tribution. The latter is used to assess the significance of
the individual regression terms. The figures within the
parentheses following the coefficient terms are the stan-
dard error of the regression terms and the constants.
The Durbin–Watson (DW) test was employed to check
the serial correlation in residuals. Since the DW values
in all the derived models are greater than 1.4, there is
probably no serious autocorrelation in the residuals. A
data point is considered as an outlier if it has a large
magnitude (when the residual value exceeds twice the
standard error of estimate of the model). Self-consisten-
cy of the derived models is ensured using the leave-one-

out (loo) process and the predictability of each model
was assessed using cross-validated r2 or q2.


The observed FSH receptor antagonistic activity is
considered as the dependent variable, and the calcu-
lated physico-chemical properties and indicator vari-
ables as independent variables while performing the
forward stepping regression. Initial regression set to
single variable resulted in the following QSAR
model


PIC50 ¼ 1.300ð�0.283ÞINH–ðCOÞ½X–Y� þ 6.267ð�0.234Þ;
n ¼ 19; r ¼ 0.744; r2 ¼ 0.554; r2Adj ¼ 0.527; s ¼ 0.574;


F ¼ 21.077; p ¼ 0.000; q2 ¼ 0.432; Spress ¼ 0.647;


SDEP ¼ 0.612; DW ¼ 1.440.


The above QSAR model is a monoparametric regression
equation modeled for FSH receptor antagonistic activity
for 19 reported tetrahydroquinoline derivatives. The sin-
gle indicator variable INH–(CO)[X–Y] shows a moderately
good correlation with the observed activity. The value
of the INH–(CO)[X–Y] descriptor is assigned 1 when an
amide linkage, X–Y = NH–(CO) of general structure
(Table 1) is present and 0 for others. Other linkages at
that position include reversed amides, X–Y = C(O)–
NH compound 12; urea linkage, X–Y = NH–C(O)NH
compound 10; sulfonamide linkage, X–Y = NH–S(O)2,
compound 9; alkylated amino linkage, X–Y = NH bond
where Y = bond means that Y is absent and only con-
nects X and R in compound 11 where R is a benzyl,
substituted at the para position with a t-butyl group;
an ester linkage, X–Y = O–C(O), compound 18 and
methoxylated linkage X–Y = O–CH2, compound 19.
The positive contribution of the indicator variable
INH–(CO)[X–Y] shows that an amide linkage of type X–
Y = NH–(CO) connecting the 6-position of tetrahydro-
quinolines and other substitutents at R is favorable for
FSH receptor antagonistic activity or in other words
linkages such as reversed amides, sulfonamide, urea,
alkylated amino groups, ester, and methoxyl are detri-
mental for the activity.


Forward stepping regression set to two variables result-
ed in the following statistically sound biparametric
regression equation


PIC50 ¼ 1.501ð�0.253ÞINH–ðCOÞ½X–Y� �0.871ð�0.323Þ
I sub½R1� þ6.267ð�0.200Þ; n¼ 19; r¼ 0.833; r2 ¼ 0.693;


r2Adj ¼ 0.655; s¼ 0.490; F ¼ 18.08; p¼ 0.000;


q2 ¼ 0.567; Spress ¼ 0.583; SDEP¼ 0.535; DW¼ 1.795.


The above QSAR model is fairly good in terms of all its
statistical parameters. The second indicator variable,
I sub½R1� is added to the previous QSAR model. A t value
of �2.7, greater than the tabulated value shows that its
inclusion is statistically significant above 95% confidence
interval. This second indicator variable I sub½R1� is as-
signed a value of 1 for compounds bearing substituents
at the R1 position, example 4-Me in compound 13;
2-MeO in compound 14, and 4-OH in compound 15,
and 0 for others with H at that position. The negative
coefficient of I sub½R1� indicates an unsubstituted 4-phenyl







Table 1. 6-Amino-4-phenyltetrahydroquinoline derivatives, observed and predicted activities


N


O


X


Y


R


R2


R1


Compound No. Substitution Obs.a activity


(IC50 nM)


Obs.a activity


(PIC50)


QSAR pred.b


activity


|Res.|c


X Y R R1 R2


1 NH C(O)


Cl


H H 31 7.51 7.73 0.22


2 NH C(O)


O


H H 76 7.12 7.29 0.17


3 NH C(O)


O


H H 27 7.57 7.02 0.55


4 NH C(O)


CF3


H H 7 8.16 7.77 0.40


5 NH C(O) H H 5 8.30 7.85 0.45


6 NH C(O) H H 28 7.55 8.07 0.52


7 NH C(O) H H 9 8.05 7.99 0.06


8 NH C(O) H H 25 7.60 7.89 0.29


9 NH S(O)2 H H 2800 5.55 5.90 0.35


(continued on next page)
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Spress ¼ 0.453; SDEP ¼ 0.403; DW ¼ 2.576.


Table 1 (continued)


Compound No. Substitution Obs.a activity


(IC50 nM)


Obs.a activity


(PIC50)


QSAR pred.b


activity


|Res.|c


X Y R R1 R2


10 NH C(O)NH H H 580 6.24 5.82 0.43


11 NH Bond H H 930 6.03 6.61 0.58


12 C(O) NH


OCH3


H H 1880 5.73 5.98 0.25


13 NH C(O) 4-Me H 50 7.30 6.95 0.35


14 NH C(O) 2-OMe H 170 6.77 6.96 0.19


15 NH C(O) 4-OH H 240 6.62 6.78 0.16


16 NH C(O) H 7-Me 5 8.30 7.91 0.39


17 NH C(O) H 8-OMe 30 7.52 8.11 0.59


18 O C(O) H H 54 7.27 6.49 0.78


19 O CH2 H H 166 6.78 6.76 0.02


a Observed activity.
b Predicted activity using loo cross-validation of QSAR model.
c Difference between observed and loo predicted activity.
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ring of tetrahydroquinolines is conducive to FSH recep-
tor antagonistic activity among these congeners. The
two indicator variables used in the above QSAR model
are orthogonal (intercorrelation |r| = 0.294):


Further addition of the statistically significant descriptor
to this model resulted in the following triparametric
regression equation providing some physico-chemical
meaning to the above two models:

PIC50 ¼ 0.304ð�0.081ÞC log P þ 1.621ð�0.190Þ


INH–ðCOÞ½X–Y� � 1.079ð�0.245ÞI sub½R1� þ 4.168ð�0.576Þ;


n ¼ 19; r ¼ 0.918; r2 ¼ 0.843; r2Adj ¼ 0.811;


s ¼ 0.363; F ¼ 26.76; p ¼ 0.000; q2 ¼ 0.754;







Table 2. Calculated physico-chemical and structural variables


Compound No. ClogP CMR INH–(CO)[X–Y] Isub½R1� I sub½R2 � IBp[X–Y]


1 6.31 13.01 1 0 0 0


2 4.80 12.48 1 0 0 0


3 4.57 11.73 1 0 0 0


4 6.63 13.03 1 0 0 0


5 6.95 13.91 1 0 0 0


6 7.28 15.03 1 0 0 1


7 7.28 15.03 1 0 0 1


8 6.82 15.03 1 0 0 1


9 5.38 13.35 0 0 0 0


10 5.75 12.89 0 0 0 0


11 7.66 14.34 0 0 0 0


12 5.78 14.06 0 0 0 0


13 7.78 15.49 1 1 0 1


14 7.20 15.65 1 1 0 1


15 6.62 15.18 1 1 0 1


16 7.13 15.49 1 0 1 1


17 7.38 15.65 1 0 1 1


18 8.34 14.81 0 0 0 1


19 8.55 14.78 0 0 0 1


Table 3. Correlation between observed activity and various calculated physico-chemical and structural variables


PIC50 ClogP CMR INH–(CO)[X–Y] I sub½R1 � I sub½R2 � IBp[X–Y]


PIC50 1.000


ClogP 0.214 1.000


CMR 0.118 0.778 1.000


INH–(CO)[X–Y] 0.744 �0.103 0.130 1.000


I sub½R1 � �0.138 0.184 0.440 0.294 1.000


I sub½R2 � 0.318 0.163 0.387 0.233 �0.149 1.000


IBp[X–Y] 0.285 0.682 0.866 0.263 0.411 0.325 1.000
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The inclusion of the third descriptor, ClogP, is statisti-
cally significant as reflected from its t value of 3.77 great-
er than the tabulated value above 95% confidence
interval. The positive coefficient of ClogP indicates that
more hydrophobic compounds are favorable for FSH
receptor antagonistic activity among these congeners.
It also corroborates the presence of a large lipophilic
pocket in the FSH receptor active site. The correlation
between ClogP and the observed FSH receptor antago-
nistic activity is shown in Figure 1. It shows that this
descriptor has good spread in terms of its data. The

4
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Figure 1. Correlation between ClogP and observed activity.

above triparametric model is excellent in terms of its sta-
tistical parameters. It explains 81.1% variance in FSH
receptor antagonistic activity among the 19 compounds
studied. All three descriptors are free from intercorrela-
tion among one another (see Table 3). The predictive
ability of this QSAR model is also good as exemplified
by the cross-validated r2 or q2 value. The correlation be-
tween observed and predicted FSH receptor antagonis-
tic activity is illustrated in Figure 2. Hence, this
triparametric model owing to its excellent correlation
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E. Manivannan, S. Prasanna / Bioorg. Med. Chem. Lett. 15 (2005) 4496–4501 4501

(r2 = 0.843) and predictability (q2 = 0.754) could be used
in optimizing this newly identified lead structure 6-ami-
no-4-phenyltetrahydroquinoline for its improved FSH
receptor antagonistic activity.


In conclusion, our attempt to find a good correlation
between the chosen physico-chemical and structural
variables with the recently identified novel 6-amino-4-
phenyltetrahydroquinoline scaffold resulted in some
interesting and useful information to optimize the
FSH receptor antagonistic activity. The derived QSAR
model not only provides information about the hydro-
phobic interactions between these ligands and the large
lipophilic pocket of the FSH receptor active site but also
supplements the ideal type of linker required at the 6-po-
sition and the substitutional requirements at the 4-phen-
yl ring of the tetrahydroquinoline scaffold for improved
FSH receptor antagonistic activity.
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Abstract—A series of tropane derivatives has been synthesized as lobelane analogues and evaluated for their binding affinity at the
vesicular monoamine transporter-2 (VMAT2), and at a4b2* and a7* nicotinic acetylcholine receptors. The trop-2-ene analogues 4a
and 4b exhibited good affinity and high selectivity for VMAT2.
� 2005 Elsevier Ltd. All rights reserved.

The brain vesicular monoamine transporter (VMAT2)
is a vital component in the regulation of synaptic
dopamine (DA) concentrations.1 Recent studies have
suggested that VMAT2 plays an important role in medi-
ating the behavioral effects of psychostimulants.2 The
abuse liability of psychostimulants is thought to result
from modulation of the dopaminergic system in brain,
which is generally accepted as being responsible for
the rewarding effects of these abused drugs.3


Amphetamine and methamphetamine, increasingly
abused drugs worldwide, promote DA release from the
synaptic vesicles into the cytosol of the dopaminergic
presynaptic terminals through interaction with
VMAT2.4 (�)-Lobeline (the 2R,6S,10S-stereoisomer,
1; Fig. 1), the major alkaloid in Lobelia inflata, decreases
both the stimulant and rewarding effects of metham-
phetamine, and does not act as a substitute reinforcer.5


The mechanism underlying the lobeline-induced inhibi-
tion of these effects of methamphetamine has been
suggested to be due to a noncompetitive inhibition of
VMAT2 function.6 In addition, the observation that
lobeline is not self-administered is consistent with the
findings that lobeline does not evoke DA release.5c,6,7


Furthermore, the observation that lobeline inhibits
methamphetamine-evoked DA release from superfused
rat striatal slices5a is consistent with its ability to
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decrease methamphetamine self-administration.5b These
studies clearly suggest the significance of VMAT2 as a
potential target for the development of agents to treat
methamphetamine abuse. To date, there are very few
VMAT2 ligands reported in the literature.8 Thus, lobe-
line analogues with selectivity for VMAT2 would pro-
vide a novel structural class of ligands representing
new tools for probing the VMAT2 pharmacophore
and in developing potential leads for therapeutic devel-
opment as treatments for methamphetamine abuse.


Due to the high affinity of lobeline (1) for several neuro-
nal nicotinic acetylcholine receptor (nAChR) subtypes,9


studies have been conducted in our laboratory, which
have focused on structural modification of the lobeline
molecule to increase affinity and selectivity for
VMAT2.9c,10 Systematic structural modification of lobe-
line afforded lobelane (2) (Fig. 1), a chemically defunc-
tionalized, saturated lobeline analogue. Lobelane has
higher affinity than lobeline and good selectivity for
the [3H]dihydrotetrabenazine ([3H]DTBZ) binding site
on VMAT2 compared with lobeline.9c,10 An extensive
SAR study on lobelane (2) has been carried out, mainly
focusing on structural modifications of the two phenyl
rings, changing the chirality of C-2 and C-6 chiral cen-
ters, or changing the positions of the two side chains
around the piperidine ring.10,11 As part of continuing
project to discover novel ligands for VMAT2, and to
gain more information on the structural requirement
for ligand binding to VMAT2, SAR studies focusing
on structural modification of the piperidine ring of the
lobelane molecule were considered to be worthwhile.
In the present study, our efforts were focused on
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Figure 1. Structures of (�)-lobeline (1) and lobelane (2).
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analogues, where a tropane ring was substituted for
the piperidine ring in lobelane (2). The tropane ring
represents a conformationally restricted form of the
piperidine ring. Also, due to their interaction with
monoamine transporters, derivatives of tropane (i.e.,
analogues of the 8-azabicyclo[3.2.1]octane ring system)
have received considerable attention recently in drug
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R R
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N
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a


a


b
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10 11


Scheme 1. Reagents and conditions: (a) Zn/Hg, 20% HCl/1,4-dioxane (1:1),


THF, �78 �C.

discovery research.12 Therefore, it was considered of
interest to investigate tropane ring analogues of lobelane
as VMAT2 ligands.


The general methodology for the preparation of com-
pounds 4a–4c13 and 5a–5c13 is shown in Scheme 1a.
Compounds 3a–3c were obtained by aldol condensation

N
H3C


R R


R


R2


R1


N
H3C


7a R1=H, R2=OH
7b R1=OH, R2=H


a R=H
b R=F
c R=OCH3


5a R=H
5b R=F
5c R=OCH3


N


b


b


9


12


reflux; (b) H2, Pd/C, HOAc/MeOH (1:10), 45 psig, rt; (c) L-Selectride,
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of tropinone with benzaldehyde, 4-fluorobenzaldehyde,
or 4-methoxybenzaldehyde.14 Clemmensen reduction
of 3a, 3b, or 3c with amalgamated Zn afforded com-
pound 4a, 4b, or 4c, respectively. Compound 5a, 5b,
or 5c was each obtained as a single stereoisomer by cat-
alytic hydrogenation of the corresponding precursor
molecule, 4a, 4b, or 4c. Compound 3a could be reduced
stereoselectively to compound 6 by catalytic hydrogena-
tion. Using lithium tri-sec-butylborohydride (L-Select-
ride), 6 was then reduced stereoselectively to
compound 7a. Stereoselective reduction of 6 with amal-
gamated Zn provided compound 7b (Scheme 1a). The
structures of 7a and 7b were confirmed by X-ray
crystallography.15


The above tropane analogues were evaluated at [3H]nic-
otine ([3H]NIC) binding sites (a4b2* nAChR) and
[3H]methyllycaconitine ([3H]MLA) binding sites (a7*
nAChR) on rat brain membranes, and at the [3H]dihy-
drotetrabenazine ([3H]DTBZ) binding site (VMAT2)
on rat synaptic vesicle membranes (Table 1). None of
these compounds showed any affinity for either a4b2*
or a7* nAChRs. The trop-2-ene analogues 4a and 4b
(Ki = 1.30 and 1.38 lM, respectively) exhibited similar
affinity but higher selectivity at VMAT2 compared to
lobelane (2) (Ki = 0.97 lM). Interestingly, compounds
5a and 5b (both with Ki >100 lM), saturated analogues
of 4a and 4b, respectively, had no affinity at VMAT2.
These results suggest that the double bond in compound
4a or 4b plays an important role in the recognition of the
binding site of VMAT2. In this respect, the double bond
affects both the configuration of the tropane ring and the
orientations of two side chains at C-2 and C-4. In partic-
ular, the molecules of 4a and 4b are more extended than
the corresponding reduced analogues, that is, 5a and 5b.
Compound 4c (Ki = 4.80 lM), in which an electron-do-
nating methoxy group was introduced into the para po-
sition of each of the two phenyl rings, exhibited lower

Table 1. Inhibition constants (Ki) for lobelane analogues at the


[3H]NIC binding site (a4b2* nAChR) and the [3H]MLA binding site


(a7* nAChR) on rat brain membranes, and at the [3H]DTBZ binding


site (VMAT2) on rat synaptic vesicle membranes


Compound Ki, lM, ±SEMa


[3H]NIC


binding


[3H]MLA


binding


[3H]DTBZ


binding


1 0.004 ± 0.000 6.26 ± 1.30 2.76 ± 0.64


2 14.9 ± 1.67 26.0 ± 6.57 0.97 ± 0.19


4a >100 >100 1.30 ± 0.21


5a >100 >100 >100


4b >100 >100 1.38 ± 0.20


5b >100 >100 >100


4c >100 >100 4.80 ± 1.70


5c >100 >100 3.88 ± 0.90


6 >100 >100 >100


7a >100 >100 >100


7b >100 >100 >100


9 >100 >100 3.95 ± 0.54


11 1.84 ± 0.32 15.24 ± 1.32 >100


12 6.57 ± 1.00 14.0 ± 0.63 >100


a Each Ki value represents data from at least three independent


experiments, each performed in duplicate.

potency at VMAT2 compared to either lobelane (2),
4a, or 4b. Surprisingly, in contrast to 5a and 5b, when
the double bond in 4c was reduced to afford the tropane
analogue 5c, the affinity of 5c (Ki = 3.88 lM) at VMAT2
was retained. It is possible that the electron density in
the phenyl rings may influence binding at VMAT2. It
should be noted, however, that compound 5c is more
extended than either 5a or 5b, because of the presence
of the para-methoxy groups; thus, full extension of the
molecule in these tropane analogues may be important
for VMAT2 binding. As expected, compounds 6, 7a,
and 7b, analogues of compound 5a in which oxygen-
containing functional groups were present in the mole-
cule, exhibited no affinity at a4b2* and a7* nAChRs,
and at the VMAT2 binding site (Table 1).


Compound 9,13 which incorporates an increased dis-
tance between the phenyl rings and the C-2, C-4 atoms
of the tropane ring compared to 5a, was synthesized
from compound 8 via a similar procedure as that uti-
lized for the synthesis of 5a (Scheme 1b). Compared to
5a, compound 9 (Ki = 3.95 lM, Table 1) showed in-
creased affinity at VMAT2. It should be noted that, sim-
ilar to compound 5c, compound 9 is a more extended
molecule than compound 5a, which may be the reason
for the observed increase in VMAT2 affinity.


In a previous study, we have demonstrated that both the
C-2 and C-6 side chains of the piperidine ring of lobe-
lane are essential for VMAT2 affinity and selectivity.11


The high VMAT2 affinity and selectivity observed for
4a in this series of compounds encouraged us to carry
out a similar SAR investigation. Compounds 11 and
12, which incorporate the double bond containing frag-
ment and the single bond containing fragment present in
compound 4a, were synthesized from the mono-aldol
adduct 1016 via a similar procedure as that utilized for
the synthesis of compounds 4a and 5a (Scheme 1c). In
contrast to the corresponding 2,4-disubstituted com-
pounds, both 11 and 12 showed affinity at a4b2* and
a7* nAChRs, but neither of them exhibited any affinity
at VMAT2 (Table 1). This result is consistent with the
findings from our previous studies on lobelane ana-
logues11 that the whole lobelane molecule is required
for recognition by VMAT2.


In conclusion, a novel series of lobeline and lobelane
analogues in which the piperidine ring has been replaced
with a more rigid tropane ring has been synthesized.
Some of these analogues exhibit good affinity and selec-
tivity at VMAT2. This investigation indicates that there
is potential for the design and synthesis of lobelane ana-
logues with greater potency and selectivity in the devel-
opment of novel VMAT2 ligands as treatments for
methamphetamine abuse.
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7.14 (m, 4H), 6.78–6.86 (m, 4H), 5.05 (br s, 1H), 3.79 (s,
3H), 3.78 (s, 3H), 3.16 (ABq, 2H), 2.91–3.01 (m, 2H), 2.83
(m, 1H), 2.42–2.56 (m, 2H), 2.24 (s, 3H), 1.73–2.03 (m,
3H), 1.62 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3): d
158.0, 157.8, 141.2, 132.3, 131.3, 130.0, 121.5, 113.9,
113.8, 62.4, 62.0, 55.4, 40.9, 37.0, 36.9, 32.1, 22.7 ppm;
MS (EI) m/z 363 (M+); Anal. Calcd for C24H29NO2ÆHCl:
C, 72.07; H, 7.56; N, 3.50. Found: C, 71.70; H, 7.46; N,
3.32. Compound 5a: 1H NMR (300 MHz, CDCl3): d
7.10–7.33 (m, 10H), 3.32 (br s, 2H), 2.88 (m, 2H), 2.55 (s,
3H), 2.36–2.63 (m, 4H), 2.01 (br s, 4H), 1.69 (dt, J = 14.1,
4.5 Hz, 1H), 0.92 (dd, J = 25.8, 12.0 Hz, 1H) ppm; 13C
NMR (75 MHz, CDCl3): d 137.9, 129.0, 128.8, 126.7,
66.0, 39.1, 38.9, 29.6, 20.7 ppm; MS (EI) m/z 305 (M+);
Anal. Calcd for C22H27NÆHCl: C, 77.28; H, 8.25; N, 4.10.
Found: C, 76.97; H, 8.54; N, 3.99. Compound 5b: 1H
NMR (300 MHz, CDCl3): d 6.89–7.10 (m, 8H), 2.78 (br d,
J = 3.6 Hz, 2H), 2.36 (d, J = 7.8 Hz, 4H), 2.18 (s, 3H),
1.98 (m, 2H), 1.83 (m, 2H), 1.59 (m, 2H), 1.39 (dt,
J = 13.5, 4.5 Hz, 1H), 0.69 (dd, J = 25.2, 12.0 Hz, 1H)
ppm; 13C NMR (75 MHz, CDCl3): d 162.9, 159.6, 136.01,
135.97, 130.4, 130.3, 115.2, 114.9, 64.7, 42.7, 41.3,
39.4,30.7, 21.4 ppm; MS (EI) m/z 341 (M+);
C22H25F2NÆHClÆ0.2H2O: C, 69.26; H, 6.97; N, 3.67.
Found: C, 69.33; H, 6.90; N, 3.66. Compound 5c: 1H
NMR (300 MHz, CDCl3): d 7.02 (d, J = 8.7 Hz, 4H), 6.80
(d, J = 8.7 Hz, 4H), 3.78 (s, 6H), 2.88 (br s, 2H), 2.30–2.42
(m, 4H), 2.24 (s, 3H), 2.13 (m, 2H), 1.84 (m, 2H), 1.65 (m,
2H), 1.46 (dt, J = 13.5, 4.5 Hz, 1H), 0.72 (dd, J = 25.2,
12.0 Hz, 1H) ppm; 13C NMR (75 MHz, CDCl3): d 157.8,
132.1, 129.9, 113.8, 65.0, 55.4, 42.1, 41.0, 39.2, 30.7,
21.3 ppm; MS (EI) m/z 365 (M+); Anal. Calcd for
C24H31NO2ÆHCl: C, 71.71; H, 8.02; N, 3.48. Found: C,
71.33; H, 7.80; N, 3.42. Compound 9: 1H NMR
(300 MHz, CDCl3): d 7.12–7.32 (m, 10H), 2.89 (br d,
J = 3.3 Hz, 2H), 2.57 (t, J = 7.8 Hz, 4H), 2.28 (s, 3H),
1.37–1.82 (m, 11H), 1.02–1.26 (m, 4H), 0.49 (dd, J = 25.2,
12.0 Hz, 1H) ppm; 13CNMR (75 MHz, CDCl3): d 142.7,
128.5, 128.3, 125.7, 65.6, 41.3, 40.4, 36.4, 33.5, 31.0, 29.2,
21.5 ppm; MS (EI) m/z 361 (M+); Anal. Calcd for
C26H35NÆHCl: C, 78.46; H, 9.12; N, 3.52. Found: C,
78.13; H, 8.80; N, 3.37.
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Abstract—A series of podocarpic acid amides were identified as potent agonists for Liver X receptor a and b subtypes, which are
members of a nuclear hormone receptor superfamily that are involved in the regulation of a variety of metabolic pathways including
cholesterol metabolism. We recently reported podocarpic acid anhydride and imide dimers as potent LXR agonists. Through
parallel organic synthesis, we rapidly identified a series of new podocarpate leads with stable structures exemplified by adamantyl-
and phenylcyclohexylmethyl-podocarpic acid amides (14 and 18). Compound 18 exhibited LXRa/b 50/20 nM (binding affinity) and
33.7/35.3-fold receptor inductions. Synthesis, SAR, and biological activities of new podocarpate analogs are discussed.
� 2005 Elsevier Ltd. All rights reserved.

It has been well-established in the medical community
that higher level of cholesterol is a major risk factor
associated with the occurrence of coronary heart disease
and stroke. Pharmacologic intervention through effi-
cient regulation of cholesterol biosynthesis, metabolism,
acquisition, and transport in mammalian cells forms the
scientific base for drug therapy of atherosclerosis. Liver
X Receptors (LXR) are members of a superfamily of
nuclear hormone receptors represented by two subtypes,
LXRa and LXRb.1–3 Oxysterols have been identified as
endogenous ligands for both subtypes.4–7 These recep-
tors have been shown to play significant roles in choles-
terol homeostasis.8 Upon ligand binding, LXRs form
heterodimers with the retinoid X receptor (RXR), which
recruit a variety of co-activators and activate the expres-
sion of a number of genes involved, directly or indirect-
ly, in cholesterol and fatty acid metabolism including
ABCA1, a cholesterol transporter protein. It has been
shown that non-steroidal LXR agonists cause increased
expression of ABCA1 and raise the HDL levels in mice.
ABCA1 mediates the efflux of cholesterol out of the cells
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and onto the ApoA1 protein of HDL particles. There-
fore, LXR agonists are expected to provide an opportu-
nity for the development of drugs to increase reverse
cholesterol transport and thus decrease the burden of
atherosclerosis.8


In a previous recent account, we reported the identifica-
tion of acetyl podocarpic acid anhydride (1) and imide
dimer (2) as potent agonists of LXR a and b recep-
tors.9,10 Monomeric natural product, podocarpic acid
(3), and various differently linked dimeric compounds
were either significantly less active or inactive. While
imide 2 exhibited good overall activity including in vivo
activity, it lacked the required physical and pharmacoki-
netic (PK) properties to be considered for further devel-
opment. During the SAR study of dimers, we observed
that unsymmetrical dimers with stable linkages retained
some LXR receptor-binding activity, albeit much weak-
er. It also became clear to us that all the active dimers
were linked through at least one carboxyl functional
group to the second molecule of the podocarpate. We
reasoned that if we take one molecule of podocarpic
acid and couple it through ester, amide, and imide
bond with readily available alcohols and amines, we
would generate a large number of podocarpic esters,
amides, and imides. By changing the shape, size,
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polarity, functionality, and stereochemistry of the amino
donors, we would be able to fine-tune the SAR of these
analogs toward obtaining potent LXR agonists. The
discovery, synthesis, and SAR of selected esters (4–7),
amides (8–23), imide (24–25), and C-linked diketone
(26) are described.


HO
NH


OH


HO


OH


2


HO
O


OAc


HO


OAc


OH
HO


OH


1


3


1


4


13


7


Most of the primary and secondary amides presented in
Table 1 were synthesized by the reaction of primary and
secondary amines with unprotected podocarpic acid (3),
either by activation of HOBt and EDAC in CH2Cl2 or
Bop reagent in DMF in excellent yield. Synthesis of
some of the hindered secondary amides and cyclic
amides required protection of the phenolic group as a
benzyl ether10 and activation by either of the two re-
agents in DMF, followed by removal of benzyl ether
by catalytic hydrogenolysis (Scheme 1). Esters were syn-
thesized by acid chloride activation, followed by reac-
tion with appropriate alkyl halides. Imides were
synthesized by reacting benzyl protected podocarpic
amide (27)9,10 with appropriate acid chlorides (Scheme
2).


The diketone 26 was prepared in good yield by acylation
of deprotonated podocarpic methyl ketone (28)10 with
adamantyl acid chloride, followed by hydrogenation
(Scheme 3).


Deprotonation of the podocarpic amide (18) with sodi-
um hydride, followed by reaction with diethyl phosphor-
ochloridate, produced phosphonate (29), which upon
metal ammonia reduction provided 13-deoxy podocar-
pic amide (19) in >70 overall yield (Scheme 4).


Like dimeric podocarpates, all compounds were first
evaluated in LXRSPA a- and b-binding assay using
{3-chloro-4-(3-(7-(2,3-ditritio-propyl)-3-trifluoromethyl-
6-(4,5)-isoxazolyl) propylthio)-phenyl acetic acid, 30,
followed by measurement of in vitro agonist activity in
a coactivator association assay using recombinant ste-
roid receptor coactivator 1 (SRC1) protein and recombi-
nant human LXRa and b ligand-binding domains in a
homogeneous time-resolved fluorescence (HTRF) as-
say.11 Cell-based transactivation (TA) assay was used
to evaluate functional agonist or antagonist activities
of compounds using a chimeric LXR construct in
HEK-293 cells. This assay uses fusion proteins with
the yeast Gal4 DNA-binding domain connected to the
hinge region and the LBD domain of either LXR human
receptors and has been previously described.9,11 We

prepared over 250 analogs of podocarpic acid predomi-
nated by amides together with a few esters, selected imi-
des, and C-linked diketones. Polar amides (including
O- and N-containing heterocycles) and esters with or
without linkers were uniformly inactive. Representative
examples of compounds are given in Table 1. The car-
boxy amide and the methyl ester did not exhibit any
binding activity. Lipophilic amides and esters exhibited
variable binding activity. Benzyl ester (4) exhibited bind-
ing activities with binding IC50 value of �2.8 lM against
both receptors. The allyl ester (5) was inactive, whereas
the esters with four (e.g., 6) and five (e.g., 7) carbon
chains showed modest activity. In the amide series,
phenyl amide was completely inactive, whereas benzyl
amide did not exhibit any binding affinity for a-receptor
but exhibited binding affinity for b-receptor
(IC50 = 3.9 lM). The extension of the chain length by
one methylene group (e.g., phenethyl derivative, 8) led
to improvement of activities against both receptors (Ta-
ble 1). However, p-hydroxylation of the phenethyl amide
lost activity completely. Amides of amino acids with
tert-butyl or allyl ester exhibited binding IC50 ranging
from 1 to 5 lM but only rarely exhibited any activity
in the functional HTRF assays. Amides with bulky alkyl
groups with or without phenyl group exhibited some of
the best activities. While a number of non-aromatic
amides (e.g., 9–13) exhibited sub lM to 5 lM IC50 val-
ues, adamantyl amides (10–11) exhibited better activities
and were pursued further. The binding affinities of the
primary (10) and the secondary (11) adamantyl amides
were essentially identical, exhibiting IC50 values of
�0.10 and �0.18 lM for a and b LXR receptors, respec-
tively, displaying about 2-fold preference for the a-re-
ceptor. Shortening of the chain length (e.g., 14) or
movement of the nitrogen to the adjacent carbon (e.g.,
15) did not have any significant impact on the binding
affinity. The ester substitution at C-9 of adamantyl ring
(e.g., 16) retained most of the binding affinity but hydro-
lysis of the ester to carboxylic acid lost all of the affinity
(data not shown). Monohydroxy substitutions at C-5,
C-7, or C-8 of the adamantyl ring resulted in inactive
(IC50 > 10-50 lM) compounds. Likewise, reduction of
the amide keto group of 10 to methylene lost the activity
(a/b binding IC50 7.04/8.50 lM). Substitution of podo-
carpic acid part of 10 with 13-hydroxy 13-iodo, 13-bro-
mo, 7-keto retained only 5–10% of the activity (data not
shown).


The binding affinity of these compounds correlated well
with the coactivator association activity against the a-re-
ceptor but not against the b-receptor. The three best
compounds of the series 10, 11, and 16 exhibited EC50


values of 0.23, 0.14, and 0.76 lM, respectively, against
a-receptor in coactivator association HTRF assay and
were full agonists. These compounds showed 22.6-,
29.5-, and 14.3-fold maximal induction, respectively, of
the LXR a-receptor in the transactivation assay. Despite
lack of stimulation against the b-receptor in the HTRF
assay, these compounds exhibited 24.4-, 19.4-, and 19.7-
fold TA induction, respectively, against the b-receptor.
In contrast to dimeric series, the adamantyl imide (24)
and C-linked diketone (26) derivatives had lost signifi-
cant activities in all assays.







Table 1. Podocarpic acid ester, amides, imide, and C-linked diketone derivatives and their LXR activities


Compound R-podocarpate SPA binding


(IC50, lM)


Coactivator association HTRF


assay (EC50, lM)


Transactivation


(EC50, lM)


TA max fold


induction


LXRa LXRb LXRa LXRb LXRa LXRb LXRa LXRb


1 Acetyl anhydride dimer 0.002 0.002 0.002 0.002 0.010 0.010 60 54


2 Imide dimer 0.001 0.001 0.001 0.001 <0.003 <0.003 24 30


4 Ph CH2O 2.8 2.9 >15 >15 NA NA NA NA


5 CH2@CHCH2O >15 >15 >50 >50 NT NT NT NT


6 CH2@CHCH2CH2O 5.06 3.85 >50 >50 NT NT NT NT


7 CH2@CHCH2CH2CH2O 3.8 5.0 >50 >50 NT NT NT NT


8 PhCH2CH2NH 2.93 2.22 5.2 >50 40% at 10a 28% at 10a 10.5 11.5


9 NH 3.1 4.12 3.1 >50 NA NA 2.2 2.8


10


NH
1


5


7


9
0.10 0.19 0.23 >50 0.86 50% at 10a 22.6 24.4


11


NH


0.09 0.18 0.14 >50 136% at 10a 49% at 10a 29.5 19.4


12
NH


0.35 0.31 0.24 (40%)b >50 63% at 10a 13% at 10a 11.7 7.1


13
NH


0.27 0.20 0.28 >50 1.70 78% at 10a 12.7 23.3


14


NH


0.14 0.17 0.22 0.22 (27%)b 130% at 3a 81% at 10a 41.2 26.8


15
NH


0.13 0.10 0.32 >50 0.90 3.80 2.6 2.3


16


NH


O


EtO


0.03 0.53 0.76 >10 0.83 51% at 3a 14.3 19.7


17
N


0.30 0.19 0.32 >50 430% at 10a 139% at 10a 47.5 44.5


18 NH 0.05 0.02 0.05 >50 164% at 3a 90% at 3a 33.7 35.3


19 12-deoxy-18 0.20 0.13 0.17 (49%) >50 98% at 10a 40% at 10a 18.9 15


20


NH


0.49 0.42 0.36 >50 42% at 10a 21% at 10a 21.7 5.5


21 N 0.20 0.18 0.07 0.07 (31%)b 92% at 1a 95% at 1a 22.8 22.1


22
N


0.75 0.50 0.43 1.5 175% at 3a 275% at 1a 5.6 4.4


23
N


0.36 0.37 0.15 0.1 (25%)b 144% at 3a 111% at 3a 24.2 32.1


(continued on next page)
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Table 1 (continued)


Compound R-podocarpate SPA binding


(IC50, lM)


Coactivator association


HTRF assay (EC50, lM)


Transactivation


(EC50, lM)


TA max fold


induction


LXRa LXRb LXRa LXRb LXRa LXRb LXRa LXRb


24


O NH


0.29 0.29 1.5 (38%)b >50 20% at 10a NA 5.1 1.7


25


NHO


0.42 0.12 0.17 >50 NA NA NA NA


26


O CH2


1.67 1.01 >50 >50 62% at 10a 13% at 10a 5.4 4.4


30 Control compound 0.035 0.025 0.035 0.016 1.79 1.08 20 35


a The % activation did not plateau.
b Partial agonist; NT (not tested); NA (not active at 10 lM); 30 {3-chloro-4-(3-(7-(2,3-ditritio-propyl)-3-trifluoromethyl-6-(4,5)-isoxazolyl) propyl-


thio)-phenyl acetic acid)}.
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Scheme 1. Reagents: (i) TMSCHN2, MeOH, PhH; (ii) Cs2CO3, BnBr,


DMF; (iii) K-t-BuO, DMSO, H3O
+; (iv) HOBt, EDAC, CH2Cl2,


primary amines (v) Bop reagent, DMF, primary or secondary or cyclic


amines; (vi) H2, 10% Pd/C, 45 psi.
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Scheme 4. Reagents: (i) NaH, THF, diethyl phosphorochloridate;


(ii) diethyl ether, liquid NH3, Li, �78 �C.
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Scheme 3. Reagents: (i) NaHMDS, THF, Adamantyl chloride; (ii) H2,
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One of the other bulky aliphatic cyclic amides that is
worth mentioning is 17 that exhibited a/b binding IC50


of 0.30/0.19 lM, coactivator association EC50 of 0.32/
> 50 lM, and a/b TA fold induction of 47.5/44.5.


The phenethyl lead was explored further by coupling of
commercially available aromatic amines with various

design elements, such as variation of the length of the
linker and introduction of constraints leading to the syn-
thesis of primary, secondary, and cyclic amides. The
SAR of this class of compounds was very complex and
clustered in three groups. The most interesting com-
pounds of the group are presented in Table 1. Of these,
the primary amide 18 and the cyclic amide 21 were most
potent and exhibited a/b binding IC50 values of 0.05/
0.02 and 0.20/0.18 lM, respectively. While the primary
aromatic amide 18 exhibited potent activity (EC50


0.05 lM) in the coactivator association assay against
the a-receptor, it was completely inactive against the
b-receptor. In contrast, the cyclic aromatic amide 21
was a full agonist (EC50 0.07 lM) against the a-receptor
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and a partial agonist (EC50 0.07 lM) against the b-re-
ceptor (maximal stimulation observed was only 31%
for the b-receptor). The primary and secondary amides
(e.g., 18 and analogs, 20) were consistently devoid of
the b-receptor HTRF activity and exhibited selectivity
for a-receptor, while all cyclic amides (e.g., 21–23)
exhibited b-receptor HTRF activity and did not show
any selectivity. The amide 18 was a potent activator
and exhibited 33.7-fold activation of the a-receptor
and 35.3-fold activation of the b-receptor. Cyclic amide
21 was also a potent activator, providing 92% and 95%
max activation of a and b receptors in TA assays at
1 lM affording 22.8- and 22.1-fold inductions,
respectively.


Of these two most active leads, amide 18 was selected for
further SAR studies. First, N-methylation caused 10- to
15-fold loss of activities. Replacement of the cyclohexyl
ring with cyclopropyl, cyclobutyl, cyclopentyl rings and
dimethyl group, substitution in the aromatic ring with
m- and p-OMe, m- and p-CO2Me uniformly resulted in
the reduction of binding affinity by 2- to 20-fold but sub-
stitution with m- or p-CO2H lost affinity completely. The
elimination of the phenolic group (e.g., 19) and the con-
version to imide analog (25) resulted in a reduction of
binding affinity and agonist activities.


Movement of the nitrogen one carbon (e.g., 23) or con-
straining the flexibility (e.g., 22) of the cyclic amides led
to the loss of activity, indicating that both position of
the nitrogen and slight flexibility are important for bind-
ing affinities and agonist properties. Derivatization of
the phenolic group as ether or ester (except acetate)
was detrimental for the activity in all series.


Before in vivo studies, Male SD rats PK studies of 14
and 18 were conducted. Rats were dosed at 1 mg/kg
intravenous (N = 2) in EtOH:PEG400:H2O (20:30:50
v/v/v, 1 mg/mL) and 2 mg/kg oral (N = 3) by gavage.
The compound was recovered from blood by acetoni-
trile precipitation and analyzed by LC-MS/MS with
external standard. Amide 14 afforded iv AUC of
1.03 lM.h.kg/mg, Clp 42 mL/min/kg, Vdss of 2.67 L/
kg and t1/2 of 1.15 h; and po AUC 0.01 lM.h.kg/mg,
Cmax 0.01 lM and F 1.1%. Amide 18 gave iv AUC of
0.47 lM.h.kg/mg, high Clp 82 mL/min/kg, high Vdss
of 9.5 L/kg and t1/2 of 1.8 h; and po AUC
0.04 lM.h.kg/mg, Cmax 0.03 lM and F 13.5%. The

amide 18 was evaluated for in vivo efficacy in C57Bl/
6J male mice (fed Chow diet) at 30 mg/kg twice daily
by oral administration for 7 days. Cholesterol and tri-
glyceride levels were measured. Unlike imide 2, this
compound did not show any effect on the lipid levels
potentially due to its lower (�50-fold) intrinsic potency
(compared to 2) and lower exposure level.


In summary, in this paper we have described podocarpic
amides as potent agonists of LXR, defined broad SAR,
and extended our initial studies of dimers.
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Abstract—Introduction of a 5,6-dihydrouracil functionality in the 5-position of N-(4-fluorobenzyl)-8-hydroxy-[1,6]naphthyridine-7-
carboxamide 1 led to a series of highly active HIV-1 integrase inhibitors. These compounds displayed low nanomolar activity in
inhibiting both the strand transfer process of HIV-1 integrase and viral replication in cells. Compound 11 is a 150-fold more potent
antiviral agent than 1, with a CIC95 of 40 nM in the presence of human serum. It displays good pharmacokinetics when dosed in rats
and dogs.
� 2005 Elsevier Ltd. All rights reserved.

The etiological agent of acquired immune-deficiency syn-
drome (AIDS) is the human immunodeficiency virus type
1 (HIV-1). One of the possible targets for chemotherapeu-
tic intervention is a virally encoded enzyme, HIV inte-
grase, which catalyzes the insertion of double-stranded
viral DNA into the host cell�s DNA. Integration is a
three-step process consisting of the assembly of the viral
DNA onto the integrase enzyme, endonucleolytic pro-
cessing of the viral DNA, and strand transfer of the pro-
cessed viral DNA into the host cell�s DNA.1


Recently our laboratory reported the discovery of 8-hy-
droxy-[1,6]naphthyridine as a viable replacement to the
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diketoacid pharmacophore in our early integrase inhib-
itors.2,3 Further research led to the discovery of the
N-(4-fluorobenzyl)-8-hydroxy-[1,6]naphthyridine-7-car-
boxamide 1 as a potent structural backbone for inte-
grase inhibition (Fig. 1). Compound 1 inhibits the
strand transfer process of HIV-1 integration with an
IC50 of 33.4 nM.3,4 It inhibits the replication of HIV-1
in cell culture with a CIC95 of 1250 nM (assay run with
10% fetal bovine serum (FBS)).5 In the presence of 50%
normal human serum (NHS) a 4-fold drop in potency
(CIC95 = 5000 nM) is observed due to the binding of
drug to serum protein (99.2%).6


We attempted to incorporate polar heterocycles into
compound 1 for improvement in both intrinsic potency
and physical properties. The bromonaphthyridine 2 was
readily accessible in quantities of several grams (Scheme
1).7 Reacting 2 with methyl acrylate, under Fu�s Heck
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Figure 1. Evolution of 1.


Scheme 1. Reagents and conditions: (a) Pd[P(t-Bu)3]2, Cy2NMe, P(t-Bu)3, Pd2(dba)3, methyl acrylate, 1,4-dioxane, sealed tube, 120 �C; (b) R,R 0-urea


(50–260 eq), melt 165 �C.
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reaction conditions,8 provided the a,b-unsaturated
methyl ester 3. The latter served as the common interme-
diate toward various heterocycles.


For example, melting 3 with urea at 165 �C in a sealed
tube provided dihydrouracil 4.9 Compound 4 inhibits
the strand transfer reaction of HIV-1 integrase with an
IC50 of 10 nM and inhibits the replication of virus in cell
culture with a CIC95 of 55 nM (Table 1). In the presence
of 50% NHS, no drop in potency is observed, due to the
lower protein binding nature of 4 (92.1%). Compound 4
is not cytotoxic at concentrations up to 10 lM.10 Reso-
lution of the enantiomers by chiral HPLC separation
provided the (+) and (�) enantiomers, 8 and 9, respec-
tively. Both enantiomers exhibit similar potency in the
in vitro assay. In the cell-based assay, neither compound

shifts in the presence of human serum, but the (+) enan-
tiomer displays slightly better activity against HIV-1
replication in cells versus the (�) enantiomer (CIC95 of
93.8 nM vs. 125 nM) (Table 1).


Treating 3 with methylurea and subsequent separation
of the reaction products by preparative HPLC provided
the regio-isomers 5 and 6 (as determined by NOE exper-
iments) in poor yield. Although potency is similar in the
in vitro assay, in the cellular anti-viral assay, 5 is four-
fold more potent than 6 with a CIC95 of 15.6 nM in
the presence of 50% NHS (Table 1).


Similarly, treating 3 with N,N 0-dimethyl urea provided
7. This compound maintains inhibitory activity against
HIV-1 integrase strand transfer with an IC50 of







Table 1. Inhibition of HIV-1 integrase catalytic activities and HIV-1 replication in cells by a series of 5-(dihydrouracil or uracil) substituted


8-hydroxy-[1,6]naphthyridine-7-carboxylic acid 4-fluorobenzylamides


Compound R R0 Optical purity Inhibition of strand


transfer IC50 (nM)a,b
Antiviral activity CIC95(nM)


(with 10% FBS)c
Antiviral activity CIC95


(nM) (with 50% NHS)c
% Binding to human


plasma proteind


1 — — — 32.8 ± 7.8 (n = 6) 1250 (n = 3) 5000 (n = 2) 99.2


Dihydrouracil


4 H H Racemic 10(n = 8) 53.7 ± 25.1 (n = 8) 55.7 ± 22.6 (n = 8) 92.1


5 H Me Racemic 12.5 ± 4.3 (n = 4) 15.6 (n = 1) 15.6 (n = 1)


6 Me H Racemic 12.8 ± 3.0 (n = 4) 31.3 (n = 2) 62.5 (n = 2)


7 Me Me Racemic 8.7 ± 1.9(n = 6) 18.6 ± 6.1 (n = 16) 60.7 ± 7.4 (n = 17) 94.3


8 H H (+)97.2%ee 11 ± 1.7 (n = 4) 93.8 ± 31.3 (n = 2) 93.8 ± 31.3 (n = 2)


9 H H (�)92.8%ee 13.3 ± 3.7 (n = 4) 125 (n = 2) 125 (n = 2)


10 Me Me (+) 100%ee 11.3 ± 1.9 (n = 3) 41.7 ± 14.7 (n = 3) 166.7 ± 58.9 (n = 3) 96.0


11 Me Me (�)93.1%ee 35 ± 5(n = 2) 20.1 ± 7.1 (n = 7) 40.2 ± 14.1 (n = 7) 95.0


Uracil


14 Me Me 27.5 ± 13.0 (n = 4) 250 (n = 1) 1000 (n = 1) 97.8


a See Refs. 3,4.
b The lower limit of activity of this assay is �10 nM.
c See Ref. 5.
d See Ref. 6.


Figure 2. X-ray crystal structure of 7.
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8.7 nM (Table 1). Compound 7 has a CIC95 of 18.6 nM
in 10% FBS, which increases to 60.7 nM in the presence
of 50% NHS, due to its higher protein binding of 94.3%.
Chiral HPLC separation of the racemic 7 provided the
(+) and (�) enantiomers, 10 and 11 respectively. The
(�) enantiomer 11 displays better cellular activity
(CIC95 of 20.1 nM with 10% FBS and 40.2 nM with
50% NHS) as compared to the (+) enantiomer 10
(CIC95 of 41.7 nM with 10% FBS and 166.7 nM with
50% NHS) even though 11 is less active in the enzyme
assay (IC50 = 35 nM vs. IC50 = 11.3 nM for 10) (Table
1). When 11 is dosed to rats as the sodium salt, it dis-
plays good pharmacokinetics with a clearance of
9.76 mL/min/kg, a Cmax of 4.81 lM, and an absolute
oral bioavailability of 28.0%. Similarly when dosed to
dogs, 11 displays good pharmacokinetics with a clear-
ance of 3.47 mL/min/kg, a Cmax of 1.58 lM, and a
bioavailability of 41.5%.11


Additional features of 7 were revealed by X-ray crystal-
lographic structure determination (Fig. 2).12 The naph-
thyridine ring is positioned in a pseudo-axial
orientation relative to the dihydrouracil ring. The naph-
thyridine and the exocyclic amide are in an extended co-
planar conformation. The dihydrouracil ring is almost
planar, orientates perpendicular to the naphthyridine
ring, and points toward the 4-fluorobenzyl amide.


The unsaturated N,N 0-dimethyluracil analog 14 was also
synthesized. In this case, the plane of the uracil ring

would be expected to orient perpendicular to the plane
of the naphthyridine ring and as such, the uracil ring
would not be pointed toward the 4-flourobenzyl amide.
Attempts to oxidize the dihydrouracil to the uracil were
unsuccessful. The compound 14 was synthesized by cou-
pling the iodide 12 with the dimethyl uracil zinc iodide
13 using the method of Knochel (Scheme 2).13


Compared to the saturated analogs, the unsaturated
uracil analog 14 is less active in the enzyme assay
(IC50 = 27.5 nM). This decrease in activity is also more
significantly reflected in the cell-based assay with a







Scheme 2. Reagents and conditions: (a) Pd2(dba)3, (2-furyl)3P, DMA, 80 �C.
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CIC95 of 250 nM (with 10% FBS) and a CIC95 of
1000 nM with 50% NHS (PB = 97.8%) (Table 1).


This observation suggests that sp3 hybridized linkages
off of the 5-position of naphthyridine-based inhibitors
will provide more potent analogs against viral replica-
tion in cells. Further research was done in this area by
our group, which will be reported at a later date.


In summary, a potent series of dihydrouracil heterocy-
cles were synthesized that displays nanomolar inhibition
of HIV-1 replication in a cell-based assay with little shift
in efficacy in the presence of human serum. This repre-
sents a 100-fold improvement in potency over the
unsubstituted analog 1. In addition, the (�) enantiomer
of the dimethylated dihydrouracil 11 displays good
pharmacokinetic properties when dosed in rats and in
dogs.
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Abstract—A new class of dual PPARs a and c agonists was developed. These compounds are structural analogues of the arachi-
donic acid metabolite, the 8-(S)-HETE. A versatile strategy has been introduced to prepare the target molecules having different
carbo- and heterocyclic cores and to modulate the unsaturations on the side chains. Their affinity towards the PPARs a and c recep-
tors is reported, together with their transactivation percentage. Most of these derivatives have a good activity as dual agonists but
the quinoline-derived products appear as the most promising compounds.
� 2005 Elsevier Ltd. All rights reserved.

The peroxisome proliferator activated receptors
(PPARs) were discovered by I. Issemann and S. Green
in 1990.1 They are a subfamily of nuclear receptors also
comprising steroids, thyroids, retinoid acid and vitamin
D3 receptors. Few years after their discovery, three sub-
types were identified a, b (or d) and c.2 The PPARa is
highly expressed in tissues that efficiently harvest energy
from lipids, including liver and skeletal muscle. In these
tissues, PPARa regulates the expression of numerous
genes involved in lipid uptake, catabolism and homeo-
stasis. The PPARb has a ubiquitous expression but its
function is not fully understood yet. The PPARc is high-
ly expressed in adipocytes and it has been shown to
regulate the expression of genes that mediate adipocyte
differentiation, energy metabolism and insulin action,
as well as those encoding a variety of secreted adipokin-
es.3 Recent studies have indicated that dual agonists of
PPARs a/c could be of much interest in medicinal chem-
istry. For instance in insulin resistant animal models,
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dual PPARa/c agonists decreased the free triglyceride
(TG) plasma concentration,4 which can be associated
with an increase in the activity of adipocyte LPL and
an increase of b-oxidation. In addition, dual PPARa/c
agonists increase plasma HDL concentration.5,6 These
effects on glycaemia and insulin sensitivity are compara-
ble to those of TZDs, which are known as excellent
PPARc agonists. This phenomenon is associated with
an increase of insulin sensitivity in the rodent, but this
should be a consequence of the decrease in free fatty
acid concentration. Another interest for the PPARa/c
co-activation is the potent limitation of side effects
observed in the actual treatment by TZDs, such as
increase of weight and/or oedema.


Our goal was to develop a new family of dual PPAR
agonists with a better activity on PPARa than on
PPARc. Many fatty acids and corresponding metabo-
lites are known to activate the PPAR receptors.7 Among
them, the 8-(S)-HETE appeared particularly attractive
since this natural product is a strong activator of sub-
type a (EC50 = 100 nM) and it also exhibits a partial
activity on subtype c.8,9 Furthermore, the 8-(R) enantio-
mer was found to be inactive.10 Therefore, this arachi-
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donic acid metabolite was selected as the starting model
for the design of new analogues (Fig. 1). In a classical
manner, we replaced the E,Z-conjugated diene by aro-
matic or heteroaromatic rings (benzene, pyridine, naph-
thalene and quinoline) to obtain more stable products.
Simultaneously, we replaced the sp2 carbon in position
15 by an oxygen atom. We have maintained the same
chain lengths as in the natural eicosanoid but our design
should allow further modulations at the level of the
unsaturation in positions 5–6, affording alkyne, alkene,
as well as saturated derivatives.


Our retrosynthesis is described in Scheme 1: the various
target molecules 1 should be accessible by hydrogena-
tion of propargylic derivatives 2. The latter compounds
should be prepared by alkylation of type 3 homoprop-
argylic alcohols. Finally, those derivatives should
be easily obtained by Grignard reactions on type 4
aldehydes.


Therefore, our first intermediates were the different
aromatic derivatives with a pentoxy group in position
1 and an aldehyde in position 2. Their synthesis is
shown in Scheme 2. In the case of the benzene ring,
the intermediate 5 was easily obtained in good yield
by O-alkylation of salicylaldehyde. For the pyridine,
the first step was a formylation of 2-chloropyridine.11


Then, after protection of the carbonyl as a ketal, the
substitution of chloride by a pentoxy was performed.
A final deprotection gave the desired formyl pyridine
in 15% overall yield from 6. In the case of the naph-
thalene ring, the 2-naphthol was first formylated and
then alkylated to give 9. Finally, in the case of the
quinoline, a sequence of reactions similar to the pyri-
dine case allowed the preparation of 11 in 63% overall
yield from the commercially available chloroquinoline
10.


The preparation of the key propargylic intermediates is
reported in Scheme 3 for the derivatives with the ben-
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zene and the pyridine cores. The first step was a propar-
gyl bromide-derived Grignard reaction on aldehydes 5
and 7, affording 12a and 12b in good yields. After pro-
tection as silyl ethers 13a and 13b, these derivatives were
alkylated by trimethyl 4-bromo-orthobutyrate.


This reaction was found to require a strict control of the
temperature, otherwise elimination products can be
formed. While 14a could be obtained in good yield, only
low yields were obtained for 14b.


The synthesis of the first target molecules is reported in
Scheme 4. The two Z alkenes 16a and 16b were obtained
in good to excellent yields by semi-hydrogenation, using
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Ni/P2 catalyst in the case of 16a and Lindlar catalyst
for pyridine 16b. The hydrogenation using palladium
on carbon gave the saturated compounds 17a and 17b.
All methyl esters were saponified and the corresponding
salts 15a, 15b, 18a, 18b, 19a and 19b were submitted to
biological tests.


The same route was followed for the other series, bear-
ing naphthalene and quinoline cores (Scheme 5).


Starting from 9 or 11, Grignard addition, followed by
protection of the alcohol function, afforded 21a and
21b. Here again, a careful control of the reaction condi-
tions was necessary to obtain the key intermediates 22a
and 22b in fair yields.

The target molecules with the naphthalene and quino-
line cores were obtained in good yields using the same
sequence of reactions as before: hydrogenation, fol-
lowed by saponification (Scheme 6).


Using this strategy 24 compounds have been prepared
and submitted to biological tests to obtain preliminary
data on structure–activity relationships (SAR) in these
series: of much interest was the effect of the nature of
the aromatic core, as well as the degree of unsaturation
of the side chain. The biological data were obtained on a
chimera human PPAR/Gal4 gene reporter luciferase sys-
tem. The most important results are given in Table 1.
Our purpose was to obtain partial agonists of PPARc
with a high activity on PPARa. Therefore, we report
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only the results obtained with these two subtypes. How-
ever, each product was also tested on PPARb and no
activity was found on this subtype.


A first analysis shows that, except for 14b, 16a and 18a,
all compounds have similar EC50 values on the two
PPAR(s) subtypes or a higher activity on subtype a. In-
deed, compounds, such as 23a and 22b, and even better
14a and 23b, have excellent affinities for PPARa (with
EC50 down to 114 nM). Compounds 14a and 23a
showed partial agonist activity on human PPARa (with
transactivations of 81% and 75%), whereas 14b and 23b
were full agonists of this subtype (with transactivations
of 148% and 287%). Furthermore, the partial activity on
PPARc observed for these compounds could be of inter-
est to reduce side effects such as adipogenesis and weight

gain, which are often observed with PPARc full ago-
nists. This is an interesting result since there are very
few known compounds with a higher activity on subtype
a, which were developed in clinical trials.5,12,13


The first structure–activity relationship was the compar-
ison between the esters and the sodium salts. Our results
showed no important differences, in most cases, between
the esters and sodium salts for the same compound in
terms of EC50 values on the two subtypes PPAR(s).


In the second step, we compared the effect of the degree
of saturation in position 5. In general, the saturated
compounds are less active. The derivatives with the Z
double bond demonstrate intermediate activity. For
instance, 26a and 26b have EC50 values around 1 lM







Table 1. In vitro activity of compounds in cell-based transactivation assay and binding assay against human PPARa/Gal4 and PPARc/Gal4
receptors


Compound hPPARa/Gal4 hPPARc/Gal4 Binding Rosiglitazone


EC50 (nM) % transactivationa EC50 (nM) % transactivationb Ki (nM)


Rosiglitazone >10,000 15 4 100 8


WY 14,643 >10,000 100 >10,000 15


14a 173 81 642 16 1,050


14b 1,632 148 549 45 >10,000


15a >10,000 41 >10,000 32 >10,000


15b 1,543 183 >10,000 25 >10,000


16a >10,000 20 28 24 3,760


16b >10,000 121 >10,000 19 >10,000


17a >10,000 30 >10,000 42 515


17b >10,000 187 >10,000 13 >10,000


18a >10,000 35 340 13 >10,000


18b >10,000 155 >10,000 31 >10,000


19a >10,000 35 >10,000 29 6,690


19b >10,000 204 >10,000 27 >10,000


22a 1,142 112 >10,000 58 695


22b 262 114 1,413 42 >10,000


23a 723 75 >10,000 100 4,390


23b 114 287 617 72 947


24a 1,454 122 >10,000 26 718


24b 1,300 278 1,546 141 1,330


25a 1,531 100 1,356 34 579


25b >10,000 149 >10,000 41 >10,000


26a 1,194 80 1,503 85 1,030


26b 1,086 186 1,195 62 >10,000


27a 1,485 138 >10,000 51 969


27b 1,399 410 1,566 85 2,860


aMaximal signal obtained by comparison to WY 14,643 10�5 M.
bMaximal signal obtained at 10�5 M by comparison to Rosiglitazone 10�5 M.
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on PPARa, and a similar activity on subtype c. For
transactivation, we showed that many of these new
derivatives are more active than the reference compound
(WY 14,643) on the PPARa transactivation test. Fur-
thermore, the most active derivatives are the compounds
with the triple bond, such as 14a, 22b, 23a and 23b.


If now we consider only the propargylic derivatives, as
their sodium salts, we can study the effect of the nature
of the aromatic core: we note that the benzene and pyr-
idine derivatives (15a, 15b) are essentially inactive as
PPAR dual agonists. On the contrary, the compounds
with the naphthalene core (23a) and even more the quin-
oline derivative (23b) gave excellent results. Therefore,
as far as our goal is concerned, the best aromatic cores
are the quinoline derivatives.


Furthermore, the quinoline-derived analogues, especial-
ly the derivatives 22b, 23b and 27b (410% as compared
to WY 14,463), have also the highest transactivation
on subtype a. Among these analogues, three com-
pounds, 14a, 22b and 23b, appear to be particularly
attractive. These products present a potent activity on
PPARa, between 114 and 262 nM, and a good to excel-
lent transactivation between 81% and 287%. Further-
more, these compounds have a partial activity on
subtype c with an EC50 between 617 and 1413 nM,
and a percentage of transactivation between 16% and
72% of the Rosiglitazone response. The most promising
product, the derivative 23b, has a high activity on
PPARa, with an EC50 value equal to 114 nM and

287% for transactivation response compared to the
WY14,643 response; furthermore, its partial response
on the subtype c is characterized by an EC50 at
617 nM and 72% for transactivation. Therefore, it was
selected as the lead compound for future studies.


It is noteworthy that there was no correlation between
EC50 values obtained on transactivation PPARc tests
and binding tests, suggesting that these derivatives have
a binding site different from the Rosiglitazone binding
site. These results suggest a different capacity for these
compounds on the co-activators�/co-repressors� recruit-
ment on PPARc, as compared to those observed with
Rosiglitazone. Complementary experiments, especially
in vivo tests, are under study to set up, with more preci-
sion, the impact of these new compounds in various
pathologies, such as type 2 diabetes and dyslipidemia.


In summary, we have reported an efficient and flexible
strategy for the preparation of 8-HETE analogues.
Some of these products exhibit a very promising activity
as dual PPARa/c agonists. Moreover, the most active
compounds, such as 23b, present a relatively unusual
structural characteristic with the triple bond in positions
5–6. Indeed, the in vitro activities of 23b or 14a and 22b
are similar to, or better, than most of the reference prod-
ucts. Furthermore, this is a new class of dual agonists
with a higher potency on subtype a and a partial agonist
activity on PPARc. Development of these new series of
8-HETE analogues, and especially the quinoline deriva-
tives, is under active study in our laboratories.
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Binding assays were performed in 96-well plate format,
using a classical filtration assay with a human full-length
PPARc construct (GST-PPAR LBD (25 lg/ml))
expressed in bacteria with some modifications to the
experimental conditions. The membrane-associated
PPARc was used as a biological source, as previously
described. The binding buffer consisted of 10 mM Tris/
HCl, pH 8.2, containing 50 mM KCl and 1 mM dithio-
threitol. Membrane preparations (5 lg/mL) were
incubated for 180 min at 4 �C in the presence of
[3H]Rosiglitazone [BRL49653, Amersham] (4 nM) and
the tested compounds. Nonspecific binding was defined
using an excess of unlabelled Rosiglitazone (10 lM).
Incubation was terminated by the addition of ice-cold
50 mM Tris/HCl buffer, pH 7.4, followed by rapid filtra-
tion under reduced pressure through Whatman GF/C
filter plates presoaked with ice-cold buffer, followed by
three successive washes with the same buffer. Radioac-
tivity was measured in a TopCount apparatus (Pack-
ard). The receptor preparation used during these
experiments presented a Bmax of 49 pmol/mg proteins
and a Kd of 5.58 nM for [3H]Rosiglitazone. The com-
pounds were solubilized in pure DMSO and diluted to
the appropriate working concentrations (100 lM to
0.1 nM). For each compound tested, plots of ligand con-
centration versus DPM of radioligand binding were con-
structed and apparent Ki values were estimated from
nonlinear least-squares fit of the data assuming simple
competitive binding. The details of this assay have been
reported elsewhere.14


Compounds were screened for functional potency in a
transient transfection assay performed on Cos-7 cells
where a previously established chimeric receptor system
was used to allow comparison on the relative transcrip-
tional activity on the same target gene. Cos-7 cells were
transiently transfected with luciferase reporter plasmid
(pG5-TK-pGL3) in the presence of pGal4hPPARc or
pGAL4hPPARa (these vectors expressed chimeric pro-
teins containing the Gal4 DNA-binding domain fused
to the human PPARc or the PPARa ligand binding
domain coding sequence) expression vectors. Plasmids
pGal4-hPPARs and pG5-TK-pGL3 were constructed,
as described previously.15 Cells were seeded in 60 mm
dishes at a density of 5.5 · 105 cells/dish in DMEM sup-
plemented with 10% FCS and incubated at 37 �C for
24 h prior to transfection. Cells were transfected in Opti-
MEM without FCS for 3 h at 37 �C, using polyethylene-
imine (PEI), with reporter and expression plasmids. The
plasmid pBluescript (Stratagene, La Jolla, CA) was used
as carrier DNA to set the final amount of DNA to
5.5 lg/dish. The pCMV-b-galactosidase expression plas-
mid was cotransfected as a control for transfection effi-
ciency. Transfection was stopped by the addition of
DMEM supplemented with 10% FCS and cells were
then incubated at 37 �C. After 16 h, cells were trypsin-

ised and seeded in 96-well plates at a density of 2 · 104


cells/well and incubated for 6 h in 10% FCS containing
DMEM. Cells were then incubated for 16 h in DMEM
containing 0.2% FCS and increasing concentrations of
the compound tested (10 lM to 10 nM) or vehicle
(DMSO). At the end of the experiment, cells were
washed once with ice-cold PBS and the luciferase activ-
ity was measured and normalized to internal control
b-galactosidase activity, as described previously.15 Com-
pounds, which elicited on an average at least 80% activa-
tion of PPAR(s) versus Rosiglitazone (PPARc) or
WY14.643 (PPARa) (positive controls), were considered
full agonists. EC50 were estimated using Prism software
(GraphPad). All transactivation and binding experi-
ments were performed once. For each concentration
tested, the measurements were made in triplicate.
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Abstract—The synthesis of the human non-pancreatic secretory phospholipase A2 inhibitor (IC50 = 1.81 ± 0.59 lM) is reported.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


A study of rheumatoid arthritis (RA) patients found that
serum secretory phospholipase A2 (PLA2) activity corre-
lates with disease activity.1 When purified PLA2 enzyme
from synovial fluid and snake venom were injected into
animal joints, an acute inflammatory response with swell-
ing of synovial cells, hyperplasia, and edema have been
aggravated.2,3 High levels of PLA2 are observed in a vari-
ety of severe inflammatory diseases and have been con-
sidered to be accountable for some inflammatory
reactions. Thus, the inhibitors of PLA2 would have great
potential for the treatment of inflammatory diseases.


The first indole inhibitor of human non-pancreatic
secretory (hnps) PLA2 was reported by Eli Lilly and
Company.4 Then many indole-3-acetamides have been
synthesized and showed inhibition of PLA2.5 Two doses
of the indole inhibitors (LY315920Na/S-5920) have been
tested for the efficacy and safety, from clinical pharma-
cology studies, in critically ill patients with sepsis.6


Based on the crystal structure of hnps PLA2 complexed
with indole inhibitor4 (PDB code: 1db4), we confirmed
that ligation of the catalytic calcium, hydrogen bond,
and hydrophobic interaction are the necessary condi-
tions for sPLA2 inhibitors� potency, and the most
important condition is the ligand having the right shape
for interacting with the hnps PLA2 substrate binding
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pocket. Different types of fused heterotricyclic com-
pounds were chosen to be candidates. In the present
study, we prepared new 1-benzyl-3-(carbamoylmethyl)-
2-methyl-1H-indol-5-yl-phenylcarbamate derivatives by
multistep synthesis and tested their inhibitory activity.
The compound had showed good inhibition as expected.

2. Design


All molecular modeling and docking calculations were
performed on the Linux workstation by using SYBYL
6.917 molecule modeling software and Autodock3.05.8


The crystal structure of hnps PLA2 complexed with in-
dole inhibitor4 (PDB code:1db4) was used as the starting
complex structure. Compounds 1, 3, and 5 were built
using SKETCH option in SYBYL. The atomic charges
were calculated with the Gasteiger–Hückel method.
The molecules were geometry-optimized in standard
Tripos force field using the steepest descent and conju-
gate gradients methods.

3. Synthesis


Indomethacin 1 was used as starting material. Using
mixed anhydride method, 1 reacted with ethyl chlorofor-
mate, followed by mixing with ammonia, NaOH, and
then acidification of the mixture, 5-methoxy-2-methyl-
1H-indole-3-acetamide 2 was obtained in high yields.
Compound 2 was alkylated on the indole nitrogen by
forming the sodium salt with sodium hydride and treated
with benzyl chloride, 5-methoxy-2-methyl-1-(phenylm-
ethyl)1H-indole-3-acetamide 3 was obtained. Boron
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Scheme 1. Synthetic approach. Reagents: (A) ClCO2C2H5, NH3ÆH2O,


NaOH; (B) NaH, PhCH2Cl, DMF; (C) BBr3, CH2Cl2; (D) 3-ClPhCNO,


NEt3, CH3CN.


Figure 1. The binding mode of indole inhibitor to hnps-PLA2 (drawn


by Ligplot11).
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tribromide demethylation of 3 gave the hydroxyl indole 4,
whichwas treatedwith substituted phenylisocyanates and
Et3N in CH3CN to give the title compounds 5.


Our general synthetic approach to the title compounds
is shown in Scheme 1.

4. Biological evaluation


The fluorescence-based assay9 method was used to eval-
uate bioactivity of the compounds. Human recombinant
hnps PLA2 was used as the target enzyme. The expres-
sion and purification of the PLA2 followed a method
similar to the one given in literature10 with the synthe-
sized gene inserted into pET 21a plasmid. The assay
was carried out in a 96-well plate utilizing a multiwell
fluorometer (SpectraMax GeminiXS, Molecular Devic-
es). All solutions were prepared with high purity
(18 MX conductivity) water. The buffer used in all the
experiments was 0.25 M Tris, pH 9.0, 2 mM CaCl2.
The substrate was 0.25 mg/mL NBD-C12-PG buffer
solution, which was sonicated for 1 min to get the micell
suspension. All the samples were dissolved in DMSO. A
200 lL reaction solution contained 2.6 nM PLA2,
0.0125 mg/mL substrate, 0.1 mg/mL BSA, and 10 lL
inhibitor solution. The reaction was monitored by exci-
tation at 485 nm and emission at 535 nm. Fluorescent
signals were monitored by kinetics mode program.
Reported IC50 values, determined by plotting concentra-
tion–velocity curves are the mean of at least three sepa-
rate experiments.

Figure 2. The concentration–velocity curve. (The curves were induced


by equation I = IC50(V0�V)/V. I is the concentration of the inhibitor.


V0 is the max-velocity of the enzyme without inhibitor. V is the max-


velocity of the enzyme with certain concentration of inhibitor. The


slope of the curve is the value of IC50.)

5. Discussion


The potential binding modes of compounds 1, 3, and 5
were obtained by molecular docking. When the ligands
formed hydrogen bonds and liganded to the active site
calcium in suitable distance, the pKi were calculated to
be 5.37, 6.13, and 7.09, respectively. It is clear that com-
pound 5 will be a better candidate. It formed hydrogen
bonds with Gly29, His47, and Asp48 with distances of
0.305, 0.290, and 0.257 nm, respectively. The calcium
ion was liganded by the oxygen atom of indole-3-car-
bamoylmethyl group at a distance of 0.244 nm (Fig. 1).


Compound 3 was prepared through four steps by Nich-
olas J. Bach�s group, and it has been shown to be a lead

compound for potent and selective inhibitors of hnps
PLA2.5 First, 4-methoxy phenylhydrazine was convert-
ed by the classical Fischer-indole synthesis to give indole
acetic acid esters; second, the indole-3-acetic acid ester
was alkylated by forming the sodium salt and treating
with an arylmethyl halide to give 5-methoxy-2-methyl-
1-(phenylmethyl)1H-indole-3-acetic acid ester; third, by
heating with hydrazine hydrate in ethanol, 1-(arylmeth-
yl)indole-3-acetic acid hydrazide was got; finally, heat-
ing the hydrazides with Raney nickel in ethanol gave
the corresponding 1-(arylmethyl)indole-3-acetamides.
In this procedure, products from two out of four steps
were of lower yield, and needed chromatography for
purification. The overall yield is 5.88%. Our method
here only contains two-step reactions at lower or room
temperature with rare side reactions. The overall yield
is 78.3%, which is 13.3 times as much as the reported
method. In our experiment, compounds 4 and 512 were
obtained very easily with high yields.


A preliminary bioassay study in vitro showed that
compound 5 displayed inhibition to synovial-fluid
PLA2 with the average IC50 of 1.81 ± 0.59 lM, which
is better to the reference compound�s average IC50
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(4.26 ± 0.72 lM) in the system we used. The concentra-
tion–velocity curve of compound 5 and reference are
shown in Figure 2.

6. Conclusion


We have developed a new type of indole compounds as
hnps PLA2 inhibitor. The compound was shown to be
active for human recombinant hnps PLA2, which is
comparable to the reported indole compounds from
Eli Lilly and Company. The reported compounds here
contain more cyclic component and can be easily
synthesized.
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Abstract—We recently reported that compound 1 is a potent inhibitor of the CB2 receptor with high selectivity over CB1. This paper
describes the SAR development for this class of compounds. Variation of the substitution pattern on the aromatic rings, as well as
the groups linking them together, led to sub-nanomolar inhibitors of the CB2 receptor, with high selectivity over CB1.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The CB2 receptor is a G-protein coupled receptor that
was identified in 1993.1 It is located primarily in the
spleen and other immune-related tissues and is 44%
homologous with CB1. The discovery of CB2 offered
the possibility that immune-related biological effects of
cannabinoid compounds could be obtained without
the psychoactive effects typical of cannabinoid ligands
that inhibit the CB1 receptor and enter the CNS, such
as D9-THC.2 Reported functions of CB2 include modu-
lation of B-cell differentiation,3 altered migration,4


altered antigen processing5 in macrophages, and altered
cannabinoid-mediated anti-tumor activity.6 Cannabi-
noid ligands have shown in vivo efficacy in rodent
models of pain,7–9 rheumatoid arthritis,10,11 and multi-
ple sclerosis12, providing support to the idea that CB2
inhibitors might be useful as a new class of drugs to
modulate the immune system.13


We recently disclosed compound 1, a novel CB2-selec-
tive triaryl bis-sulfone.14 Here, we describe SAR studies
on 1, where the impact of varying the nature of benzylic
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methyl, alternates for the sulfone linkers, and the substi-
tution pattern on the aromatic rings are described.
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H3CO

2. Chemistry


Changes to the benzylic carbon were made by starting
with the appropriate benzylamine and applying the
chemistry previously reported.14 Sulfone modifications
were effected by chemistry shown in Schemes 1 and 2.
Scheme 1 starts with the assembly of the B and C phenyl
rings by ortholithiation of a 4-substituted benzalde-
hyde,15 and quenching with a substituted phenyl disul-
fide, to provide 3.16 Halogen metal exchange on 4,
followed by reaction with 3, led to 5. Reduction of 5,
oxidation of the B, C-linker to sulfone, amine deprotec-
tion, followed by sulfonylation with methanesulfonyl
chloride, resulted in 6. Alternately, PCC oxidation of
5, followed by oxidation of B, C-linker to sulfone,
hydrolysis of the TFA group, and sulfonylation, led to
compound 7. Conversion of 7 to 8 was carried out via
the Wittig procedure. Compound 7 was also converted
to oxime 9 (1:1 E and Z mixture) with methoxylamine.
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Scheme 3. (a) 2.1 equiv n-BuLi, THF–hexanes, �78 �C, (b) Y-phen-


ylsulfonyl fluoride, (c) 2.1 equiv n-BuLi, THF–hexanes, �78 �C, then
Z-aryl sulfonyl fluoride, �78 �C to rt overnight, (d) 1.0 M aq LiOH,


dioxane, and (e) methanesulfonyl chloride, Et3N, CH2Cl2.


Table 1. Benzylic carbon variant of 1


Compounds Benzyl carbon Ki
a (CB2 nM) Selectivity


(CB1 Ki/CB2 Ki)


1 CHCH3 (S) 0.4 2262


1a CHCH3 (R) 30 105


1b C(CH3)2 6 282


1c CH2 1.3 2168


a Individual data points for determinations of Ki for CB1 and CB2


were carried out in triplicate, in two separate assays.
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Scheme 1. Reagents and conditions: (a) i. N,N,N-Trimethylethylene-


diamine, n-BuLi, THF, �20 �C; ii. 4-trifluoromethoxybenzaldehyde;


iii. n-BuLi (3 equiv), bis(2-fluorophenyl)disulfide (2 equiv), THF,


�40 �C; (b) 4, CH3Li, n-BuLi, THF, �78 �C; (c) (C2H5)3SiH,


BF3Æ(OEt)2, CH2Cl2, rt; (d) m-chloroperoxybenzoic acid (5 equiv),


CH2Cl2, rt; (e) i. LiOH (3 equiv), dioxane; ii. (C2H5)3N (5 equiv),


CH3SO2Cl (2 equiv); (f) PCC, CH2Cl2, rt; (g) m-chloroperoxybenzoic


acid (5 equiv), CH2Cl2, rt; (h) i. LiOH (3 equiv), dioxane; ii. pyridine


(10 equiv), CH3SO2Cl (4 equiv); (i) LiN(Si(CH3)3)2 (3 equiv),


CH3P(Ph)3Br (2 equiv), THF, 0 �C; (j) R 0ONH2ÆHCl (20 equiv),


pyridine, 80 �C.
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Scheme 2. Reagents and conditions: (a) n-BuLi, THF, �78 �C; 2-


fluorobenzaldehyde; (b) (C2H5)3SiH, BF3Æ(OEt)2, CH2Cl2, rt;


(c) i. LiOH, dioxane; ii. (C2H5)3N, CH3SO2Cl; (d) PCC, CH2Cl2, rt;


(e) i. LiOH, dioxane; ii. (C2H5)3N, CH3SO2Cl; (f) LiN(Si(CH3)3)2,


CH3P(Ph)3Br, THF, 0 �C; (g) R 0ONH2ÆHCl, pyridine, 80 �C; (h)


n-BuLi, , I2, THF, �78 �C; (i) i. Pd(OAc)2, PtBu3, NaOBut,


4-chloroaniline, toluene, 120 �C (sealed tube); ii. NaH, CuBrÆ(CH3)2S,


4-chlorophenol, toluene, 120 �C (sealed tube); (j) i. LiOH, dioxane; ii.


(C2H5)3N, CH3SO2Cl.
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Scheme 2 utilizes preassembled17 10. Ortholithiation of
10 followed by treatment with 2-fluorobenzaldehyde,
provided 11, which was transformed to analogs 14, 15,
and 16, as described in Scheme 1. The nitrogen- and
oxygen-linked compounds 18 and 19 were accessed by
palladium- and copper-mediated18 coupling of 2-iodo
derivative 17, which itself was obtained from 10 by
ortholithiation and iodide quenching.


Scheme 3 describes compounds that were prepared in
which one or both of the methoxy groups were replaced

by halogen or other moieties.19 (Table 3). Halogen metal
exchange of 4 with n-butyl lithium, followed by trapping
with an aryl sulfonyl fluoride, afforded 20.


Compound 20 was treated with two equivalents of
n-butyl lithium and then trapped with an aryl sulfonyl
fluoride to give intermediate 21. Deprotection and sulf-
onylation of the benzylic amine gave 22.

3. Results and discussion


Table 1 shows the outcome of altering the stereochemis-
try and the substitution on the benzylic carbon. The
antipode of 1 was less active and less selective. Introduc-
tion of an additional methyl group (1b), rendering the
benzylic carbon achiral, decreased affinity and selectivi-
ty. Removal of the methyl group provided the equipo-
tent and more selective compound 1c. However, the
potential increase in metabolic activity at this less hin-
dered benzylic site was not desirable, and the original
substitution and stereochemistry were retained. Trans-
forming L1 from SO2 to CH2 provided compounds with
good affinity for CB2, but with varying selectivity. Com-
pounds 25 vs. 28 show comparable activity for substitu-
tion at the 2-position over the 3-position of the C-ring.
However, compounds 23 and 24 showed the best profile
with respect to CB2 affinity and selectivity, and both of
them retained an oxygen at the 4-position of the B-ring.
Aiming to optimize substitution at L1, additional linkers
were investigated (9, 33, and 34). Sulfone- and methy-
lene-linked (L1) analogs were preferred, as presented in
Table 2.


L2 SAR was investigated, and a similar strategy of
screening different functional groups was initiated. The
L2-linkers examined were significantly less active com-
pared to the original sulfone.







Table 3. Substitution (X; Y) variants of 1.


SO2


S
O2


NHSO2CH3
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Compound X Y Ki
a (CB2 nM) CB1 Ki/


CB2 Ki


1 4-OCH3 4-OMe 0.4 2262


39 4-OCH3 H 0.6 2482


40 4-OCH3 4-Cl 0.9 1146


41 4-OH 4-Cl 13 2315


42 4-O-c-C5H9 4-Cl 232 11


43 4-CF3 4-Cl 8 558


44 H 4-Cl 58 127


45 4-CH3 2-F 0.5 1741


46 4-CF3 2-F 0.9 3552


47 H 2-F 9 1449


48 4-Cl H 2 1941


49 4-Cl 2-Cl 6 1778


50 4-Cl 3-Cl 23 238


51 4-Cl 4-Cl 10 687


52 4-Cl 2-F 1 4387


53 4-Cl 2-OCF3 128 134


Table 2. Linker (L1; L2) and substitution (X; Y) variants of 1


L2


L1


NHSO2CH3


Me


AB


C


X


Y


4


4


Compound L1 L2 X Y Ki
a (CB2 nM) Selectivity (CB1 Ki/CB2 Ki)


23 CH2 SO2 4-OCH3 4-OCH3 0.6 1300


8 CH2 SO2 4-Cl 4-Cl 6.7 188


24 CH2 SO2 4-OCF3 2-F 0.4 1178


25 CH2 SO2 4-CF3 2-F 1 674


26 CH2 SO2 4-CF3 2, 6-Di F 1.8 584


27 CH2 SO2 4-OCF3 2-OCF3 16 60


28 CH2 SO2 4-CF3 3-F 3.5 438


29 CH3 SO2 4-OCF3 3-CF3 35 27


30 CO SO2 4-OCH3 4-OCH3 44 108


31 CO SO2 4-OCF3 2-F 179 28


32 CO SO2 4-Cl 4-Cl 410 16


33 C(CH3)2 SO2 4-Cl 4-Cl 76 48


9 C:CH2 SO2 4-OCF3 2-F 86 19


34 C:NOCH3 SO2 4-Cl 4-Cl 406 5


35 SO2 CH2 4-Cl 4-Cl 164 11


36 SO2 CO 4-Cl 4-Cl 192 284


15 SO2 C:CH2 4-Cl 2-F 247 17


37 SO2 C(CH3)(OH) 4-Cl 2-F 77 111


38 SO2 C(CH3)(OH) 4-Cl 4-Cl 230 25


18 SO2 NH 4-Cl 4-Cl 278 5


19 SO2 O 4-Cl 4-Cl 983 3


a Individual data points for determinations of Ki for CB1 and CB2 were carried out in triplicate, in two separate assays.
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After ascertaining that sulfone offered the best in vitro
profile for L1 and L2, with the least metabolic risk, we
revisited substitution on the aromatic rings. A series of
compounds were prepared in which one or both of the
methoxy groups of compound 1 were replaced with
other moieties (Table 3).


In general, the B-ring methoxy replacements were well-
tolerated, although there seems to be a preference for
smaller substituents. Small alkoxy substituents are high-
ly potent at CB2 and show good selectivity (compound
39–42). When the O-alkyl group becomes too large how-
ever, the affinity at CB2 decreases (compound 42). Small
alkyl substitution (CF3/CH3) gave compounds with sub-
nanomolar activity (compounds 45, 46). Compounds
where X = H are less active than those with substitution
at this position (compounds 44, 47).


While the in vitro profiles of compounds 39 and 45 are
desirable, we favored 46 due to its putative metabolic
stability. Exploring other putatively stable groups, we
examined chlorine as an alternate to 4-CF3 and varied
substitution on the C-ring (compounds 16–28). A prefer-
ence for smaller groups was observed (compounds 48
and 52 vs. 53). Fluorine substitution gave somewhat
more potent compounds than hydrogen substitution
(compounds 48 vs. 52). The compound with the best
combination of potency and CB2 selectivity was 52,
although 46 was similar. Compound 52 gave an AUC
of 6331 nM h when dosed orally in rats,20 indicating
that the combination of chlorine and fluorine was effec-
tive at decreasing the oxidative metabolism observed for

compound 1. Like compound 1, compound 52 is an in-
verse agonist at the CB2 receptor, as indicated by its ef-
fect on the binding of [35S]GTPcS to the CB2 receptor21


(Fig. 1).
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Figure 1. Effect of cannabinoids on [35S]GTPgS exchange in SF9


hCB2 membranes.
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4. Conclusions


We have studied the SAR of the CB2 antagonist 1, tar-
geting the nature of the chiral benzylic carbon, substitu-
tion on the aromatic rings, and the linkers L1 and L2.
Achiral benzylic analog 1c maintained significant activ-
ity, while all other variations resulted in loss of activity.
Changes at L2 were not tolerated, and sulfone was
judged to be the best overall for L1 and L2. Substitution
on the phenyl rings showed a preference for a small
group at the 2-position of the C-ring and a small alkyl
or halogen at the 4-position of the B-ring.

Supplementary data


Characterization data and experimental procedures
for the synthesis of 10 and 52 can be found in the online
version at doi:10.1016/j.bmcl.2005.07.023.
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Abstract—DNA strand scission is produced by the ambient light photolysis of CpFe(CO)2Ph and H2O2, a result that shows poten-
tial as a means of targeting tumors, due to the high levels of hydrogen peroxide in cancer cells. This cleavage process is dependent on
the concentration of both CpFe(CO)2Ph and H2O2, and preliminary experiments implicate both carbon-centered radicals and reac-
tive oxygen species.
� 2005 Elsevier Ltd. All rights reserved.

For years, moderately indiscriminate cytotoxic agents
have formed the basis of conventional cancer chemo-
therapy; however, their lack of selectivity for diseased
cells and the resultant undesired side effects are major
drawbacks to their use. More recently, a number of
molecular approaches have been developed to target tu-
mor cells, including gene therapy, antibody therapeutics,
and angiogenesis inhibition;1,2 while others, such as
radiation sensitization3 and photodynamic agents,4 rely
on localized irradiation to produce cell death. Also
promising are strategies that exploit physiological fea-
tures that are unique to tumor cells, such as their low
cytoplasmic pH,2,5 hypoxic intracellular environment,6


and higher peroxide (H2O2) concentrations7,8 relative
to normal cells.


Interestingly, H2O2 itself is poorly reactive toward lip-
ids, DNA, and most proteins until it is converted to
the reactive hydroxyl radical (�OH) by transition metal
ions or ultraviolet light.9,10 Due to this reactivity, organ-
isms have evolved a number of strategies to minimize the
potential oxidative damage of hydroxyl radical in nor-
mal tissues, including enzymatic pathways to reduce
the amount of H2O2, non-enzymatic antioxidant defens-
es,11 and mechanisms to sequester transition metal ions
into non-catalytic forms.9 In contrast, malignant cells
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show increased production of H2O2,
7,12 as well as an im-


paired ability to reduce H2O2 to water.13 Therefore, an
agent that can be triggered to cause the conversion of
H2O2 to �OH may represent a potential new treatment
paradigm, because it would take advantage of not only
a physiological characteristic unique to cancer cells but
also an activation method to localize damage only to
these cells.


Therefore, we now report the ambient light induced acti-
vation of CpFe(CO)2Ph (1) and hydrogen peroxide to
cause DNA damage. We have previously employed the
photolysis of unfunctionalized and substituted complex-
es with the general formula CpM(CO)nR to generate
carbon-centered radicals that cause single- and/or dou-
ble-strand cleavage of plasmid DNA.14,15 These com-
pounds are easily synthesized, and their DNA cleaving
activity is triggered by high intensity visible light
irradiation.16


The initial indication of the DNA cleaving ability of
CpFe(CO)2Ph and H2O2 with room light irradiation
was obtained in a plasmid relaxation assay, which mon-
itors the conversion of intact circular supercoiled DNA
(form I) to relaxed circular, or nicked, DNA (form II).
Gel electrophoresis (Fig. 1) showed that at H2O2 con-
centrations at or above 250 lM, DNA cleavage oc-
curred at concentrations of 1 as low as 25 lM (lane 4)
or 0.83 mol/bp. Control experiments have demonstrated
that both the organometallic compound (lane 3) and
H2O2 (lane 2) were necessary to cause significant
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Figure 1. Ambient light induced cleavage of pBR322 DNA (30 lM/bp


in 10% THF/water) by CpFe(CO)2Ph and H2O2. Lanes 1 and 7, DNA


alone; lane 2, DNA and CpFe(CO)2Ph (25 lM); lane 3, DNA and


H2O2 (250 lM); lanes 4–6, DNA, CpFe(CO)2Ph (25, 2.5, and 25 lM,


respectively), and H2O2 (250, 250, and 25 lM, respectively); lane 8,


DNA and CpFe(CO)2Ph (500 lM); lane 9, DNA and H2O2 (10 mM);


lane 10, DNA, CpFe(CO)2Ph (500 lM), and H2O2 (10 mM). Samples


in lanes 1–6 were incubated on a benchtop for 30 min; and mixtures in


lanes 7–10 were prepared, incubated, and subjected to electrophoresis


in a dark environment. aTotal amount of DNA in each lane as


compared to control (lane 1 or 7). bSum of forms I (10%) and II (9%).
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cleavage and that strand scission decreased dramatically
when the concentration of either the iron complex or
H2O2 was reduced (lanes 5 and 6, respectively).


Since all the reaction mixtures in lanes 1–6 were handled
under typical laboratory lighting, additional experi-
ments were conducted to assess the possible contribu-
tion of this level of irradiation to DNA cleavage; and
the mixtures in lanes 7–10 were prepared and incubated
in a darkroom. Interestingly, despite the fact that con-
centrations of 1 and H2O2 (500 lM and 10 mM, respec-
tively) in the dark samples were much higher than in
previous experiments in which cleavage was observed
(e.g., 25 lM and 250 lM for 1 and H2O2, respectively,
in lane 4), no strand scission or loss of DNA was evident
without exposure to light (lane 10).


For comparison with experiments containing hydrogen
peroxide, the efficiency of DNA cleavage by 1 with
ambient irradiation but no H2O2 was further examined.
Mixtures of DNA with varying concentrations of
CpFe(CO)2Ph were incubated on a lab bench for
30 min and then analyzed by electrophoresis (Fig. 2).
While room light alone is sufficient to cause significant
production (43%) of nicked DNA at concentrations of
1 of 250 lM or greater (lane 4),17 these conditions are
not as efficient as when 250 lM hydrogen peroxide is

Figure 2. Ambient light induced cleavage of pBR322 DNA (30 lM/bp


in 10% THF/water) by CpFe(CO)2Ph without H2O2. Lane 1, DNA


alone; lanes 2–6, DNA and CpFe(CO)2Ph (500, 500, 250, 125, and


50 lM, respectively). Samples in lanes 1 and 3–6 were incubated on a


benchtop for 30 minutes; and the mixture in lane 2 was prepared and


incubated in a dark environment.

present (only 10% of intact DNA at 25 lM of 1, lane
4 in Fig. 1) or when high intensity irradiation alone is
used (no intact plasmid at 22.5 lM of 1).14


In contrast to our previously published work with
CpFe(CO)2Ph alone, in which carbon-centered radicals
were implicated,14 the inclusion of hydrogen peroxide
in the current experiments raises the possibility of the
involvement of reactive oxygen species. Therefore, to
assess the potential roles of carbon- and/or oxygen-
centered radicals in the reaction that leads to DNA
cleavage by the photolysis of 1 and H2O2, radical trap-
ping experiments using TEMPO or sorbitol were con-
ducted (Fig. 3). TEMPO is a nitroxide species that
selectively traps carbon-18 and metal-centered radicals,19


but not oxygen-based radicals, which react with sorbi-
tol.20 Interestingly, both TEMPO and sorbitol inhibited,
but did not completely suppress, DNA cleavage (lanes
5–8), suggesting that both carbon- and oxygen-centered
radicals may be involved in the pathway(s) leading to
strand scission. Although TEMPO also scavenges met-
al-centered radicals, species, such as CpFe(CO)2 radical,
are not expected to contribute to strand scission by
hydrogen atom abstraction,21 since such a process is dis-
favored both thermodynamically (as predicted by rela-
tive bond dissociation energies of metal hydrides22 and
hydrocarbons23) and kinetically.24 However, the partic-
ipation of CpFe(CO)2 radical in other pathways leading
to DNA damage cannot be ruled out (vide infra).


The observed production of reactive oxygen species
from a solution containing H2O2 and iron species sug-
gests that Fenton or Fenton-like chemistry may be tak-
ing place on photolysis of 1. The general Eq. 1 shows
the central step of the most commonly proposed mech-
anism for such reactions,25 which typically involve Fe(II)


Lm Fen + H2 O2 !Lm Fenþ1 + HO� + HO� ð1Þ
species with Fe(III)/Fe(II) reduction potentials lower
than 0.46 V versus NHE, a value that corresponds to
the potential for the one-electron reduction of H2O2 to

Figure 3. Radical trapping studies of the cleavage of pBR322 DNA


(30 lM/bp in 10% THF/water) by CpFe(CO)2Ph and H2O2. Lane 1,


DNA alone; lane 2, DNA and CpFe(CO)2Ph (25 lM); lane 3, DNA


and H2O2 (250 lM); lane 4, DNA, CpFe(CO)2Ph (25 lM), and H2O2


(250 lM); lanes 5–6, DNA, CpFe(CO)2Ph (25 lM), H2O2 (250 lM),


and TEMPO (1.0 or 0.1 mM respectively); lanes 7–8 DNA, CpFe(-


CO)2Ph (25 lM), H2O2 (250 lM), and sorbitol (10.0 or 1.0 mM,


respectively). All samples were incubated on a benchtop under ambient


light for 30 min. a versus CpFe(CO)2Ph or bH2O2
crelative to lane 1.
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hydroxyl radical and hydroxide/water.26 Clearly, in our
system, the identity of LmFe


n has not been determined,
but previously reported studies with complexes of the
type CpM(CO)nR offer some ideas (Scheme 1).


It is generally accepted that the primary photoprocess
for these complexes involves loss of carbon monoxide
(to give 4), which may be accompanied by homolysis
of the metal-methyl or metal-aryl bond to yield the met-
al-based radical 3 along with methyl or phenyl radical.
However, radical formation may occur by multiple
pathways, as has been suggested for the photolysis of
CpW(CO)3CH3, the only complex whose photochemis-
try has been extensively studied.27 In this case, it has
been proposed that CpW(CO)2CH3 (4) reacts with
another molecule of starting material to produce the
metal–metal bonded species 5 and two methyl radicals.
For both 1 and 2, the predominant organometallic prod-
uct is the metal–metal bonded dimer, [CpM(CO)n]2,
implicating a similar mechanism for both metals. Fur-
thermore, it has been demonstrated that the 16 electron
species 4 containing either iron or tungsten can coordi-
nate a variety of ligands (e.g., L = PPh3, CH3CN,
THF, or H2O); and when M = W and L = PPh3, 6 pro-
duces methyl radicals upon further photolysis.


Our observation that CpFe(CO)2Ph (1) itself does not
react directly with H2O2 to produce radicals is consistent
with the reduction potential of the Fe(III) species
[CpFe(CO)2Ph]


+, which is expected to be similar to that
measured for [CpFe(CO)2Me]+ (1.47 V28). Likewise,
other photochemically generated Fe(II) complexes, such
as 6, exhibit unsuitable potentials,28 and the intermedi-
ate 4 is probably even more difficult to oxidize. Provoc-
atively, however, the reduction potential for the
Fe(I)/Fe(II) couple, CpFe(CO)2 (3) and [CpFe
(CO)2(NCCH3)]


+, has been reported as �0.5 V,29 indi-
cating that 3 may be able to reduce hydrogen peroxide,
as in Eq. (1); although the formation of 3 in the photol-
ysis of 1 is still a matter of debate. Its production is not
the predominant photoprocess;27 and the metal-centered
radical 3 has not been observed in either ESR or UV–
visible studies of the photolysis of 1.30 This fact could
be ascribed to its instability, except that the radical
CpFe(CO)2 (3) has been detected in the photolysis of

CO


CpM(CO)nR
hν


CpM(CO)n + R


CpM(CO)n-1R


_hν


1 M = Fe, n = 2, R = Ph
2 M = W, n = 3, R = Me


3


4


CpM(CO)nR
Cp2M2(CO)2n-1  + 2 R


5


L


CpM(CO)n-1LR
hν


CpM(CO)n-1L + R


6 7


Scheme 1. General mechanism of the photolysis of complexes of the


type (CpMCO)nR.

[CpFe(CO)2]2.
31 Intriguingly, however, TEMPO is


known to trap radicals similar to 3,19 which could ac-
count for our observation that TEMPO is a more effec-
tive inhibitor of DNA damage than sorbitol (Fig. 3).


In conclusion, the presence of H2O2 enhances the ambi-
ent light induced cleavage of DNA by CpFe(CO)2Ph.
Although the preliminary evidence indicates that this
process may involve both reactive oxygen species and
carbon-centered radicals, further studies are required
to establish the exact mechanism(s) and active species.
While the concentration of hydrogen peroxide required
to cause strand scission in this system (250 lM) is much
higher than that reported in the intracellular environ-
ment of cancer cells (typically 1–100 nM8), this strategy
nevertheless represents a first step in a new approach to
targeting tumors.

Supplementary data


Quantitation data for all gels and detailed experimental
procedures. Supplementary data associated with this
article can be found in the online version at
doi:10.1016/j.bmcl.2005.06.102.
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How does this unusual enzyme carry out oxidative


decarboxylations to afford vinyl groups?
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Abstract—A new mechanism is proposed to explain how coproporphyrinogen oxidase performs two oxidative decarboxylations on
a porphyrinogen substrate without the aid of cofactors or metal ions in the presence of molecular oxygen.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction


Metalloporphyrins play critical roles in all living organ-
isms, and in mammals iron porphyrins (hemes) are cru-
cial components of hemoglobin (oxygen transportation),
myoglobin (oxygen storage), cytochromes (electron
transport), cytochrome oxidase (reduction of molecular
oxygen), catalase (decomposition of hydrogen perox-
ide), peroxidases (oxidation of organic molecules with
peroxide), nitric oxide synthases, etc.1 In mammals,
the biosynthetic pathway leading to heme b (protoheme)
involves a sequence of eight enzymatic steps starting
from glycine and succinyl CoA.1 The first macrocyclic
intermediate, uroporphyrinogen-III (1), is generated as
a nonconjugated hexahydroporphyrin (Scheme 1). This
octacarboxylic acid undergoes a series of four decarb-
oxylations, mediated by uroporphyrinogen decarboxyl-
ase in the cytoplasm, to afford coproporphyrinogen-III
(copro�gen-III; 2),2,3 and this species is then acted upon
by the mitochondrial enzyme coproporphyrinogen
oxidase to give protoporphyrinogen-IX (proto�gen-IX;
3).4 Subsequent dehydrogenation by protoporphyrino-
gen oxidase gives protoporphyrin-IX and iron insertion
then produces heme b.1 Protoporphyrin-IX is also the
precursor to the chlorophylls, which fulfill essential roles
in photosynthesis.1 One of the least well understood
steps in the pathway leading to the hemes and chloro-
phylls concerns the conversion of 2 to 3 by copro�gen
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oxidase.5,6 The process involves the stepwise degrada-
tion of the A and B ring propionic acid side chains
to generate the divinylic porphyrinogen 3 via

Chlorophylls
CO2H CO2H


Heme b


Scheme 1. Later stages of heme biosynthesis.
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Scheme 3. Previously proposed mechanisms for the oxidative decar-


boxylation of the propionate side chains of copro�gen-III.
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harderoporphyrinogen (4) (Scheme 2).7 Detailed investi-
gations using substrate analogues have established the
requirements for substrate recognition and metabolism
and this has allowed the development of an active site
model for the enzyme.6,8,9 However, the mechanism by
which the propionate side chains are converted to vinyl
groups is presently poorly understood. In aerobic organ-
isms, the enzyme has an obligatory requirement for
molecular oxygen but no cofactors have been identi-
fied.1,6,10 In addition, the human enzyme has been con-
clusively shown not to be a metalloprotein.11
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Figure 1. Naturally occurring porphyrins with potential relevance to


the heme biosynthetic pathway.

2. Results and discussion


Recently, a crystal structure of an oxygen-dependent
form of coproporphyrinogen oxidase from Saccharomy-
ces cerevisiae was published and a substrate-sized cleft
or cavity was identified and tentatively assigned as the
active site.12 Unfortunately, this achievement has not
yet allowed the catalytic action of copro�gen oxidase to
be determined and the mechanism for the oxidative
decarboxylation of the propionic acid side chains re-
mains a mystery. Two main mechanisms have previously
been proposed to explain the oxidative decarboxylation
reaction. In the first proposal, an oxidation takes place
to afford a hydroxypropionate unit and this undergoes
sequential loss of water and carbon dioxide (pathway
a, Scheme 3).5,13 In the alternative mechanism, an
unspecified hydride acceptor is postulated and this gen-
erates the same exocyclic vinylene intermediate prior to
loss of CO2 (pathway b).5,14 Both mechanisms are con-
sistent with the observation that all three hydrogens
on the vinyl moiety derive from the propionate group-
ing,5,15 although it is unclear how either one of these
processes could occur. Some evidence for the presence
of porphyrins with hydroxypropionate side chains
(e.g., 5) in natural sources has been presented,7b,16 and
an acrylate porphyrin related to coproporphyrin-III,
the so-called S411 porphyrin (6), has been isolated from

meconium17 (see Fig. 1). However, these porphyrins
may be artifacts and the porphyrinogen related to
S411 is not a substrate for copro�gen oxidase.18 Anaero-
bic organisms use a structurally unrelated form of
copro�gen oxidase that incorporates a 4Fe–4S cluster
with an S-adenosylmethionine in close proximity, and
it has been proposed that the oxidative decarboxylation
occurs via a radical decarboxylation pathway under
these circumstances (pathway c, Scheme 3).19 This is
far less likely to be the case for the metabolism of 2 by
the aerobic enzyme found in higher organisms.


The fact that the mechanistic action of one of the key
enzymes in a primary metabolic pathway is not under-
stood is surprising and an appreciation of this has
recently led to increased interest in copro�gen oxi-
dase.6,8,9,12,19,20 In addition, studies in this area also
have clinical implications as defects in any one of the
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enzymes in the heme pathway leads to diseases known as
porphyrias. Porphyrias can arise from genetic defects or
due to the effects of environmental toxins, and may
produce pathological symptoms that include skin photo-
sensitivity and lesions, liver damage, and neurological
problems.21


Given that cofactors and metal ions play no role in the
activity of the aerobic form of copro�gen oxidase, the
following mechanism is postulated to explain the action
of copro�gen oxidase based on simple chemical princi-
ples (Scheme 4). Initial deprotonation of the pyrrole
NH would give an azacyclopentadienyl anion, and this
could react with oxygen to produce the 2H-pyrrole per-
oxide anion 7.22 Abstraction of a side chain proton via a
six-membered ring transition state would be expected to
produce the exocyclic double bond in 8, and this species
is set up to eliminate carbon dioxide and hydrogen per-
oxide to give the vinyl pyrrole derivative. For the enzy-
mic degradation of copro�gen-III, formation of CO2 has
been confirmed by using a carbon-14 labeled substrate,23


and the generation of peroxide has been noted in a re-
cent report.20 This mechanism bears some resemblance
to the proposed mechanism for the urate oxidase reac-
tion.24 Urate oxidase (UOX) catalyzes the conversion
of urate to 5-hydroxyisourate using molecular oxygen
without the involvement of cofactors or transition metal
ions and the consumed O2 is also converted to H2O2.


24


It has been proposed that the initial reaction involves
general base catalysis to generate a dianion that reacts
with O2. However, beyond this point the mechanisms
appear to diverge. Although, a structural relationship
between UOX and copro�gen oxidase has been suggest-
ed previously,25 the proposal that copro�gen oxidase is a
T-fold protein has been shown to be incorrect.12
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Scheme 4. New mechanism for the base-catalyzed oxidative decar-


boxylation of the propionate side chains of coproporphyrinogen-III.

The porphyrinogen intermediates cannot be planar but
may exist in several strain-free conformations.26 As
has been observed for the related calix[4]pyrroles,
porphyrinogens are likely to alter their conformations
in response to anion binding or neutral molecule interac-
tions.27,28 It is intriguing to note that copro�gen-III has
recently been co-crystallized with the previous enzyme
in the pathway, uro�gen decarboxylase, and shown to fa-
vor a �bowl� or �domed� conformation where the pyrrole
NHs hydrogen bond to a conserved aspartate residue.29


This arrangement in copro�gen oxidase would allow the
substrate to associate with an anionic residue that could
initiate the base-catalyzed oxidative decarboxylation
(Fig. 2). We have previously developed an active site
model for copro�gen oxidase based upon the require-
ments for the arrangement of peripheral substitu-
ents,6,8,9 and this model has been adapted to
incorporate an anion binding interaction. The proposed
configuration shown in Figure 2 would facilitate depro-
tonation of a pyrrolic nitrogen, thereby triggering reac-
tion with molecular oxygen. Although a deeply buried
substrate sized cavity was identified at the dimer inter-
face in the crystal structure of oxygen-dependent copro�-
gen oxidase,12 it is not possible at this time to assign the
precise region that is involved in these proposed interac-
tions. Indeed, it is not clear that a dimeric structure is
necessary for enzymic activity,30 and more structural
information will be required to fully elucidate the mech-
anism of the oxidative decarboxylation of copro�gen-III.

3. Conclusion


The action of coproporphyrinogen oxidase has been a
mystery for more than 40 years, but recent investiga-
tions are starting to reveal how this enzyme carries out
the conversion of copro�gen-III to proto�gen-IX. This
highly conserved enzyme,11 which is found in all aerobic
organisms, appears to carry out oxidative decarboxyla-
tions in the presence of molecular oxygen without any
conventional cofactors or metal cations, and has
previously defied all attempts to develop a detailed
understanding of its catalytic role. The new mechanism
proposes that the enzyme uses deprotonated pyrrole
units as azacyclopentadienyl anions that react with
oxygen at the a-positions, and that subsequently intra-
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Figure 2. Modified active site model for coproporphyrinogen oxidase.
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molecular deprotonation of the propionate side chain
forms an external vinylene moiety. This can undergo
loss of carbon dioxide and hydrogen peroxide to form
a vinyl grouping. The new mechanism is consistent with
all the available data for copro�gen oxidase and this
proposal is the first to properly take into account the
reactivity of pyrrolic structures.
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and selective norepinephrine reuptake inhibitors
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Abstract—A novel series of 1-aryl-3,4-dihydro-1H-quinolin-2-ones have been discovered as potent and selective norepinephrine
reuptake inhibitors. Efficient synthetic routes have been developed which allow for the multi-gram preparation of both final targets
and advanced intermediates for SAR expansion.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Selective and dual monoamine reuptake inhibitors.

1. Introduction


A number of major affective disorders have been suc-
cessfully treated in the clinic by drugs that target mono-
amine reuptake inhibition.1 Selective serotonin reuptake
inhibitors (SSRIs), such as fluoxetine 1 (ProzacTM), are
currently in use for the treatment of depression.


Increasing evidence suggests that norepinephrine (NE)
plays a key role in the central nervous system2 and
inhibitors of the norepinephrine transporter (NET) are
currently in clinical use for the treatment of depression
and attention-deficit/hyperactivity disorder (ADHD).
Lilly recently introduced atomoxetine 2 (StratteraTM),
a selective norepinephrine reuptake inhibitor (NERI)
for the treatment of ADHD.3 Reboxetine 3 (Edro-
naxTM), another selective NERI, is marketed in Europe
for the treatment of depression.4 In addition to these
selective inhibitors, new generation dual serotonin and
norepinephrine reuptake inhibitors have emerged.
Duloxetine 4 (CymbaltaTM), a member of this group,
has been shown to improve potency and accelerate the
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onset of action of antidepressant activity.5 Thus, there is
continued interest in biogenic amine reuptake inhibitors
with both selective and mixed activity profiles (Fig. 1).
These varied approaches offer the potential to bring
more effective treatments to a wider patient population.

2. Inhibitor design


Fluoxetine 1, atomoxetine 2, reboxetine 3, and duloxe-
tine 4, all contain a 3-aryloxypropylamine structural
motif. Whilst this structural feature has previously been
used to obtain potent inhibitors of biogenic amine
transporters,6 we wished to explore alternative chemical
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Figure 3. Identification of 1-aryl-3,4-dihydro-1H-quinolin-2-ones.
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Scheme 1. Reagents and conditions: (i) bromobenzene (3 equiv.), CuI


(0.2 equiv.), trans-cyclohexane-1,2-diamine (0.2 equiv.), K2CO3 (2.1


equiv.), dioxane, 125 �C, 80%; (ii) (a) LiHMDS (1.1 equiv.), THF,


�78 �C, 30 min, (b) Cl-(CH2)n-Br (1.1 equiv.), THF, �78 �C to rt; (iii)


aq MeNH2 (40%), EtOH, 100 �C, 3 h; (n = 1, 7% steps ii and iii; n = 2,


42% steps ii and iii; n = 3, 28% steps ii and iii).

scaffolds. Based upon findings from an in-house high-
throughput screen, we proposed the following pharma-
cophore for NET inhibition (Fig. 2). This pharmaco-
phore consisted of a basic amine linked by a flexible
chain to a ring system flanked by two nitrogen-linked
aromatics.


Herein, we report a novel series of 1-aryl-3,4-dihydro-
1H-quinolin-2-ones7 (Fig. 3) and describe their synthe-
ses and SAR. Amongst this series, we reveal a number
of analogues as potent and selective inhibitors of the
NET transporter.
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Scheme 2. Reagents and conditions: (i) (a) LiHMDS (1.1 equiv.),


THF, �78 �C, 30 min, (b) allyl bromide (1.1 equiv.), THF, �78 �C
to rt; (ii) (a) 9-BBN (2.5 equiv.), THF, 0 �C to rt overnight, (b)


EtOH, NaOH (aq), 0 �C, H2O2 (aq), 5–10 �C, (c) rt to reflux 90 min,


70% over steps i and ii; (iii) MsCl (1.1 equiv.), NEt3 (1.5 equiv.),


THF, rt, 3 h, 100%; (iv) aq MeNH2 (40%), EtOH, 60 �C, 2 h, 81%.

3. Chemistry


Our initial synthetic route involved a novel application
of the Buchwald reaction for the N-arylation of amides
(Scheme 1).8 Treatment of commercially available 3,4-
dihydro-1H-quinolin-2-one 5 with excess bromobenzene
or iodobenzene, in refluxing 1,4-dioxane using catalytic
copper (I) iodide and a trans-cyclohexane-1,2-diamine
ligand, gave 1-phenyl-3,4-dihydro-1H-quinolin-2-one 6
in 80% yield.9


The best general conditions for mono-alkylation of
1-phenyl-3,4-dihydro-1H-quinolin-2-one 6 involved
treatment with lithium hexamethyldisilazide (LiHMDS)
at �78 �C in tetrahydrofuran, followed by addition
of the electrophile.10 In the first instance, we employed
1-bromo-2-chloroethane, 1-bromo-3-chloropropane,
and 1-bromo-4-chlorobutane, which provided the corre-
sponding chloro derivatives 7, 8, and 9. These crude
intermediates could then be converted to final products
by displacement reactions using aqueous methylamine
in refluxing ethanol. Purification of the crude amines
with an SCX-2 cartridge provided 10, 11, and 12, the
2, 3, and 4-carbon spacer analogues, respectively. Whilst
this 3-step synthetic route gave a rapid entry to the final
products, yields for the 2-carbon spacer were poor (7%
over two steps). In addition, yields for alkylations
involving these dihaloalkanes dropped dramatically
upon scale up.

An improved synthetic route was then developed to the
3-carbon spacer, providing access to multi-gram quanti-
ties of final products (Scheme 2) and also advanced
intermediates that could be used for SAR expansion
(Scheme 3).


Using the previously described alkylation conditions, 1-
phenyl-3,4-dihydro-1H-quinolin-2-one 6 was converted
to the allyl derivative 13 in excellent yield using allyl
bromide as the alkylating reagent. Hydroboration of
13 using 9-BBN, followed by an oxidative work up, gave
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the primary alcohol intermediate in 70% over the two
steps. Clean conversion of the alcohol to the corre-
sponding mesylate 14 was achieved in quantitative yield
using methanesulfonyl chloride and triethylamine in tet-
rahydrofuran at room temperature. The mesylate was
reacted with aqueous methylamine in ethanol for 2 h
at 60 �C to give the amine product 11 (R@H) in good
yield. In addition, mesylate 14 served as a versatile inter-
mediate for exploring the SAR around the amine substi-
tuent. The same synthetic sequence could be used to
explore the effect of alkyl substitution in the 3-position
(e.g., R@CH3, etc.) (Table 3). In this case, alkylation
with the appropriate alkyl halide is carried out, prior
to alkylation with allyl bromide. These derivatives are
then converted to final products using the previously de-
scribed chemistry in Scheme 2. In this manner, final
products containing methyl, ethyl, n-propyl, i-propyl,
and n-butyl in the 3-position were all prepared.


To explore the SAR around the southern N-aromatic
ring, a multi-gram synthesis of advanced intermediate
15 was required. With this in hand, the aforementioned
Buchwald reaction could be used to access a range of
N-arylated final products (Scheme 3, Table 2).


Finding a suitable nitrogen-protecting group for 3,4-
dihydro-1H-quinolin-2-one 5 proved to be critical in
the synthesis of the desired advanced intermediate 15
(Scheme 4). 3,4-Dihydro-1H-quinolin-2-one 5 was suc-
cessfully N-protected with both tert-butoxycarbonyl
(boc) and benzyl groups, but the former failed to give
the desired alkylation reaction and the latter proved
impossible to remove. For this reason, the more labile
4-methoxybenzyl group was chosen and the reaction
of 5 with sodium hydride in dimethylformamide, fol-
lowed by treatment with 4-methoxybenzyl chloride,
provided the protected analogue 16 in 85% yield.
The same previously described dialkylation procedure
provided allyl derivative 17 in quantitative yield. This
was converted into amine 18 using the hydroboration,
mesylation, and amination sequence. Removal of the
4-methoxybenzyl protecting group was achieved in
excellent yield using modified conditions involving
neat trifluoroacetic acid and one equivalent of anisole
at 65 �C.11 A final nitrogen protection step using boc
anhydride gave multi-gram quantities of 15 (R@CH3)
in a respectable 53% overall yield for all eight steps.
This exact route worked for R@H, but with consider-
ably lower yields.

In addition, treatment of 15 with N-chlorosuccinimide
or N-bromosuccinimide in dimethylformamide provided
the monosubstituted halides in the 6-position of the
aromatic ring in excellent yield (Scheme 5). These inter-
mediates were used in combination with the southern
N-aromatic SAR and also offered potential as metabo-
lism blockers (Table 4).


6-Fluoro-3,4-dihydro-1H-quinolin-2-one was prepared
from 1-hydroxy-3,4-dihydro-1H-quinolin-2-one using
literature methods.12

4. SAR


All target compounds were tested initially as racemates
for reuptake inhibition at the norepinephrine (NET),
serotonin (SERT), and dopamine transporters (DAT).13


Table 1 shows the effect of chain length upon NET reup-
take inhibition. The 2-carbon spacer (n = 1) racemate 10
was separated into its enantiomers 10a and 10b using







Table 1. Inhibition of monoamine reuptake for norepinephrine, serotonin, and dopamine for compounds 10–12 and 19


N
H


n 


N O


R


Compound n R Stereochemistry Ki (nM)a


NET SERT DAT


10a 1 H Isomer-1 38 ± 5 >100 (1 ± 1%)b >200 (13 ± 1%)c


10b 1 H Isomer-2 54 ± 6 >100 (9 ± 11%)b >200 (9 ± 4%)c


11 2 H Racemate 10 ± 4 >100 (�0.3 ± 6%)b >200 (24 ± 7%)c


11a 2 H Isomer-1 8 ± 3 >100 (5 ± 4%)b >200 (11 ± 1%)


11b 2 H Isomer-2 190 ± 11 >100 (4 ± 4%)b >200 (5 ± 1%)c


12 3 H Racemate >200 (53 ± 3%)c >100 (�3 ± 3%)b >200 (12 ± 3%)c


19 2 Me Racemate 44 ± 1 >100 (9 ± 0.1%)b >200 (10 ± 4%)c


a Values are means of at least three experiments, rounded off to the nearest whole number.
b Percentage displacement at 100 nM.
c Percentage displacement at 1000 nM. Radio-ligands [3H]-WIN35,428 (DAT); [3H]-citalopram (SERT); [3H]-nisoxetine (NET). For full details of


assay conditions, see Ref. 10. Minimum significant ratio (MSR): NET: 2.5; SERT: 3.0; DAT: 1.6. NET, SERT, and DAT binding data for


fluoxetine 1, atomoxetine 2, and duloxetine 4 has recently been published.14
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chiral HPLC.15 Both isomers possessed modest NET
potency. The 3-carbon spacer (n = 2) racemate 11 had
potent activity and was separated into its enantiomers
11a and 11b using the same HPLC technique.15 The fast-
er eluting isomer 1 was found to be 20-fold more NET
active than isomer 2 and selective over SERT and
DAT. This NET selectivity is generally maintained
throughout this series. The absolute stereochemistry of
11a is unknown. The 4-carbon spacer 12 (n = 3) showed

Table 2. Inhibition of monoamine reuptake for norepinephrine, serotonin, a


N


Western
N-aromatic


Compound Y R


NET


11-rac H H 10


20-rac 3-F H 18


21-rac 3-Cl H 79


19-rac H Me 44


22-rac 3-Me Me 146


23-rac 4-F H 92


24-rac 4-Cl H 21


25-rac 4-Me H 3


26-rac 4-Et H 150


27-rac 4-CF3 H 1430


28-rac 4-Me Me 9


29-rac 4-iPr Me >200 (18


30-rac 3,4-DiCl H 62


31-rac 3,4-DiF Me 77


32-rac 3,5-DiF Me 165


33-rac 3,5-DiCl Me >200 (39%


a Values are means of at least three experiments, rounded off to the nearest
b %-displacement at 100nM.
c Percentage displacement at 1000 nM; rac (racemate).

poor NET affinity. In addition, the initial synthesis al-
lowed for the incorporation of an alkyl substituent in
the 3-position. The racemic methyl analogue (R@CH3)
19 had moderate NET activity.


Before embarking on further SAR studies for this new
series, profiling data for our initial hit 11a were collect-
ed, including an examination of its physicochemical
properties. The measured logD of the molecule high-

nd dopamine for compounds 20–33


O


N
H


R


Y Southern
N-aromatic


Ki (nM)a


SERT DAT


± 4 >100 (0 ± 6%)b >200 (24 ± 7%)c


± 1 >100 (9 ± 1%)b >200 (10 ± 0.2%)c


± 11 >100 (7 ± 2%)b >200 (64 ± 2%)c


± 1 >100 (9 ± 0.1%)b >200 (10 ± 4%)c


± 14 >100 (9 ± 2%)b >200 (9 ± 2%)c


± 3 >100 (7 ± 2%)b >200 (5 ± 5%)c


± 2 >100 (8 ± 1%)b >200 (50 ± 3%)c


± 1 >100 (15 ± 6%)b >200 (19 ± 3%)c


± 41 >100 (3 ± 2%)b >200 (9 ± 6%)c


± 285 >100 (1 ± 1%)b >200 (12 ± 1%)c


± 2 >100 (12 ± 2%)b >200 (3 ± 8%)c


± 1%)c >100 (5 ± 5%)b >200 (2 ± 1%)c


± 6 >100 (8 ± 3%)b 13 ± 3


± 8 >100 (11 ± 1%)b >200 (50 ± 3%)c


± 25 >100 (9 ± 3%)b >200 (19 ± 1%)c


± 0.2)c >100 (10 ± 1%)b >200 (41 ± 6%)c


whole number.







Table 3. Inhibition of monoamine reuptake for norepinephrine, serotonin, and dopamine for compounds 34–35


N O


N
H


R


Compound R Ki (nM)a


NET SERT DAT


11-rac H 10 ± 4 >100 (�0.3 ± 6%)b >200 (24 ± 7%)c


19-rac Me 44 ± 1 >100 (9 ± 0.1%)b >200 (10 ± 4%)c


34-rac Et 10 ± 1 >100 (12 ± 3%)b >200 (6 ± 0.2%)c


35-rac n-Pr 7 ± 1 >100 (51 ± 2%)b >200 (3 ± 3%)c


a Values are means of at least three experiments, rounded off to the nearest whole number.
b Percentage displacement at 100 nM.
c Percentage displacement at 1000 nM; rac (racemate).
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lighted its inherent hydrophilicity (logD = �0.48) and
suggested poor brain penetration.16 The goal, therefore,
was to maintain this desired in vitro NET potency,
whilst increasing the overall lipophilic nature of the mol-
ecule. This strategy should ultimately increase the rate of
brain penetration and with this in mind the various SAR
domains of the molecule were studied.


Using mesylate 14 a limited set of analogues containing
various amine substituents were prepared. Replacement
of the methylamine group in 11 by its tertiary amine
counterpart and by larger alkyl groups all resulted in a
reduction of NET affinity. Therefore, the first attempt
to increase logD, whilst maintaining NET potency,
was unsuccessful.


Table 2 shows the effect of substitution in the southern
N-aromatic ring. Mono-substitution in the 3-position
of the southern N-aromatic ring with a fluoro group
20 was tolerated, whilst a 3-chloro 21 and 3-methyl
group 22 both caused a reduction in NET affinity,

Table 4. Inhibition of monoamine reuptake for norepinephrine, serotonin, a


N


X
Western
N-aromatic


Compound X Y R


36-rac H 4-Me Et


37-rac H 4-Me n-Pr


38-rac H 4-Me i-Pr


39-rac H 4-Me n-Bu


40-rac F 4-Me H


41-rac Cl 4-Me H


42-rac Cl 4-Me Me


43-rac Cl 4-Me Et


a Values are means of at least three experiments, rounded off to the nearest
b Percentage displacement at 100 nM.
c Percentage displacement at 1000 nM; rac (racemate); N.D (not determined

implying size constraints. Mono-substitution with a 4-
fluoro group 23 in the same ring reduced NET activity,
whilst the corresponding 4-chloro derivative 24 was tol-
erated. NET potency was increased with both the
4-methyl analogues 25 and 28, suggesting a preference
for a small lipophilic substituent in this position.
Increasing the size of the alkyl group to ethyl 26 or iso-
propyl 29 caused a reduction in NET activity as did the
electron-withdrawing CF3 analogue 27. Using this
Buchwald chemistry, the synthesis of analogues contain-
ing 2-substituents was unsuccessful, probably due to ste-
ric constraints. With these limitations in mind, only the
3,4- and 3,5-dihalo analogues were prepared. Whilst 3,4-
difluorosubstitution 31 was tolerated, the corresponding
3,4-dichloro analogue 30 caused a modest reduction in
NET activity. Unsurprisingly, the 3,4-dichloro analogue
30 possessed good DAT potency. In the case of the 3,5-
disubstituted analogues, the 3,5-difluoro analogue 32
caused a reduction in NET activity, whilst a greater
reduction in activity was observed with the 3,5-dichloro
derivative 33.

nd dopamine for compounds 36–43


O


N
H


R


Y Southern
N-aromatic


Ki (nM)a


NET SERT DAT


17 ± 1 >100 (11 ± 2%)b >200 (11 ± 0.1%)c


11 ± 1 160 ± 5 >200 (9 ± 1%)c


150 ± 30 N.D >200 (7 ± 5%)c


8 ± 2 N.D >200 (18 ± 3%)c


5 ± 1 >100 (45 ± 3%)b >200 (5 ± 3%)c


6 ± 2 >100 (15 ± 2%)b >200 (7 ± 5%)c


43 ± 12 >100 (15 ± 2%)b N.D


47 ± 5 128 ± 10 >200 (3 ± 3%)c


whole number.


).
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Table 3 shows the effect of steric bulk in the 3-position
within a series of straight chain alkyl analogues. Replac-
ing the hydrogen in the 3-position 11 with a methyl sub-
stituent 19 resulted in a 4-fold drop in NET activity.
However, increasing the size of the alkyl substituent to
ethyl 34 and n-propyl 35 brought the NET activity back,
with these analogues being comparable to 11 (R@H).
This approach proved successful in increasing the over-
all lipophilic nature of the molecules with the n-propyl
analogue 35 having a predicted logD of 1.117


With the increase in potency obtained with analogues
containing a 4-methyl substituent on the southern N-ar-
omatic rings 25 and 28, a combination with the previ-
ously described 3-alkyl SAR was attempted (Table 4).
Potent NET activity was observed with the ethyl 36,
n-propyl 37, and n-butyl analogues 39, although this
combination did not give an additive boost to activity
versus the corresponding unsubstituted analogues 34
and 35. In this series of compounds, the branched iso-
propyl analogue 38 was not tolerated. Halogen substitu-
tion in the 6-position of the western N-aromatic ring 40
and 41 was tolerated. As before, the combination SAR
failed to be additive with analogues 42 and 43 possessing
moderate NET activity.

5. Summary


A novel series of 1-aryl-3,4-dihydro-1H-quinolin-2-ones
has been discovered as potent and selective NET reup-
take inhibitors. Efficient syntheses of these analogues
have been developed, allowing for the preparation of
multi-gram quantities of final products and advanced
intermediates for SAR determination. The strategy to
increase the lipophilic nature of this series was success-
ful (measured logD increased from �0.48 for the origi-
nal hit 11a to 1.8 for analogue 43). There were
limitations within this SAR and often increasing lipo-
philicity within this series resulted in a reduction in
NET activity. However, substitution in the 3-position
with straight chain alkyl groups provided molecules
with both increased lipophilic character and good
NET potency.

Acknowledgments


We thank the analytical and DCSG groups at Erl Wood
for providing support, and Dr. Peter Gallagher and
Anne Marie Welsh for helpful advice.

References and notes


1. Bymaster, F. P.; McNamara, R. K.; Tran, P. V. Exp.
Opin. Invest. Drugs 2003, 12, 531.

2. Southwick, S. M.; Bremner, J. D.; Rasmusson, A.;
Morgan, C. A.; Arnsten, A.; Charney, D. S. Biol.
Psychiatry 1999, 46, 1192.


3. Bymaster, F. P.; Katner, J. S.; Nelson, D. L.; Hemrick-
Luecke, S. K.; Threlkeld, P. G.; Heiligenstein, J. H.;
Morin, S. M.; Gehlert, D. R.; Perry, K. W. Neuropsycho-
pharmacology 2002, 27, 699.


4. Scates, A. C.; Doraiswamy, P. M. Ann. Pharmacother.
2000, 34, 1302.


5. Schatzberg, A. F. J. Clin. Psychiatry 2003, 64, 30.
6. Boot, J. R.; Brace, G.; Delatour, C. L.; Dezutter, N.;


Fairhurst, J.; Findlay, J.; Gallagher, P. T.; Hoes, I.;
Mahadevan, S.; Mitchell, S. N.; Rathmell, R. E.; Rich-
ards, S. J.; Simmonds, R. G.; Wallace, L.; Whatton, M. A.
Bioorg. Med. Chem. Lett. 2004, 14, 5395.


7. A related series of 5-membered ring analogues have been
described: Canas-Rodriguez, A.; Leeming, P. R. J. Med.
Chem. 1972, 15, 762.


8. Klapars, A.; Antilla, J. C.; Huang, X.; Buchwald, S. L.
J. Am. Chem. Soc. 2001, 123, 7727.


9. During the course of this work, a microwave-assisted
Goldberg reaction was reported: Lange, J. H. M.;
Hofmeyer, L. J. F.; Hout, F. A. S.; Osnabrug, S. J. M.;
Verveer, P. C.; Kruse, C. G.; Feenstra, R. W. Tetrahedron
Lett. 2002, 43, 1101.


10. For full experimental details see: Camp, N. P.; Penariol,
R.; Beadle, C. D. WO2004096773..


11. Couture, A.; Deniau, E.; Grandclaudon, P.; Lebrun, S.
Synlett 1997, 12, 1475.


12. Kikugawa, Y.; Matsumoto, K.; Mitsui, K.; Sakamoto, T.
J. Chem. Soc. Chem. Comm. 1992, 12, 921.


13. NET assay: Gobel, J.; Saussy, D. L.; Goetz, A. J.
Pharmacol. Toxicol. Methods 1999, 42, 237; SERT/DAT
assay: Ramamoorthy, S.; Giovanetti, E.; Qian, Y.; Blakely,
R. J. Biol. Chem. 1998, 273, 2458.


14. Bymaster, F. P.; Beedle, E. E.; Findlay, J.; Gallagher, P.
T.; Krushinski, J. H.; Mitchell, S.; Robertson, D. W.;
Thompson, D. C.; Wallace, L.; Wong, D. T. Bioorg. Med.
Chem. Lett. 2003, 13, 4477.


15. 10a was obtained after separation by chiral HPLC on a
Chiralcel-OJ(3624) semi-preparative column using a
gradient of 50% heptane, 50% isopropanol, and 0.2%
dimethylethyl amine as eluent (e.e. 100%), sample
concentration 0.5 mg/ml 1.0 ml/min, sample solvent:
50% heptane, 50% isopropanol, and 0.2 dimethylethyl
amine, Rt = 18.39 min. 10b was obtained after separation
by chiral HPLC using the same conditions;
Rt = 22.02 min (e.e. 98%). 11a was obtained after
separation by chiral HPLC on a Chiralcel-OJ(3624)
semi-preparative column using a gradient of 85% hep-
tane, 15% ethanol, and 0.2% dimethylethyl amine as
eluent (e.e. 96%), sample concentration 0.2 mg/ml 1.0 ml/
min, sample solvent: 50% heptane, 50% isopropanol,
Rt = 18.6 min. 11b was obtained after separation by
chiral HPLC using the same conditions; Rt = 20.79 min
(e.e. 91%).


16. Gulyaeva, N.; Zaslavsky, A.; Lechner, P.; Chlenov, M.;
McConnell, O.; Chait, A.; Kipnis, V.; Zaslavsky, B. Eur.
J. Med. Chem. 2003, 38, 391.


17. Predicted logD�s were determined using the ACDLabs
software package version 7.0.





		1-Aryl-3,4-dihydro-1H-quinolin-2-one derivatives, novel and selective norepinephrine reuptake inhibitors

		Introduction

		Inhibitor design

		Chemistry

		SAR

		Summary

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 4624–4627

Anthraquinone derivatives as a new family of protein photocleavers


Akane Suzuki, Masashi Hasegawa, Maiko Ishii, Shuichi Matsumura and
Kazunobu Toshima*


Department of Applied Chemistry, Faculty of Science and Technology, Keio University, 3-14-1 Hiyoshi,


Kohoku-ku, Yokohama 223-8522, Japan


Received 6 May 2005; revised 20 May 2005; accepted 28 May 2005


Available online 18 August 2005

Abstract—Certain anthraquinones, which are present in many biologically important natural products, effectively and randomly
cleaved proteins (BSA or Lyso) during photoirradiation using a long wavelength UV light without any further additives. It was also
found that this ability could be improved by the attachment of a suitable substituent into the anthraquinone core skeleton.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Photocleavage of proteins by anthraquinone derivatives.

1. Introduction


The development of photochemical protein cleaving
agents, which cleave proteins by irradiation with a spe-
cific wavelength of light under mild conditions and with-
out any additives, such as metals and reducing agents, is
very interesting from chemical and biological stand-
points. These agents could be useful for structure–activ-
ity studies of proteins, investigation of protein structural
domains, design of novel therapeutic drugs, and conver-
sion of large proteins into smaller fragments that are
amenable for sequencing and preparing peptide-based
functional materials.1 However, only a few successful
examples, such as N-(1-phenylalanine)-4-(1-pyrene)-
butyramide,2 2-bromo-4-nitoroacetophenone,3 enediy-
nes,4,5 and cobalt(III) complexes,6 have been reported
as chemical protein photocleavers. Among them, only
2-bromo-4-nitoroacetophenone3 and enediynes4,5 are
organic protein photocleavers without metals. In this
communication, we present the molecular design, chem-
ical synthesis, and protein photocleaving properties of
novel and artificial light activatable protein cleaving
agents possessing an anthraquinone structure as the core
unit (Fig. 1).
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In our first approach to investigate such novel protein
cleaving molecules, we noted the anthraquinone struc-
ture, which appeared in several biologically important
natural products, especially in antibiotics. Certain
anthraquinone derivatives have been found to be effi-
cient agents for DNA photocleavage by Schuster�s
group7 and our group.8 We expected that if a photo-
excited anthraquinone derivative could produce some
radical species, not only DNA, but also proteins
would be damaged and cleaved by an anthraquinone
derivative during photoirradiation.


To corroborate our hypothesis, we first examined the
photo-induced protein cleaving activity of commercially
available anthraquinone (1) and 2-hydroxymethylanthr-
aquinone (2) in concentrations of 5–150 lMusing bovine
serum albumin (BSA, 15 lM) in Tris–HCl buffer
(50 mM, pH 7.0) by photoirradiation using a long wave-
length UV light (365 nm) without any additives (Fig. 2).
The progress of protein photocleavage was monitored by
8% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE).9 As obvious from (a) and (b) in
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Figure 3. Photocleavage of bovine serum albumin (BSA). BSA


(15 lM) was incubated with a compound in 20% acetonitrile Tris–


HCl buffer (pH 7.0, 50 mM) at 25 �C for 2 h under the irradiation of a


UV lamp (365 nm, 100 W) placed at 10 cm from the sample and


analyzed by 8% Tricine–SDS–PAGE: (a), (b), (c), and (d) for the


compounds 1, 2, 3, and 4, respectively: lane 1, sizemarker; lane 2, BSA


alone; lane 3, BSA with UV; lane 4, BSA + compound (150 lM)


without UV; lanes 5–8, the concentrations of the compound were 150,


50, 15, and 5 lM, respectively, with UV.
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Figure 2. Anthraquinone derivatives.
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Figure 3, anthraquinone (1) itself exhibited very little
BSA cleaving ability under photoirradiation. In stark
contrast, the anthraquinone derivative 2 possessing a
hydroxymethyl group caused significant degradation of
BSA in concentrations over 50 lM, and the process had
a concentration-dependent component. These results
clearly demonstrate, for the first time, that an anthraqui-
none derivative is able to cleave a protein, BSA, upon
irradiation with UV light having a long wavelength with-
out any additives. It was also confirmed that no BSA
cleavage by 2 was observed in the absence of light. Thus,
the UV light functioned as a trigger to initiate an anthra-
quinone derivative toward protein scission. In addition, it
was found that since the band corresponding to BSA dis-
appeared and smear bands were observed on the
SDS–PAGE for the BSA cleaving pattern of 2, 2 must
have randomly cleaved BSA.10 These results were also
supported by the analysis using MALDI-TOF MS, as
shown in Figure 4. Thus, only after the incubation of
BSA with 2 under photoirradiation, the MS peak
corresponding to BSA disappeared, and no MS peaks
corresponding to the cleaving fragments could be detect-
ed due to the random cleavage, leading to many frag-
ments of very small amounts.


To improve further the protein cleaving ability of the
anthraquinone derivative, we designed and synthesized
hybrid compounds consisting of anthraquinone and a
hydrophilic molecule possessing hydroxyl group(s), such
as a polyethylene glycol or a carbohydrate. This is be-
cause we expected the hydrophilic moiety with hydroxyl
group(s) of the hybrid to enhance the interaction with
proteins due to its amphipathic nature and by forming
the hydrogen bond(s). The designed hybrid 3 is con-
structed from anthraquinone and triethylene glycol.
The hybrid 4 is an anthraquinone–carbohydrate hybrid
containing glucose as the hydrophilic moiety (Fig. 2).


The chemical synthesis of hybrids 3 and 4 is shown in
Scheme 1. Thus, 2 was treated with CBr4 and PhP3 to
give the bromide 5. The obtained compound 5 was then
subjected to a reaction using triethylene glycol (6), acti-
vated by NaH to furnish the desired hybrid 3. On the
other hand, glycosidation of 2 with the glucopyranosyl
bromide 7 using AgClO4 in the presence of CaSO4 and
CaCO3 in MeNO2


11 afforded the glycoside 8 with
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Figure 5. Photocleavage of hen egg lysozyme (Lyso). Lyso (15 lM)


was incubated with a compound in 20% acetonitrile Tris–HCl buffer


(pH 7.0, 50 mM) at 25 �C for 2 h under the irradiation of a UV lamp


(365 nm, 100 W) placed at 10 cm from the sample and analyzed by 12%


Tricine–SDS–PAGE: lane 1, sizemarker; lane 2, Lyso alone; lane 3,


Lyso with UV; lane 4, Lyso + 4 (150 lM) without UV; lanes 5–8, the


concentrations of the compound 4 were 150, 50, 15, and 5 lM,


respectively, with UV.
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Figure 4. MALDI-TOF MS profiles of bovine serum albumin (BSA) photocleavage by 2. (a) BSA alone; (b) BSA (15 lM) was incubated in 20%


acetonitrile Tris–HCl buffer (pH 7.0, 50 lM) in the absence of 2 at 25 �C for 2 h under the irradiation of a UV lamp (365 nm, 100 W) placed at 10 cm


from the sample; (c) BSA (15 lM) was incubated with 2 (150 lM) in 20% acetonitrile Tris–HCl buffer (pH 7.0, 50 mM) at 25 �C for 2 h without the


photoirradiation; (d) BSA (15 lM) was incubated with 2 (150 lM) in 20% acetonitrile Tris–HCl buffer (pH 7.0, 50 mM) at 25 �C for 2 h under the


photoirradiation.
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b-stereoselectivity, whose protecting groups were re-
moved using NaOMe to yield the targeted hybrid 4.


With the designed hybrids 3 and 4 in hand, the photo-in-
duced DNA cleaving activities of these hybrids were as-
sayed under the same conditions. Based on the results
given as (c) and (d) in Figure 3, the anthraquinone deriv-
atives 3 and 4 caused effective protein cleavage during
irradiation with the long wavelength UV light. It again
confirmed that no protein cleavage by 3 and 4 was
observed in the absence of light. Furthermore, the pro-
tein cleaving ability of the anthraquinone–carbohydrate
hybrid 4 was found to be the strongest among the exam-
ined anthraquinone derivatives. Thus, the strongest 4
cleaved protein, BSA, at concentrations of over

15 lM, caused near 100% protein degradation at
concentrations over 50 lM against 15 lM BSA. These
results clearly indicate that the attachment of a suitable
substituent into anthraquinone can significantly enhance
the protein cleaving ability of anthraquinone.


To examine the generality of protein cleavage by anthra-
quinone derivatives, we next carried out the photo-in-
duced protein cleavage using the strongest 4 and hen
egg lysozyme (Lyso, 15 lM) in concentrations of 5–
150 lM in Tris–HCl buffer (50 mM, pH 7.0). The pro-
gress of protein photocleavage was monitored by 12%
SDS–PAGE (Fig. 5).9 It was found that 4 caused a signif-
icant degradation of Lyso by photoirradiation using long
wavelength UV light without any further additives. In
addition, it was also confirmed that the cleaving ability
is dependent on the concentration of 4, and the cleaving
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activity increased as the concentration of 4 increased.
These results clearly demonstrate that the anthraquinone
derivatives cleave not only BSA, but also Lyso, thus
showing the general ability for protein cleavage.


Since the protein cleaving activity of these anthraqui-
none derivatives significantly decreased in the pres-
ence of both hydroxyl radical and hydrogen
peroxide scavengers, EtOH and KI, respectively, the
protein cleavage must arise from the hydroxyl radical
through hydrogen peroxide generated by the photo-
excited anthraquinone and O2.


12,13 Furthermore, it
was confirmed that although the photocleaving reac-
tion was not catalytic, the activity was time-depen-
dent. Details of the reaction mechanism including
the reaction pathway for protein cleavage are now
under investigation.


In summary, we demonstrated here, for the first time,
that the anthraquinone derivatives effectively caused
protein cleavage under photoirradiation. This ability
could be improved by the attachment of a suitable sub-
stituent into the anthraquinone core skeleton. The de-
scribed chemistry and evaluation provide significant
information about the molecular design of novel and
artificial protein photocleaving agents. The targeted pro-
tein selective cleavage by attachment of a protein recog-
nition moiety into anthraquinone is now in progress in
our laboratories.
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9. Schägger, H.; von Jagow, G. Anal. Biochem. 1987, 166,


368.
10. Jones, G. B.; Wright, J. M.; Hynd, G.; Wyatt, J. K.;


Yancisin, M.; Brown, M. A. Org. Lett. 2000, 2, 1863.
11. Zehavi, U.; Amit, B.; Patchornik, A. J. Org. Chem. 1972,


37, 2281.
12. Armitage, B. Chem. Rev. 1998, 98, 1171.
13. Kumar, C. V.; Buranaprapuk, A. J. Am. Chem. Soc. 1999,


121, 4262.





		Anthraquinone derivatives as a new family of protein photocleavers

		Introduction�

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 4470–4474

Synthesis, stability, and implications of phosphothioate agonists
of sphingosine-1-phosphate receptors


Frank W. Foss, Jr.,a Jeremy J. Clemens,a Michael D. Davis,b Ashley H. Snyder,c


Molly A. Zigler,a Kevin R. Lynchb,c and Timothy L. Macdonalda,*


aDepartment of Chemistry, University of Virginia, McCormick Road, PO Box 400319, Charlottesville, VA 22904, USA
bDepartment of Biochemistry and Molecular Genetic, University of Virginia, McCormick Road, PO Box 400319, Charlottesville,


VA 22904, USA
cDepartment of Pharmacology, University of Virginia, McCormick Road, PO Box 400319, Charlottesville, VA 22904, USA


Received 7 March 2005; revised 8 July 2005; accepted 12 July 2005


Available online 24 August 2005

Abstract—Phosphothioates may provide metabolic stability when compared to their phosphate counterparts, while retaining the
potency and efficacy as agonists at sphingosine-1-phosphate (S1P) G-protein coupled receptors. Unlike their phosphate precursors,
phosphothioate compounds with S1P-receptor profiles similar to that of FTY720, an emerging immunomodulator, were shown to
evoke prolonged lymphopenia in vivo. Analysis of mouse plasma concentrations for a series of related alcohol/phosphate/phospho-
thioate compounds showed the conversion of the phosphate to alcohol. These preliminary data highlight the importance of meta-
bolic regulation of S1P receptor ligands.
� 2005 Elsevier Ltd. All rights reserved.

Known as an intracellular messenger molecule,1 sphin-
gosine-1-phosphate (S1P, Table 1) is a lysophospholipid
mediator that has been receiving increasing attention
due to its extracellular signaling at five G-protein cou-
pled receptors (S1P1–5).


2 Activation of these receptors
is reportedly responsible for many of S1P�s myriad cellu-
lar physiologies,1,3,4 including cell growth, proliferation,
survival and migration.5,6 Specifically, S1P receptors
have been implicated in controlling blood vessel
development, cardiac rate, blood pressure, and immune
regulation.7–10


FTY720 (Fig. 1) is a novel immunomodulator that,
when activated by one or more kinases to FTY720-
phosphate (FTY720-P), acts at four of S1P�s five recep-
tors.11 Unlike conventional immunosuppressants, this
drug evokes lymphopenia by inhibiting the egress of
lymphocytes from secondary lymphoid tissues into the
peripheral circulation. S1P1,4 were discovered to be
abundantly expressed on peripheral blood T-lympho-
cytes.12 Several studies suggest that this non-cytotoxic
lymphopenia occurs through FTY720-P�s agonism spe-
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cifically at the S1P1 receptor.
12–14 Therefore, the discov-


ery of subtype selective S1P1 agonists may be desirable
as potential therapeutics.


We previously reported the synthesis of potent, subtype
selective S1P analogues with receptor profiles similar to
that of FTY720-P.15 However, initial in vivo studies on
these and other S1P/FTY720-P phosphate analogues,
such as compound 12 (Table 1), revealed that they
evoked lymphopenia transiently (<8 h), even when
administered intraperitoneally (data unpublished). To
account for this observation, we hypothesized that per-
haps the dynamic equilibrium that regulates sphingoli-
pids may be of consequence.


One or more kinases are crucial for the activation of
FTY720 to FTY720-P.8,16 While sphingosine is phos-
phorylated by both human sphingosine kinases (SphK1
and SphK2), recent studies point to SphK2 as the kinase
more likely to be responsible for phosphorylation of
FTY720 toFTY720-P.17,18Numerous lipid phosphatases
may play a role in the dephosphorylation of FTY720-P,
but, to date, no study has indicated a specific enzyme.


Considering this enzymatic regulation and FTY720�s
activity in vivo, we hypothesized that our previously
synthesized compounds were deactivated by phospha-
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Figure 1. Enzymatic control of FTY720:FTY720-P. Kinases convert


inactive FTY720 to active immunomodulator FTY720-P. Conversely,


FTY720-P is dephosphorylated by one or more phosphatases.
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tase activity. Furthermore, we investigated two apparent
strategies to deal with the subject of bio-activation. Both
methods take advantage of the equilibrium mentioned
above. One approach, based on early structure activity
relationship studies of FTY720,19 pertains to the synthe-
sis of sterically hindered alcohols that contain or resem-
ble the 2-amino-1,3-propanediol moiety of FTY720.
The second tactic, also investigated by other groups,20


uses the synthesis of more biologically stable phosphate
isosteres, such as the phosphothioates displayed in this
work.


While both avenues are being examined in our laborato-
ries, this paper describes the preparation of phospho-
thioate analogues of S1P that: (i) are readily
synthesized in parallel with their phosphate counter-
parts; (ii) are comparatively subtype-selective at S1P
receptors; and (iii) markedly induce sustainable lympho-
penia in vivo.


Specifically, a series of 2-demethylenehydroxy-FTY720
analogues (Scheme 1, 5–7) was synthesized. These com-
pounds were chosen with the knowledge that alcohol 5
does not induce lymphopenia.20 Also, synthesized was
phosphothioate 13 (Scheme 2): This compound was cho-
sen to complement phosphate 12, one of our initial lead
candidates.


Initial steps in the synthesis of compounds 5–7 (Scheme
1) were adapted from the work of Durand et al.21 Com-
pound 1 was obtained by the Friedel–Crafts acylation of
commercially available materials, 1-phenyloctane in 2-
bromoacetyl bromide, with the help of AlCl3. Notably,
this reaction proceeded with higher yields in the
absence of solvent as compared to the addition of
1,2-dichloroethane. a-Bromo-ketone 1 was then con-
verted to intermediate 3, as previously described.21


Hydrolysis-decarboxylation of 3 was achieved in one
step under harsh acidic conditions. Problems related to
initial solubility, under standard aqueous conditions,
were best overcome by the addition of methanol. This
technique yielded a surprisingly small percent (�20%
by 1H NMR) of the anticipated methyl ester 4a, as well
as desired compound 4b. Conveniently, the acid/ester
mixture was carried onto a lithium aluminum hydride
reduction to provide the racemic amino alcohol 5 in
sufficient yield. After standard N-Boc protection, com-
pound 5 was efficiently transformed to a common phos-
phite intermediate (see 10, Scheme 2), with di-tert-butyl-
N,N-diisopropylphosphoramidite. This intermediate
was not isolated, but rather oxidized, in situ, by H2O2


or elemental sulfur (S8), to form the protected phosphate
or phosphothioate tri-esters, respectively. Acid mediated







Scheme 1. Reagents and conditions: (a) NaOEt, EtOH, 60 �C, 1 h, then N-acetamido-diethylmalonate, 60 �C, 1 h, 90%; (b) Et3SiH, TiCl4, CH2Cl2,


12 h, rt, 83%; (c) 12 M HCl, MeOH, reflux, 2 h, 78%; (d) LiAlH4, THF, reflux, 10–16 h, 74%; (e) Boc2O Et3N, CH2Cl2, 0 �C to rt, 4 h, 91%; (f) di-tert-


butyl-N,N-diisopropylphosphoramidite, 1H-tetrazole, CH3CN, CH2Cl2, THF, rt, 12 h, then H2O2, rt, 1 h, 36%; (g) di-tert-butyl-N,N-


diisopropylphosphoramidite, 1H-tetrazole, CH3CN, CH2Cl2, THF, rt, 12 h, then S8, rt, 1 h, 61%; (h) trifluoroacetic acid, CH2Cl2, rt, 4 h, 70%;


(i) trifluoroacetic acid, bromotrimethylsilane, thiophenol, CH2Cl2, 4 h, 0 �C to rt, 95%.


Scheme 2. Reagents and conditions: (a) 4-octylaniline, PyBOP, DIEA, CH2Cl2, rt, 4 h, 96%; (b) H2, 10% Pd/C, EtOH, rt, 12 h, 96%; (c) 1H-tetrazole,


di-tert-butyl-N,N-diisopropylphosphoramidite, 1:1 CH2Cl2/THF, rt, 12 h; (d) H2O2, rt, 4 h, 40% (two steps); (e) 1:1 TFA/CH2Cl2, rt, 4 h, 98%; (f) S8,


rt, 3 h, 37% (two steps); (g) thiophenol, TMSBr, 1:1 TFA/CH2Cl2, rt, 4 h, 94%; (h) Na2CO3(aq)/EtOAc.
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deprotection was achieved on completion of the synthe-
sis of both compounds 6 and 7. An excess of cation scav-
engers was employed in the formation of 7 to avoid an
O- to S- transfer of a t-butyl group, which could not
be deprotected under numerous acidic conditions.


The synthesis of compounds 11, 12, and 13 (Scheme 2)
began with, commercially available protected threonine.
A PyBOP condensation with 4-octylaniline led to amide
8. The alcohol moiety was unmasked by hydrogenolysis
to compound 9 and subsequently phosphorylated, selec-
tively oxidized, and deprotected by the methods de-
scribed above to provide both the phosphate 12 and
phosphothioate 13. The alcohol 11 was accomplished
by a similar deprotection and neutralization of interme-
diate 9.


Receptor activities of S1P; FTY720-P; and compounds
5–7 and 11–13 are given as EC50 values (Table 1). The
results were determined by ligand dependent binding
of GTP[c35S] to individual S1P-receptor-G-protein com-
plexes that were overexpressed in HEK293T cells.15 Effi-
cacy levels were also determined as a percentage of S1P�s
maximal effect at each individual receptor. Maxima

determined to be lower than 80% of S1P�s maximum
are noted as partial agonists (PA).


Binding assay data show that phosphates 6 and 12 have
EC50 values similar to that of FTY720-P at S1P1. While
phosphothioate 7was found to be less potent at S1P1 than
phosphate 6, phosphothioate 13 was equipotent to phos-
phate 12. Desirably, the two phosphothioates retained a
similar subtype selectivity between S1P1 and S1P3 recep-
tors when compared to their phosphate precursors.


Compounds 6, 7, 12, and 13 were tested further for their
ability to induce lymphopenia in mice (see Fig. 2). Mice
were rendered lymphopenic 4 h after the injection of any
of the compounds, but this response was markedly
diminished at 19 h post injection in mice treated with
phosphate-containing compounds. In contrast, phos-
phothioates 7 and 13 evoked lymphopenia at the 19 h
interval.


While phosphates 6 and 12 are slightly less potent than
FTY720-P, neither caused extensive lymphopenia at
19 h. This inactivity was described for compound 6;18


however, its comparatively higher potency at S1P1,
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Figure 2. Lymphopenia induced by compounds 6, 7, 12, and 13.


Compounds were dissolved in 3% fatty acid free-BSA and injected ip at


8 mg/kg. Blood was drawn from the orbital sinus at 4 and 19 h;


lymphocyte counts were determined using a Hemavet blood analyzer.


Results are mean of three measurements.
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while suspected, was not previously known. The data
suggest that potency of compounds 6 and 12, as was
hypothesized, is of less consequence when enzymatic
regulation is taken into account.


To support the hypothesis that kinases and phospha-
tases were specifically involved in regulating our
phosphate compounds, plasma concentrations of com-
pounds 11, 12, and 13 were investigated and compared
in vivo (see Fig. 3).22,23 The compounds were adminis-
tered independently by intraperitoneal injection and
blood was drawn at 4 and 24 h. The data show that 11
is present in plasma from 4 to 24 h in detectable concen-
trations, 2.3 and 0.6 lM, respectively. No phosphate is
detected in mice treated with compound 11. In compar-
ison, the phosphate was detected at concentrations
below those of the alcohol at both time points. As
hypothesized, the alcohol 11 was present in larger con-
centrations than phosphate 12 for mice treated with 12.


Plasma concentrations of animals treated with 11 or 12
support the hypothesis that our phosphate analogues
undergo dephosphorylation. However, the eluent (con-
taining H2O, CH3CN, and TFA) used to analyze these
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Figure 3. Plasma concentrations of compounds 11, 12, and 13.


Compounds were dissolved in 3% fatty acid free-BSA and injected ip


at 8 mg/kg. Blood was drawn from the orbital sinus at 4 and 24 h;


plasma concentrations were determined using a LCQ LC–MS. Results


are means of five measurements.

compounds by LC–MS understandably catalyzed the
hydrolysis of phosphothioate 13 to phosphate 12.24


For this reason, it was difficult to quantify the concen-
tration of phosphothioate in plasma. The large amount
of detected phosphate in animals treated with phospho-
thioate 13 is likely explained by this acid-catalyzed
hydrolysis. Successfully, a lower concentration of alco-
hol was present in animals treated with phosphothioate
13 than in animals treated with phosphate 12.


That compound 6 induces brief lymphopenia in animal
models, unlike less potent phosphothioate 7, suggests
that 6�s equilibrium lies far to the left (dephosphoryl-
ated) in the relationship described in Figure 1. Without
knowledge of kinase or phosphatase specificity, it is pre-
mature to state whether this lack of activity is due to
alcohol 5 being a relatively poor substrate for SphK2
or 6 being a reasonably good substrate for one or more
phosphatases.


A greater understanding of SphK2 and other sphingo-
sine related enzymes may allow for the development of
S1P1 agonists with increased bioavailability as phos-
phates. Reports in this area, and the synthesis of various
phosphate mimetics, are to follow.
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Abstract—Piperazinebenzylamines bearing a small N-(1-methoxy-2-propyl) side chain were found to be potent and selective antag-
onists of the human melanocortin-4 (MC4) receptor. Compound 7b, having Ki values of 6.9 and 2800 nM at the human MC4 and
MC3 receptors, respectively, has moderate oral bioavailability in mice, which is improved relative to the arylethyl analogues.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The melanocortin-4 receptor (MC4R) is known to be a
major mediator for feeding behavior, metabolism
and energy homeostasis, and non-selective peptide
antagonists such as SHU9119 and AgRP have been
demonstrated, after central administration, to have a
profound effect in stimulating food-intake in rodent.1


Importantly, recent studies have shown that MC4R
antagonists prevent tumor-bearing mice from weight
loss.2 Thus, potent and selective MC4R antagonists3


may have potential utility in the treatment of cachexia.4


We recently reported a series of substituted piperazineb-
enzylamines exemplified by 1–3 as potent and selective
MC4R antagonists (Fig. 1).5 For example, 2 possesses
a Ki value of 1.8 nM in competitive binding with radio-
labeled NDP-MSH and a pA2 value of 7.9 in the inhibi-
tion of a-MSH-stimulated cAMP production. It alone
does not stimulate cAMP release in cells expressing the
human MC4R. We also demonstrated that the MC4R-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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selective antagonist 3 (Ki = 3.2 and 950 nM, respective-
ly, at MC4R and MC3R) stimulates food intake in sati-
ated mice when given by intracerebroventricular
administration. Here, we report our efforts to identify
potent and selective MC4R antagonist derivatives with
improved metabolic stability and suitable physicochem-
ical properties for possible peripheral administration.


The metabolic stabilities of 2 and 3 were initially deter-
mined in human liver microsomes in vitro. While 2
exhibits good stability (CLint = 23 ml/min kg), 3
(CLint = 870 ml/min kg) has high clearance in this assay.
Following oral administration (10 mg/kg) in rats, plas-
ma concentrations of 2 were low due to poor absorp-

Figure 1.
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Table 1. SAR of N-alkoxyalkyl benzylamines 4a–f at MC4R


Compound R1 Ki (nM)a


4a CH(Me)CH2OMe 60


4b CH2CH2OMe 190


4c CH2CH2
iOPr 110


4d CH2CH(OMe)2 280


4e CH(Et)CH2OMe 120


4f S-CH(Bn)CH2OMe 210


a Binding affinity at the human melanocortin-4 receptor (MC4R) sta-


bly transfected in HEK 293 cells, using [125I]-NDP-MSH as the


radiolabeled ligand.
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tion, probably associated with its high hydrophilicity
(log D = 1.1) and dibasic structure. Incubation of 3 or
its close analogues with liver microsomes resulted in ra-
pid degradation, which appears to be related to the thi
enylethylamino group. We postulated that the large
and flexible nature of this side chain of 3 may contribute
at least in part to the poor metabolic stability of lipo-
philic derivatives (calculated log D value of 3 was 4.0).6


4-Chlorophenylalanine derivatives of 4 were synthesized
in a manner similar to that used for the preparation of
3.5a In brief, piperazinebenzaldehyde 8, after trifluoro-
acetic acid (TFA) deprotection, was coupled with N-
Boc-R-(4-chlorophenyl)alanine under standard coupling
conditions to give 9. Reductive amination of 9 with a set
of alkylamines in the presence of sodium triacetoxyboro-
hydride afforded the desired products 4a–f (Scheme 1).


Alternatively, the piperazinebenzaldehyde 8 was subject-
ed to reductive amination with 1-methoxy-2-propyl-
amine using sodium triacetoxyborohydride, followed
by protection of the resulting secondary amine with an
Fmoc group to give the protected diamine intermediate
10. Selective deprotection with TFA in dichlorometh-
ane, followed by peptide coupling with N-Boc-2,4-
dichlorophenylalanine using a standard protocol, gave,
after TFA deprotection, the amide 11. Reaction of 11
with alkyl chloroformates under basic conditions, fol-
lowed by Fmoc-deprotection with diethylamine, provid-
ed carbamates 5a–d. Similarly, reaction of 11 with
isocyanates in dichloromethane, and then with diethyl-
amine provided the ureas 6a–e. Alternatively, the ureas
6f–h were obtained from the reaction of 11 with phos-
gene in toluene, followed by the addition of alkylamines.
Finally, coupling of 11 with various carboxylic acids
gave the amides 7a–i after Fmoc deprotection. Final
products were purified by a HPLC equipped with a mass
detector as previously described.5b Compounds were
tested in the competitive binding experiments using
[125I]-NDP-MSH as the radiolabeled ligand and in the
antagonist assay in HEK293 cells stably transfected with
the human melanocortin-3 and -4 receptors as previous-
ly described.7

Scheme 1. Reagents and conditions: (a) TFA/CH2Cl2; (b) N-Boc-(R)-(4-Cl)P


(d) CH3CH(NH2)CH2OCH3/NaBH(OAc)3/DCM; (e) Fmoc-Cl, 82%; (f) N-


CH2Cl2/rt, or RNC/ CH2Cl2/rt, or COCl2/THF/rt then RNH2, or R
2COOH

Previous structure–activity studies on the N-side chain
of the benzylamines have shown that a diamine such
as 3-aminopiperazine provides compounds with high
binding affinity.8 However, compounds bearing a dia-
mine side chain possess high residual agonistic activity.
Alternatively, 2-thienylethylamine was found to be a
side chain at the basic nitrogen for compounds with high
binding affinity but low cAMP stimulation. On the basis
of these early results, a study was conducted to find a
replacement for the lipophilic and flexible 2-thienylethyl
moiety of 1–3. In addition to small alkyls such as the
cyclopropyl group, a set of alkoxyalkyls were evaluated
because of their lower lipophilicity, which led to the
identification of potent analogue 4a (Ki = 60 nM)
(Table 1). The non-branched methoxyethyl analogue
4b (Ki = 190 nM) displayed a 3-fold reduction in bind-
ing. Larger isopropoxyethyl (4c) and methoxy-2-butyl
(4e) derivatives were slightly less potent. The additional
methoxy group of 4d (Ki = 280 nM) resulted in further
loss of potency.


We have previously shown that the 2,4-dichlorophenyl-
alanine derivative 2 is about 10-times more potent than
the monochloro analogue 1 (Ki = 21 nM, IC50 =
90 nM).5 As expected, replacing the 4-chlorophenylala-
nine moiety of 4a with a 2,4-dichloro analogue increased
the binding affinity by 10-fold (5a, Ki = 5.4 nM) (Table
2). To further optimize this compound, a number of car-
bamates, ureas, and amides were prepared in the
1-methoxy-2-propylamine series. As shown in Table 2,

he-OH/EDC/HOBt/DCM/rt, 80%; (c) R1NH2/NaBH(OAc)3/DCM/rt;


Boc-(R)-(2,4-Cl)Phe-OH/EDC/HOBt/DCM, 80%; (g) ROCOCl/Et3N/


/EDC/HOBt/DCM; (h) Et2NH/DCM.







Table 3. Binding affinity (Ki, nM) at the melanocortin receptor


subtypes of selected compoundsa


Compound MC1R MC3R MC4R MC5R IC50(nM)d


6a — 2600 4.9 1400 NDc


6b — 2900 4.8 800 NDc


6e (9%)b 1400 4.7 620 150


6g (13%)b 3100 4.8 1100 220


7b (16%)b 2800 6.9 (49%)b 170


7f (36%)b 890 1.2 400 180


7g 200 4900 8.8 580 120


a Binding affinity at the human melanocortin receptors stably trans-


fected in HEK 293 cells, using [125I]-NDP-MSH as the radiolabeled


ligand.
b Percentage of inhibition at 10 lM concentration.
c ND, not determined.
d Inhibition of a-MSH-stimulated cAMP production in CHO cells


expressing the human melanocortin-4 receptor.


Table 4. Pharmacokinetic profile of 7b in rats (N = 3)


iv (5 mg/kg)


CL (ml/min kg) 52


Vd (l/kg) 6.2


t1/2 (h) 1.4


Cbrain at 1 h (ng/g) 280


Cbrain/Cplasma at 1 h 0.5


po (10 mg/kg)


Tmax (h) 6.0


Cmax (ng/ml) 47


AUC0–8 (ng/ml h) 250


F (%) 8


Table 2. Binding affinity (Ki, nM) of compounds 5–7 at MC3R and


MC4Ra


Compound R2 MC4Rb MC3R


5a OtBu 5.4 2800


5b OiBu 7.7 2600


5c OEt 17 —


5d OMe 19 —


6a NHiPr 4.9 2600


6b NHsBu 4.8 2900


6d NHPh 5.5 6600


6e NHCH2CH2OH 4.7 1400


6e NHBn 3.5 1600


6f 1-Piperidinyl 5.3 3000


6g 1-Pyrrolidinyl 4.8 3100


6h NMe2 7.2 3100


7a H 27 —


7b Et 6.9 2800


7c nBu 5.3 3700


7d Cyclohexyl 3.1 3700


7e CH2-2-thienyl 2.2 1900


7f 2-Thienyl 1.2 890


7g CH2CH2NH2 8.8 4900


R-7g CH2CH2NH2 5.6 3400


S-7g CH2CH2NH2 88 —


2 1.8 640


a Binding affinity at the human melanocortin-4 (MC4) or melanocor-


tin-3 (MC3) receptor stably transfected in HEK 293 cells, using [125I]-


NDP-MSH as the radiolabeled ligand.
bData are average of three or more independent measurements and


SEM is <25% of the average.
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carbamates with a smaller alkyl group exhibited slightly
reduced potency (5c–d) from the tert- and iso-butyl
analogues 5a–b. Ureas 6a–g possessed Ki values of
3.5–7.2 nM regardless of the size of the N-alkyl group.
Various amides 7a–g also displayed high binding affini-
ty. Among them, the formyl 7a (Ki = 27 nM) was the
least potent, and the 2-thienyl analogue 7f had the best
Ki value of 1.2 nM, suggesting a lipophilic amide is pre-
ferred. The compound derived from b-alanine 7g exhib-
ited a Ki of 8.8 nM, which had similar binding affinity to
the des-amino analogue 7b (Ki = 6.9 nM).


Next, we determined the potency of the individual dia-
stereomer of N-(1-methoxy-2-propyl) 7g. The two dia-
stereoisomers (R-7g and S-7g) were separated using
HPLC. The stereochemistry of S-7g was established by
chemical synthesis from commercially available S-1-
methoxy-2-propylamine using the procedure described
in Scheme 1. The R-isomer R-7g possessed a Ki value
of 5.6 nM, which was much better than the correspond-
ing S-7g (Ki = 88 nM). In comparison with the more
lipophilic 2-thienylethyl analogue 2, R-7g is only 3-fold
less potent.


Since the MC3 receptor is also centrally localized and
may also play a role in the control of food intake and

metabolism, we tested all of the potent MC4R com-
pounds in the MC3R binding assay. None of these com-
pounds possessed high binding affinity at this receptor
(Ki > 900 nM, Table 2), demonstrating high MC4R
selectivity of these compounds. For example, 7b dis-
played 400-fold selectivity with Ki values of 6.9 and
2800 nM, respectively, at MC4R and MC3R. High
selectivity was also demonstrated at the other melano-
cortin receptor subtypes for compounds 6a, b, e, g, 7b,
f, and g (Table 3).


All compounds derived from 2,4-dichlorophenylalanine
were unable to stimulate significant levels of cAMP
accumulation at 10 lM concentration (<3% of a-MSH
maximal levels, data not shown) in cells expressing the
human MC4 receptor, demonstrating that these com-
pounds were not functional MC4 agonists. Moreover,
selected compounds (6e, g, 7b, f; and g, Table 3) were
shown to dose dependently inhibit a-MSH-stimulated
cAMP production. For example, 7b and g exhibited
IC50 values of 170 and 120 nM, respectively, in this
assay.


Compound 7b had a measured log D value of 1.8,
which is a very desirable value for a CNS agent.9


Therefore, this compound was further studied in rats
for oral bioavailability and brain penetration (Table
4). After intravenous administration of 5 mg/kg, as
an aqueous solution of the hydrochloride salt, 7b dis-
played moderate volume of distribution (Vd = 6.2 l/kg)







Figure 2. Pharmacokinetic profile of compound 7b in rats (5 mg/kg, iv,


10 mg/kg, po, N = 3).
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and high clearance (Cl = 52 ml/min kg), which resulted
in a short half-life (t1/2 = 1.4 h). At the 1-h time point,
the concentration of 7b in the brain was 280 ng/g,
which reflected a brain/plasma ratio of 0.5. Oral dose
at 10 mg/kg resulted in a maximal concentration
(Cmax) of 47 ng/ml at the 6-h time point (Tmax), and
an area under curve (AUC0–8) value of 250 ng/ml.h.
The absolute bioavailability (F) thus was calculated
to be 8% in this species (Fig. 2). Although the abso-
lute bioavailability of compound 7b in rats was mod-
erate based on this 8-h PK study, it displayed
reasonably good brain penetration.


In conclusion, we have identified several piperazineben-
zylamines bearing an N-(1-methoxy-2-propyl) group as
potent and selective antagonists of the human MC4
receptor. In addition, many compounds possessed suit-
able lipophilicity for potential oral administration.
Compound 7b, having a desirable log D value of 1.8,
exhibited moderate oral bioavailability and blood–brain
barrier penetration in rats.
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Abstract—A new AChE tracer N-[11C]methyl-3-[[(dimethylamino)carbonyl]oxy]-2-(2 0,2 0-diphenylpropionoxymethyl)pyridinium
([11C]MDDP, [11C]1) has been synthesized in 40–65% radiochemical yield. Initial PET dynamic studies of [11C]MDDP in rat heart
showed rapid heart uptake and blood pool clearance to give high-quality heart images. Blocking studies of [11C]MDDP with pre-
treatment drug neostigmine in rats found only minor reductions in rat heart [11C]MDDP retention. The results suggest that
[11C]MDDP delineates the heart very clearly, and the uptakes of [11C]MDDP in rat heart might be related to non-specific binding.
� 2005 Elsevier Ltd. All rights reserved.

The function of acetylcholinesterase (AChE) is to termi-
nate nerve impulse transmission by hydrolyzing the neu-
rotransmitter acetylcholine. There is overwhelming
consensus that acute exposure to organophosphorus
(OP) agents inhibits AChE and that toxicity and lethal-
ity arise due to inhibition of AChE.1 The protection
against OP poisoning in current prophylactic and thera-
peutic regimens is a pretreatment regimen consisting of
pyridostigmine, the reversible, covalent AChE inhibitor;
the muscarinic receptor antagonist atropine (ATR); and
the AChE reactivator pralidoxime chloride. Additional
treatment with diazepam has proven advantageous in
attempts to prevent convulsions. These regimens pro-
vide extensive protection against OP intoxication in
animals. However, treatment might be considerably
simplified if drugs that possessed multiple protective
functions were used. To test this hypothesis, a group
of pyridophen analogues, binary pyridostigmine-apro-
phen prodrugs with differential inhibition of AChE,
butyrylcholinesterase (BChE), and muscarinic receptors,
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were designed, synthesized, and evaluated as therapeutic
drugs by Leader et al.2 The results show that the com-
pound N-methyl-3-[[(dimethylamino)carbonyl]oxy]-2-
(2 0,2 0-diphenylpropionoxymethyl)pyridinium (MDDP)
iodide inhibited AChE selectively over BChE, with a
bimolecular rate constant similar to that of pyridostig-
mine. Our objective is to develop heart AChE tracers
for biomedical imaging of cardiac neurotransmission
using positron emission tomography (PET).3 Many pos-
itron labeled AChE inhibitors have been developed and
evaluated for the in vivo mapping of AChE. Radiotra-
cers with a low selectivity of AChE over BChE, as well
as moderate binding properties to AChE, have led to
non-specific binding in AChE enzyme over-expressed
areas, such as brain and heart regions.4 It was expected
that this problem could be overcome using radiolabeled
pyridophen analogues with an excellent anti-AChE
activity and a high selectivity of AChE over BChE.
We have previously developed [11C]neostigmine,5


[11C]edrophonium, and their analogues6 as potential
PET heart imaging agents for AChE. These compounds
exhibited either high non-specific accumulation in myo-
cardial tissue or poor myocardial uptake and were con-
sidered unsuitable for imaging the vagal system of the
heart. As part of this project we turned our efforts
toward the development of [11C]pyridostigmine and its
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labeled analogues ([11C]para-pyridostigmine and [11C]-
ortho-pyridostigmine) (Fig. 1).7 In this ongoing study,
we investigated whetherN-[11C]methyl-3-[[(dimethylami-
no)carbonyl]oxy]-2-(20,20-diphenylpropionoxymethyl)pyrid-
inium ([11C]MDDP, [11C]1) could be used to map heart
AChE in vivo. As part of our efforts to evaluate novel
potential heart imaging agents, we synthesized the tracer
[11C]MDDP and performed initial PET imaging studies
of the tracer [11C]MDDP in rat heart.


The synthetic approach for the tracer [11C]MDDP is
shown in Scheme 1. The synthesis of precursor and
reference standard was performed using a modification
of the literature procedure.2 The key intermediate,
2-hydroxymethyl-3-dimethylaminocarbonyl-oxypyridine
(3), was isolated by column chromatography as the
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Figure 1. Chemical structures of [11C]neostigmine, [11C]edrophonium, [11C]py
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Scheme 1. Synthesis of N-[11C]methyl-3-[[(dimethylamino)carbonyl]oxy]-2-(2

major product in 31% chemical yield from the carba-
mylation of 3-hydroxy-2-hydroxymethylpyridine HCl
(2) with dimethylcarbamyl chloride. The other two
products isolated from the reaction mixture were
found to be the isomeric carbamate and the bis-carba-
mate. The acylation agent 2,2-diphenylpropionyl chlo-
ride (5) was prepared from 2,2-diphenylpropionic acid
(4) with thionyl chloride in 96% yield. Acylation of 3
with 5 afforded the carbamyl-ester precursor 3-[[(di-
methylamino)carbonyl]oxy]-2-(20,20-diphenylpropionoxy-
methyl)pyridine (6) in 51% yield. The tertiary pyridine
6 was methylated with methyl triflate to give the dimeth-
ylamino)carbonyl]oxy]-2-(2 0,2 0-diphenylpropionoxymeth-
yl)pyridinium triflate (1) in 97% yield. A simple
technique solid-phase extraction (SPE)5–9 for conve-
nient labeling and isolation of [11C-methyl]quaternary

OH


N
H3C CH2CH311CH3


[11C]Edrophonium


CH3


3


gmine


N


11CH3


O N
CH3


CH3


O


[11C]ortho-Pyridostigmine


OTf


OTf


ridostigmine, [11C]para-pyridostigmine, and [11C]ortho-pyridostigmine.


COCl


CH3


5


COOCH2


CH3


N


(CH3)2NOCO


6


pyridine


CH3OTf


COOCH2


CH3


N


(CH3)2NOCO


CH3


OTf


1
N


1CH3


OTf
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Figure 2. PET images of the tracer [11C]MDDP in female rats


anesthetized with acepromazine (0.2 mg/kg, im) and torbugesic


(0.2 mg/kg, im), administered with 0.2 mCi radioactivity, and scanned


with IndyPET-II for 60 min. The images are coronal slices from scans


of three rats. The upper three panels show images after injection of


[11C]MDDP without a blocking agent. Image intensity is SUV


averaged from 20 to 60 min after tracer injection. The lower three


panels show images of the same three rats following administration of


neostigmine as described in the text. The color bar indicates approx-


imate SUV for all six images.
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amines by N-[11C]methylation method was employed
in the radiosynthesis of target tracer [11C]MDDP
([11C]1). The tertiary pyridine precursor 6 was labeled
with [11C]methyl triflate to provide quaternary pyridi-
nium tracer [11C]1 in 40–65% radiochemical yields, de-
cay corrected to end of bombardment (EOB), and a
synthesis time of 10–15 min. The key part in this tech-
nique is a SiO2 Sep-Pak cartridge containing 0.5–2 g
of adsorbent. It can be used to remove unreacted ter-
tiary amine precursor 6, reaction solvent acetonitrile,
and unreacted [11C]methyl triflate, which was decom-
posed by eluant ethanol. The final labeled product
[11C-methyl]quaternary amine [11C]1 was eluted with
an aqueous solution of 2% acetic acid, which can also
contain up to 8% ethanol to enhance recovery of some
[11C-methyl]quaternary cations. The SPE technique
was used for fast, efficient preparative separation of
labeled product from its unlabeled precursor with
large polarity difference, which shortened total synthe-
sis and formulation time and afforded higher overall
radiochemical yields. Chemical purity, radiochemical
purity, and specific radioactivity were determined by
the analytical HPLC method. The chemical purities
of the precursor 6 and the reference standard 1 were
>95%. The radiochemical purity of the target tracer
[11C]1 was >99%, and the chemical purity of the tar-
get tracer [11C]1 was >93%. The specific radioactivity
of the tracer [11C]1 was 1.0–1.5 Ci/lmol at end-of-syn-
thesis (EOS).


In vivo dynamic PET imaging studies10 of the tracer
[11C]MDDP in young adult female Sprague–Dawley
rats were performed in an IndyPET-II scanner11,12 for
60 min post iv injection of 0.2 mCi of the tracer in a
rat, and the heart images in three rats are shown in
the upper three panels in Figure 2. All PET images are
coronal views. The image intensity is standard uptake
value (SUV), averaged from 20 to 60 min after tracer
injection. The color bar indicates approximate SUV
for all three images. All PET images of the tracer
[11C]MDDP in rats 1, 2, and 3 showed that the heart
was visible with the tracer. These images indicate that
the new tracer delineates the heart very clearly. All imag-
es 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).


In vivo competitive inhibition studies were performed to
assess the in vivo specificity of the tracer [11C]MDDP to
heart tissue AChE and whether the tracer distribution is
susceptible to indirect pharmacological or pharmacody-
namic effects that could complicate uptake site measure-
ments. Competition or ‘‘blocking’’ study was carried out
by pretreating groups of animals with drugs, unlabeled
AChE inhibitors, which compete, or are believed to
compete for the same binding site that the tracer inter-
acts within the body. For the blocking imaging studies,10


the same three rats were pretreated by an intravenous
injection of neostigmine prior to intravenous injection
of the tracer [11C]MDDP. The heart images in three rats
are shown in the lower three panels in Figure 2. Like-
wise, all PET images are coronal views, the image inten-

sity is SUV averaged from 20 to 60 min after tracer
injection, and the color bar indicates approximate
SUV for all three images. All PET images of the tracer
[11C]MDDP in rats 1, 2, and 3 showed that the heart
was visible in blocking studies. A color scale normalizes
all sets of data including unblocked control study and
blocked with neostigmine study. Comparing the drug
study with the control study, the partial blocking effect
can be seen from the images.


The dynamic PET data of the tracer [11C]MDDP with
no blocker and with blocker neostigmine are shown in
Figure 3. The plot Figure 3 is the individualized tracer
heart uptake (y-axis) versus time from injection (x-axis),
which indicated the kinetics of the tracer [11C]MDDP
with no blocker and with blocker neostigmine in three
rats. The tracer uptake is expressed as the values, which
are approximate SUV in the cardiac region of interest
(ROI) plotted versus each time point in 60 min of entire
scan time. The initial peak is the first pass of the tracer
following the tail vein injection. The open symbols are
values with no blocking agent in rats 1, 2, and 3 (control
group). The filled symbols are values from scans, follow-
ing the administration of the blocking agent neostigmine
in the same three rats (blocking group). The tracer up-
take was changed in the blocking study, which indicates
a blocking drug effect on the binding of the radiotracer.


The mean and standard deviation (SD) SUV for heart
ROIs of three rats in two different experimental groups
(control group and blocking group) are given in Table 1,
which shows the comparison of average tracer
[11C]MDDP uptake in the heart with no blocker and
with blocker neostigmine in three rats. Likewise, Table
1 suggests that the partial blocking effect appeared in







Table 1. Mean and standard deviation (SD) SUV for heart ROIs of


three rats


Experimental group Mean SD


Control 0.125 0.034


Blocking with neostigmine 0.128 0.066


p value 0.87
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Figure 3. Kinetics of [11C]MDDP in three rats. Values are approxi-


mate SUV in cardiac ROI plotted versus time from the beginning of


scan. The initial peak is the first pass of the tracer, following the tail


vein injection. The open symbols are values with no blocking agent.


The filled symbols are values from scans, following the administration


of neostigmine, as described in the text.
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the blocking study. A t test comparing the means of the
tracer [11C]MDDP with no blocker and with blocker
neostigmine gave a p value of 0.87, which did not denote
the presence of a statistically significant difference. Ini-
tial PET blocking studies of the tracer [11C]MDDP with
pretreatment drug neostigmine in rats found only minor
reductions in rat heart [11C]MDDP retention. Therefore,
we conclude there was no significant blocking in the
data set and the uptakes of the tracer [11C]MDDP in
rat heart might be the results of non-specific binding.
Based on the data available from the in vivo PET stud-
ies, we can assume that while in vitro experiments indi-
cate efficacy of an AChE inhibitor MDDP iodide,
kinetic factors, and rapid blood clearance make
[11C]MDDP unsuitable as tracers for PET imaging of
AChE enzyme in the heart. This work demonstrates that
the therapeutic drug and imaging tracer have different
pharmacokinetic profiles. Further studies will determine
whether the uptake site is AChE or if other binding sites
are also involved.


Because of the high concentrations of AChE and
BuChE in blood, as well as in heart and brain, it is
extremely difficult to measure the blockade of cholines-
terase function in these latter tissues. Typically, there is a
narrow window between measurable blockade and
lethality. In fact, it has been shown that blockade of
blood AChE binding sites with neostigmine can increase
the amount of AChE radiotracers available for binding
in brain and likely heart as well. As 2 out of 3 of the rats
used in this study actually exhibited increases in

[11C]MDDP retention after administration of neostig-
mine, the possibility that what we describe as non-specif-
ic binding may actually be insufficient blockade of
cholinesterase binding sites.


The experimental details are given for the new com-
pound 1 and new tracer [11C]1, and only characteriza-
tion data are given for other known compounds 3, 5,
and 6.13 The experimental details for PET imaging stud-
ies are also given.14


In summary, the synthetic procedures that provide ter-
tiary pyridine precursor 6, quaternary pyridinium refer-
ence standard 1, and quaternary pyridinium target
tracer [11C]1 have been well-developed. Initial PET
dynamic studies of the tracer [11C]1 in rat heart showed
rapid heart uptake and blood pool clearance to give
high-quality heart images. However, the results from
the blocking studies of [11C]MDDP with pretreatment
drug neostigmine showed that no specific binding is
present. These results suggest that the new tracer delin-
eates the heart very clearly, the localization of
[11C]MDDP in rat heart might be mediated either by
non-specific processes or by insufficient blockade of cho-
linesterase binding sites, and the visualization of
[11C]MDDP-PET on rat heart might be associated with
non-specific binding or insufficient blockade of cholines-
terase binding sites.
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MA. Sterile Millex-GS 0.22 lm vented filter unit was
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J2 = 5.1 Hz, ring-H), 4.73 (s, 2H, CH2OH), 4.22 (br s,
1H, OH), 3.13 (s, 3H, CH3), 3.03 (s, 3H, CH3). (c)
Compound 5: a white solid, yield 96%, mp 35–37 �C. 1H
NMR (CDCl3, 300 MHz) d 7.18–7.42 (m, 10H, phenyl H),
2.09 (s, 3H, CH3). (d) Compound 6: a colorless oil, yield
51%, Rf = 0.48 (1:1 EtOAc/hexane). 1H NMR (CDCl3,
300 MHz) d 8.42 (dd, 1H, J1 = 4.4 Hz, J2 = 1.5 Hz, pyridyl
H), 7.56 (dd, 1H, J1 = 8.1 Hz, J2 = 1.5 Hz, pyridyl H), 7.30
(dd, 1H,J1 = 8.1 Hz, J2 = 5.2 Hz, pyridyl H), 7.18–7.25 (m,
10H, phenyl H), 5.31 (s, 2H, CH2), 2.94 (s, 3H, CH3N),
2.87 (s, 3H, CH3N), 1.92 (s, 3H, CH3). (e) Compound 1:
Methyl triflate (115 lL, 1.016 mmol) was added to a
solution of compound 6 (0.41 g, 1.014 mmol) in dry

CH2Cl2 (10 mL) at room temperature. The solution was
stirred for 30 min. TLC showed no starting material left.
The solvent was removed under vacuum to give com-
pound 1 (0.56 g, 97%) as a white solid, mp 43–45 �C. 1H
NMR (CDCl3, 300 MHz) d 8.64 (d, 1H, J = 6.6 Hz,
pyridyl H), 8.34 (d, 1H, J = 8.8 Hz, pyridyl H), 7.90 (dd,
1H, J1 = 8.9 Hz, J2 = 5.9 Hz, pyridyl H), 7.02-7.30 (m,
10H, phenyl H), 5.58 (s, 2H, CH2), 4.08 (s, 3H, N+CH3),
3.11 (s, 3H, NCH3), 3.01 (s, 3H, NCH3), 1.90 (s, 3H, CH3).
LRMS (EI, m/z): 181 (100%), 419 [(M�OTf)+, 1.8%].
HRMS (EI, m/z): calcd for C25H27O4N2: 419.1970, found:
419.1971. (f) Tracer [11C]1: The precursor (6, 0.5 mg) was
dissolved in acetonitrile (250 lL). The mixture was trans-
ferred to a small volume, three-necked reaction tube.
[11C]Methyl triflate was passed into an air-cooled reaction
tube at a temperature between �15 and �20 �C, which
was generated by a Venturi cooling device powered with
100 psi compressed air, until radioactivity in solution
reached a maximum (2–3 min), and then the reaction tube
was isolated and heated at 70–80 �C for 2–3 min. The
reaction tube was connected to the Silica Sep-Pak. The
labeled product solution mixture was passed onto the SiO2


Sep-Pak for SPE purification by gas pressure. The reaction
tube and Sep-Pak were washed with ethanol (5 mL), and
the washing solution was discarded to a waste bottle. The
final product [11C]1 was eluted from the Sep-Pak with
90:8:2 H2O/EtOH/HOAc (2–4 mL), sterile-filtered through
a 0.22 lm cellulose acetate membrane, and collected into a
sterile vial. The pH was adjusted to 5.5–7.0 with 2 M
NaOH and 150 mM NaH2PO4 mixed solution (1/20, 0.2–
0.4 mL). Total radioactivity was assayed and the total
volume (2.5–5.0 mL) was noted. The overall synthesis time
was 10–15 min. The decay corrected yields, from 11CO2,
were 40–65%, and the radiochemical purity was >99% by
analytical HPLC. Retention times in the analytical HPLC
system were: RT6 = 4.51 min, RT[11C]1 = 2.83 min. The
chemical purity of the target tracer was >93%.


14. (a) Dynamic IndyPET-II imaging of the tracer [11C]MDDP
in the rats. All animal experiments were performed under a
protocol approved by the Indiana University Institutional
Animal Care and Use Committee. The female Sprague–
Dawley rat (250–300 g) was anesthetized with aceproma-
zine (0.2 mg/kg, im) and torbugesic (0.2 mg/kg, im). 0.2 mCi
of [11C]MDDP was administered intravenously to the rat
via the tail vein. The micro-PET images of the tracer were
acquired in IndyPET-II scanner by the ordered subset
expectation maximization (OSEM) using 6 subsets/4 itera-
tions for 60 min dynamic scans from a rat post intravenous
injection of 0.2 mCi of the tracer, and frame durations were
defined as 300 s for entire 3600 s scan. (b) Blocking
IndyPET-II imaging of the tracer [11C]MDDP in the rats
with pretreatment drug neostigmine. For the blocking
experiments, the rats (250–300 g) were pretreated by an
intravenous injection in the tail vein with 3.0 mg/kg of
neostigmine in saline 30 min, prior to iv injection of 0.2 mCi
[11C]MDDP in the tail vein. After tracer administration, the
animals were handled, as described above. (c) Statistical
analysis. Differences between neostigmine pretreated group
and control group were examined for statistical significance
using Student�s t test. A p value less than 0.05 denoted the
presence of a statistically significant difference.





		Facile synthesis and PET imaging of a novel potential heart acetylcholinesterase tracer N-[11C]methyl-3- [[(dimethylamino)carbonyl]oxy]-2-(2 prime ,2 prime - diphenylpropionoxymethyl)pyridinium

		Acknowledgments

		References and notes








BIOORGANIC & MEDICINAL CHEMISTRY LETTERS


Editor-in-Chief: Professor D. L. BOGER
Department of Chemistry, BCC 483A, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla,


California 92037, USA.
Facsimile: (1) 858-784-7550


[Facsimile: (1) 800-410-1557 toll-free within the USA and Canada]


European Regional Editor: Professor Stephen Neidle, Department of Pharmaceutical & Biological Chemistry,
The School of Pharmacy, University of London, 29/39 Brunswick Square, London WC1N 1AX, UK.


Facsimile: 020 7753 5970


Japanese Regional Editor: Professor M. Shibasaki, Graduate School of Pharmaceutical Sciences, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.


Facsimile: (81) 3 5684 5206


EXECUTIVE BOARD OF EDITORS FOR TETRAHEDRON PUBLICATIONS


Chairman: Professor B. Ganem
Editor Emeritus: Professor H. H. Wasserman


Professor D. L. Boger, Department of Chemistry, The Scripps Research
Institute, La Jolla, CA 92037, USA


Professor S. G. Davies, Chemistry Research Laboratory,
Department of Chemistry, University of Oxford, Oxford OX1 3TA, UK


Professor B. Ganem, Department of Chemistry & Chemical Biology,
Baker Laboratory, Cornell University, Ithaca, NY 14853-1301, USA


Professor L. Ghosez, Laboratoire de Chimie Organique de Synthèse,
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Abstract—The 17-membered phenylalanine-based macrocycle 6 was prepared starting from 3-iodo-phenylalanine. Macrocyclization
of alkene phenyl iodide 5 was effected through a palladium-catalyzed Heck reaction. The macrocyclic a-ketoamides were active
inhibitors of the HCV NS3 protease, with the C-terminal acids and amides being more potent than tert-butyl esters.
� 2005 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) infection is the principal cause
of chronic liver disease, leading to cirrhosis, hepatocellu-
lar carcinoma, or liver failure in humans.1 It has infected
more than 170 million people worldwide and has
emerged as a major global health problem. Currently
available therapy is a-interferon, either alone or in com-
bination with ribavirin. Even the latest pegylated
a-interferon-ribavirin combination therapy can generate
sustained virological response in only 50% of infected
patients.2 Existing therapies are also fraught with several
considerable side effects. The limited efficacy and ad-
verse side effects of the current therapies have clearly
raised the need to develop even more effective antiviral
agents, stimulating intensive research in finding potent
and orally bioavailable small molecule drug candidates.3


The HCV viral RNA genome encodes a polyprotein that
consists of structural and nonstructural (NS) proteins.
The chymotrypsin-like serine protease, located at N-ter-
minal of NS3 nonstructural protein, is essential for viral
replication in vivo.4 It has been a valuable target for
which a number of inhibitors have been described in
the literature.5


A large number of protease inhibitors have been devel-
oped in recent years for the treatment of a variety of
diseases, many of which are peptidic in nature.6 Their
designs are normally based on the cleavage of native
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substrates. It is often difficult to extract desirable phar-
macokinetic properties from these peptidic compounds.7


Lot of effort has been made to design peptidomimetics
with less peptidic character. One of the strategies devel-
oped was macrocyclization of a peptide chain.8 Many
biologically active macrocyclic molecules, such as van-
comycin family of antibiotics9 and chloropeptins,10 have
been observed in nature. A number of potent and selec-
tive macrocyclic inhibitors with novel structures have
also been designed for HIV protease,11 ACE,12 matrix
metalloproteases (MMP),13 and TACE.14 Macrocycles
are designed to pre-organize the conformation for en-
zyme binding, reducing entropy cost in the process.15


They are potentially more stable to proteolytic degrada-
tion than their acyclic counterparts.16


Herein, we report a short and efficient synthesis of a ser-
ies of phenylalanine-based macrocyclic HCV inhibitors.
The 17-membered macrocycles were designed as a pepti-
domimetic of a P2–P3 dipeptide moiety. We presumed
that incorporation of a macrocyclic ring in these inhibi-
tors could enhance binding potency and improve phar-
macokinetic profile. The size of the macrocycle was
determined, based on the analysis of X-ray crystal struc-
ture of the enzyme binding site. Clearly, the major chal-
lenge in the synthesis of this type of compounds was
macrocyclization step. We envisaged that the alkyl aryl
linkage could be effected through a Heck reaction,17 that
is, palladium-catalyzed carbon–carbon bond formation
between an aryl iodide and terminal alkene (Scheme 1).


Synthesis of themacrocycle commencedwith the coupling
of commercially availableN-Boc-cyclohexylglycine 1 and
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(3-iodo)phenylalanine methyl ester 2 (Scheme 1) using
3-hydroxy-1,2,3-benzotriazin-4(3H)-one (HOOBt),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
hydrochloride, and 4-methylmorpholine (NMM) at
�20 �C to give dipeptide 3. The Boc-protecting group
was removed and the resulting amine hydrochloride 4
was reacted with oct-7-enoic acid under similar coupling
conditions (HOOBt, EDC, and NMM) to provide 5, the
precursor to the macrocycle. The key macrocyclization
step cameupnext,wherein the terminal alkene andphenyl
iodide in 5 were cyclized to a 17-membered macrocycle
through a Heck reaction.17 The reaction was performed
in a sealed tube at 80 �C in anhydrous acetonitrile–di-
methylformamide media in the presence of 10% palladi-
um tetrakistriphenylphosphine and 10 equiv of
triethylamine. The desired macrocycle 6 was obtained in
37% isolated yield. The product was a mixture of cis-
and trans-isomers at the newly formed double bond.


The right-hand tripeptide fragment of the molecule was
prepared in a series of peptide couplings and protecting
group manipulations (Scheme 2). First, norvaline
hydroxyacid18 7 was coupled to glycine benzyl ester un-
der standard conditions (HOOBt, EDC, and NMM) to
give compound 8, which was hydrogenated to give acid
9. Coupling of 9 to commercially available phenylgly-
cine tert-butyl ester provided tripeptide 10. The Boc-
protecting group was then selectively removed in the
presence of tert-butyl ester using 2 M hydrogen chloride
in 1:1 dioxane/ethyl acetate to give the desired amine 11
as a hydrochloride salt.


With both the left-hand macrocycle and the right-hand
a-hydroxyamide fragment in hand, the stage was set to

assemble target molecules (Scheme 3). Thus, methyl es-
ter 6 was hydrolyzed to macrocyclic acid 12, which was
coupled to amine 11 under standard conditions. The
resulting a-hydroxyamide was then oxidized using
Dess–Martin periodinane19 to afford a-ketoamide 13.
This compound was an inseparable diastereomeric
mixture of (R)- and (S)-isomers at P1 norvaline a-center.
The corresponding C-terminal carboxylic acid 14, also
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as a diastereomeric mixture, was obtained from com-
pound 13 by treatment with trifluoroacetic acid. The
dimethyl amide 15 was prepared via coupling of 14 with
dimethylamine.


To evaluate the effect of the double-bond on the potency
of inhibitors, saturated analogs of compounds 13–15
were also synthesized, as outlined in Scheme 4. Thus,
macrocycle 6 was hydrogenated to give the saturated
macrocycle, which was hydrolyzed to its corresponding
carboxylic acid 16. The coupling between 16 and amine
11 provided an a-hydroxyamide, which on Dess–Martin
periodinane oxidation afforded the desired a-ketoamide
17. The tert-butyl ester was treated with trifluoroacetic
acid to give acid 18. The dimethyl amide analog 19
was prepared from 18 in a similar manner as the prepa-
ration of 15.


The six macrocyclic compounds 13–15 and 17–19 were
tested as hepatitis C virus NS3 serine protease inhibitors
in a continuous assay.20 The two tert-butyl esters were
modestly active toward the enzyme (13: K�


i ¼ 1.2 lM;
17: K�


i ¼ 2.3 lM). The carboxylic acids (14, 18), howev-
er, were potent inhibitors of HCV NS3 protease, with K�


i


values of 0.084 and 0.066 lM, respectively. The dimeth-
yl amides (15, 19) were also very active HCV inhibitors
with K�


i at 0.12 and 0.11 lM, respectively. The tert-butyl
esters (13/17) were more than ten times less potent than
their corresponding acids (14/18) and amides (15/19).
Presumably, the bulky tert-butyl group must have
undergone unfavorable steric interactions with the en-
zyme surface. The smaller acid and amide groups were
more tolerated. The potency was very close for any pair
of inhibitors (13/17, 14/18, and 15/19) with or without
the presence of a double bond in the macrocyclic ring.
Although the double bond in compounds 13–15 existed

17  R = OtBu
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19  R = NMe2


Ki* = 2.3 µM 


Ki* = 0.066 µM 
f
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Scheme 4. Reagents and conditions: (a) H2, Pd–C, EtOH, rt, quant.;


(b) LiOH, MeOH/THF/H2O, rt, quant.; (c) 11, HOOBt, EDC, 4-


methylmorpholine, DMF/CH2Cl2, �20 �C, 73%; (d) Dess–Martin


periodinane, CH2Cl2, rt, 46%; (e) trifluoroacetic acid, CH2Cl2, quant.;


(f) Me2NHÆHCl, HOOBt, EDC, 4-methylmorpholine, DMF/CH2Cl2,


�20 �C, 71%.

as a cis/trans mixture, unsaturation in the macrocycle
did not seem to affect the inhibition activity of these
compounds.


The X-ray crystal structure of inhibitor 18 bound to
HCV NS3 protease was obtained (Fig. 1, PDB ID code
2A4Q). The diastereomer with (S)-norvaline at P1 was
observed in the X-ray structure as it was more potent
than (R)-isomer. A reversible covalent bond was formed
between enzyme active site serine (Ser139) hydroxyl and
the ketone carbonyl of the inhibitor. The macrocycle
encircled the methyl group of alanine 156, which estab-
lished a �donut-shaped� conformation that provided ex-
tra interaction between the inhibitor and the protease.
The n-propyl side chain of P1 norvaline fit very well into
the S1 pocket. In addition, the benzene ring of P2 0 phe-
nylglycine reached the other side of the lysine136 side
chain such that it and the P1 propyl group formed a
�C-shaped� clamp around the lysine residue. The com-
pound also entered into multiple hydrogen bonding with
the protease through its amide chain.


In summary, a short and concise synthesis of 17-mem-
bered macrocycles 12 and 16 has been carried out. The
key macrocyclization step was achieved through a Heck
reaction between the aryl iodide and terminal alkene in
the presence of a palladium catalyst. Macrocyclic inter-
mediates were coupled to a tripeptide right-hand frag-
ment to provide a-ketoamides 13–15 and 17–19 after
oxidation. The C-terminal carboxylic acids and amides
14–15 and 18–19 were potent HCV protease inhibitors
with K�


i values between 0.066 and 0.12 lM, while
the bulky tert-butyl esters 13 and 17 were less active.
X-ray structure of compound 18 bound to protease
revealed that the macrocycle ring adopted a �donut-
shaped� conformation around the methyl group of
Ala156. These macrocyclic inhibitors were at least a
few fold more potent than similar noncyclic analogs.
The investigation of pharmacokinetic properties is
underway.

Ala156


Lys136


Ser139His57


S1


Figure 1. X-ray structure of compound 18 bound to HCV NS3


protease.
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Abstract—A novel class of spiro-ureas has been discovered as potent human glucagon receptor antagonists in both binding and
functional assays. Preliminary studies have revealed that compound 15 is an orally active human glucagon receptor antagonist in
a transgenic murine pharmacodynamic model at 10 and 30 mpk. Compound 15 is orally bioavailable in several preclinical species
and shows selectivity toward cardiac ion channels and other family B receptors, such as hGIP1 and hGLP.
� 2005 Elsevier Ltd. All rights reserved.

Type 2 diabetes mellitus (T2DM) is a complex disease1


with increasing prevalence and cost, especially in devel-
oped countries.2 Although numerous therapies are
available for the treatment of diabetes, all of them are
associated with strong side effects. Therefore, many
new drug targets are still being actively pursued.3,4 Glu-
cagon is a 29 AA peptide hormone, which acts through
the glucagon receptor (GCGR) to stimulate gluconeo-
genesis and glycogenolysis, thereby counteracting the
role of insulin in the regulation of glucose homeostasis.
Since hyperglycemia and, paradoxically, increased
glucagon levels are both characteristic of T2DM,
antagonism of the hGCGR is a logical target for the
treatment of T2DM.5–7 A recent report on the blockade
of glucagon-induced hyperglycemia in human subjects
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with a small molecule hGCGR antagonist has undoubt-
edly stimulated more interest in this area.8


Recently, trisubstituted ureas, such as 1, were reported
to be human glucagon receptor antagonists.9 We wished
to explore spiro-cyclic variants of these trisubstituted
ureas as potential novel human glucagon receptor
antagonists.10,11


AM1 computer modeling of compound 1 with the three
peripheral substituents truncated for ease of computa-
tion showed conformers A and B to have very similar
energies.12 A quick visual inspection revealed that a
slightly lower energy conformer B was well-suited for
the formation of a spiro-urea moiety, which appeared
to preserve the orientation of the three substituents con-
nected to the original acyclic urea core. AM1 modeling
confirmed this conjecture (Fig. 1). It showed that a
[6.5] spiro-urea overlapped very well with the acyclic
urea having the three carbon atoms marked with arrows
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Figure 1. Overlay of truncated compound 1 (gray) with [6.5] spiro-urea


replacement (blue) from AM1 calculations (red = O, dark blue = N,


others = C). Hydrogen atoms were omitted in this drawing for clarity.
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in 1 placed within 0.6 Å of the corresponding atoms in
the spiro-urea replacement. The carbonyl oxygen atoms
in the two compounds were also only 0.5 Å apart.
Similar results were obtained with a [6.6] spiro-urea
replacement having an ethylene moiety bridging the urea
NH and the cyclohexane in 1.


These computational results encouraged us to prepare
and test these spiro-ureas as potential novel glucagon
receptor antagonists. The synthesis of the [6.5] spiro-
urea is shown in Scheme 1 with the preparation of com-
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Scheme 1. Reagents and conditions: (a) KCN, NH4Cl, 1:1 MeOH and H2O,


rt, 81%; (c) 1:2 1.5 M aq HCl and ethanol, reflux, 3 h, 94%; (d) LiAlH4, AlCl3,


56%; (f) 2:5 (v/v) TFA and DCM, rt, 20 min, 66%; (g) 1-(3-dimethylamin


triazole hydrate (HOBt), diisopropylethylamine (DIEA), DMF.

pounds 8 and 9. The cis isomer of the aminonitrile 4
from a Strecker reaction13 of ketone 3 was added to
an isocyanate, cyclized in situ under basic conditions
to give a 5-imino-imidazolidin-2-one intermediate, and
hydrolyzed to give the hydantoin 5.14 The 4-carbonyl
group in 5 was selectively reduced to a methylene (6)
using LiAlH4–AlCl3.


15 Acid 7 was then obtained from
6 by alkylation of the urea NH and deprotection of
the tert-butyl ester. Finally, standard coupling condi-
tions were used to yield amino tetrazole 9 or, following
deprotection, b-alanine 8. Hydantoin analogs 10 and
11 were prepared from intermediate 5 in a similar
manner.16


The preparation of the corresponding [6.6] spiro com-
pounds 14–17 was also performed, as outlined in
Scheme 1, except in this case the required aminonitrile
13a was prepared by a Horner–Emmons reaction17, fol-
lowed by 1,4-addition of ammonia18 (Scheme 2). The
two isomers of 13 were separated on silica gel and their
identities were established by NMR using homonuclear
decoupling and NOE spectroscopy.


The in vitro biological activity of these compounds on
the hGCGR was evaluated in binding and functional as-
says and compared with 1 and its 5-aminotetrazole
amide analog 2 (Table 1). The binding IC50 values were
measured from the inhibition of 125I-glucagon to the
hGCGR expressed in CHO cell membranes. For com-
pounds showing good binding affinity, functional inhibi-
tion of glucagon-induced cAMP accumulation in
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ether, rt, 85%; (e) tert-butyl 4-(bromomethyl)benzoate, NaH, DMF, rt,
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Table 1. Binding and functional activity (IC50) of human glucagon receptor antagonists


t-Bu
HN
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OCF3


nt-Bu N N
H


O
OCF3
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H
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R
A B


Compound Class R Y n Binding IC50, nM (n) cAMP IC50, nM (n)


1 A –CH2CH2CO2H — — 21 ± 7 (5) 144 ± 88 (4)


2 A Tetrazol-5-yl — — 3.2 ± 1.7 (6) 46 ± 14 (5)


8 B –CH2CH2CO2H H2 0 336 ± 282 (5) 459


9 B Tetrazol-5-yl H2 0 105 ± 56 (5) 193 ± 145 (3)


10 B –CH2CH2CO2H @O 0 856 NDa


11 B Tetrazol-5-yl @O 0 631 NDa


14 B –CH2CH2CO2H H2 1 182 ± 129 (6) 282 ± 85 (3)


15 B Tetrazol-5-yl H2 1 34 ± 32 (10) 92 ± 29 (13)


16 B –CH2CH2CO2H @O 1 1691 NDa


17 B Tetrazol-5-yl @O 1 1965 NDa


18 B –CH2CH2CO2Et H2 0 23% inh. at 100 lM NDa


19 B –CH2CH2CONH2 H2 0 13% inh. at 100 lM NDa


20 B –(R)-CH2CHOHCO2H H2 1 303 ± 352 (2) NDa


21 B (Tetrazol-5-yl) methyl H2 1 92 ± 36 (2) 1975 ± 673 (2)


7 — — — — 68% inh. at 100 lM NDa


aNot determined.
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Scheme 2. Reagents and conditions: (a) diethyl (cyanomethyl)phosphonate, n-BuLi in hexanes, THF, �78 �C 3 h, warm to rt; (b) 29% aq NH3,


MeOH, 100 �C, autoclave, 25 h.
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hGCGR-transfected CHO cells was also measured
(cAMP IC50).


19


In our hands, the acyclic ureas 1 and 2 were very potent
binders to the hGCGR (3–21 nM), but exhibited a
somewhat diminished functional antagonism (Table 1).
The most potent of the spiro-cyclic analogs prepared
were the [6.6] spiro-ureas, 14 and 15, while being up to
10-fold less potent than 1 and 2 in the binding assay,
only showed a slightly diminished functional inhibition
of the receptor (�2-fold). The [6.5] analogs 8 and 9 were
about 4-fold less potent than their acyclic analogs in the
cAMP assay. Containing an extra carbonyl group, the
hydantoins, 10 and 11, and dihydropyrimidine-2,4-
diones, 16 and 17, were only weak glucagon receptor
antagonists (binding IC50 >600 nM). An acidic residue
seems to be required for binding activity since ester 18
and amide 19 were both inactive up to 100 lM. Even
minor modifications to b-alanine or amino tetrazole side
chains of 8 and 9 were not well-tolerated. For example,
hydroxy-acid 20 lost a further 2-fold in binding over 14.
Aminomethyl tetrazole 21, while being potent in the
binding assay, only showed weak functional antagonism
(cAMP IC50 �2000 nM). The truncated acid 7 also
showed only a very weak binding activity.


Compound 15 was also tested for activity at the GCGRs
of the rhesus monkey, dog, rat, and mouse. Using com-

parable functional assays as that used for hGCGR, 15
was found to be only 1.5- to 4-fold less potent at these
receptors than at the hGCGR (cAMP IC50 = 159 ± 46
(2), 203 ± 66 (3), 307 ± 65 (4), and 398 nM,
respectively).


These observations prompted us to focus further SAR
studies on the spiro-urea series (Table 2). Initial efforts
centered on the less potent [6.5] spiro-urea series since
its chemistry was more accessible than the [6.6] counter-
parts. A variety of changes to the aryl group were ex-
plored with a tetrazole or b-alanine side chain. The
parent phenyl compound 22 was much less active than
9. On the other hand, cyclohexyl is a reasonable replace-
ment for phenyl itself (22 and 23). Smaller aliphatic
groups, such as tert-butyl and i-propyl, were also not
well-tolerated (24 and 25). Among the three chlorophe-
nyl isomers (26, 27, and 29), the meta isomer 27 was the
most active and was comparable to the 4-trifluorometh-
oxy derivative 9. Addition of a second meta substituent
to give 3,5-dichlorophenyl derivative 31 resulted in a
3-fold boost in activity compared to 27. While the
b-alanine derivatives were usually less active than the
tetrazole analogs, in the 3,5-dichloro series the acid
derivative 32 was a potent binder to the hGCGR
(IC50 = 43 nM), although it shifted 10-fold in the cAMP
assay. Other replacements for the 4-trifluoromethoxy-
phenyl group, which showed similar in vitro activities,







Table 3. Pharmacokinetic profiles of human glucagon receptor antagonists in the mousea


Compound Clp (mL/min/kg) Vdss (L/kg) t1/2 (h) AUCNpo (lM · h/dose) Cmax (lM) %F


9 8.1 2.6 5.5 0.99 0.20 27


15 24 4.3 3.5 0.25 0.07 20


21 40 7.3 4.7 NDb 0.01 NDb


32 34 3.6 2.3 0.25 0.11 27


a Compounds were dosed at 1.0 mpk IV and 2.0 mpk PO formulated with a 5:10:85 mixture of DMSO, polysorbate 80, and water.
b Not determined due to plasma concentration below LOQ of 0.0083 lM at most time points in 3/3 animals.


Table 2. Binding and functional activity (IC50) of the human glucagon receptor antagonists
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22 C Ph 894 NDa


23 C Cyclohexyl 700 NDa


24 C t-Bu 1663 NDa


25 C i-Pr 2556 NDa


26 C 2-ClPh 739 NDa


27 C 3-ClPh 94 ± 42 (2) 353 ± 153 (2)


28 D 3-ClPh 351 601


29 C 4-ClPh 116 ± 55 (2) 446 ± 52 (2)


30 C 2,4-Cl2Ph 286 ± 209 (2) 1416 ± 188 (2)


31 C 3,5-Cl2Ph 36 ± 26 (2) 116 ± 51 (2)


32 D 3,5-Cl2Ph 43 ± 23 (3) 423 ± 41 (2)


33 C 4-FPh 178 ± 6 (2) 611 ± 405 (2)


34 C 4-CF3Ph 135 ± 111 (2) 113 ± 72 (2)


35 C 4-CH3Ph 427 NDa


36 C 4-BrPh 156 ± 39 (2) 655 ± 122 (2)


37 C (±)-1-(4-BrPh)Et 30 ± 5 (2) 164 ± 89 (2)


38 C 4-CH3SO2Ph 407 NDa


39 C 3-CF3OPh 33 ± 15 (2) 234 ± 89 (2)


40 D 3-CF3OPh 60 ± 22 (2) 515 ± 69 (2)


41 C 3,4-F2Ph 65 ± 7 (2) 227 ± 25 (2)


a Not determined.
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include 4-trifluoromethylphenyl (34), (±)-1-(4-bromo-
phenyl)ethyl (37), 3-trifluoromethoxyphenyl (39), and
3,4-difluorophenyl (41). More polar substituents, such
as methylsulfonyl (38), reduced potency significantly.
Replacing the 4-tert-butylcyclohex-1-yl in 9 with 1-ben-
zylpiperidin-4-yl moiety afforded 42, which exhibited a
similar binding affinity to 9 (IC50 = 97 ± 7 nM), but
was less potent in the functional assay having an IC50


of 892 nM.


Pharmacokinetic profiles of selected compounds were
obtained in the mouse (Table 3). Tetrazole analogues 9
and 15 and b-alanine analogue 32 exhibited reasonable
2.3–5.5 h half-lives and >20% oral bioavailability. The
oral exposure of aminomethyl tetrazole 21 was found
to be much lower.


Compounds 8, 9, 14, 15, 21, 32, and 34 were evaluated
in vivo in a pharmacodynamic (PD) assay for their abil-
ity to block glucagon-induced glucose excursion at
30 mpk using transgenic mice expressing only a func-
tional human glucagon receptor (hGCGR mice). The

full characterization of these mice and their response
to known antagonists have been reported elsewhere.20


Oral administration of the antagonists (nine mice per
group) was followed 60 min later by an IP injection of
glucagon (15 lg/kg). Blood glucose levels were moni-
tored 12, 24, 36, and 48 min later. Compounds 9, 14,
15, and 32 fully suppressed glucose excursion following
the glucagon challenge at 30 mpk. Compounds 8, 21,
and 34 were not effective.


Based on its in vitro potency and PD activity, com-
pound 15 was selected for further evaluation including
off-target profile, titration in the pharmacodynamic
assay, evaluation in an in vivo receptor occupancy
assay,20b and measurement of pharmacokinetic proper-
ties in other species. Among the related family B
GPCRs, compound 15 showed modest functional selec-
tivity against hGIP and hGLP1 (cAMP
IC50 = 0.43 ± 0.60 lM and 4.6 ± 1.9 lM, respectively).
Compound 15 exhibited only mediocre binding to the
hERG K+ channel (IC50 = 5.4 ± 1.5 lM) and did not
bind to the human Na+ and rabbit DLZ sensitive Ca2+
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Figure 2. Titration of compound 15 in pharmacodynamic assay in the


hGCGR mouse.


Table 4. Concentration of 15 in the plasma of the hGCGR mouse


during pharmacodynamic assay (n = 3 for each group)


Minutes post dose 3 mpk dose (lM) 10 mpk dose (lM)


45 0.180 ± 0.074 0.272 ± 0.139


120 0.123 ± 0.066 0.394 ± 0.211
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channels at concentrations up to 10 lM. The results
from dose titration of 15 in the PD assay using an iden-
tical protocol are shown in Figure 2. It was fully active
in suppressing hyperglycemia following a glucagon chal-
lenge at 10 mpk and partially active at 3 mpk. The plas-
ma concentrations of 15 during the PD experiment are
given in Table 4. This compound also showed good
duration of action, as it was fully active in this assay
when dosed orally at 30 mpk 5 h prior to the glucagon
challenge (data not shown). Drug levels in plasma
at the time of glucagon administration were
0.503 ± 0.198 lM.


In vivo receptor occupancy of 15 in the hGCGR mice
was measured at 1 h post oral dose to be 52.2 ± 2.9,
39.4 ± 4.8, and 25.7 ± 4.0 % at 10, 3, and 1 mpk, respec-
tively.20b Therefore, receptor occupancy of 40–50% cor-
relates with observed inhibition of glucagon-induced
hyperglycemia in the PD model. Finally, the pharmaco-
kinetic profile of 15 was evaluated in additional preclin-
ical species (Table 5). In the rat and dog, the half-life
was somewhat shorter than in the mouse and oral bio-
availability ranged from 13% to 38 %.


Thus, a novel class of spiro-ureas been discovered as po-
tent human glucagon receptor antagonists. SAR studies
have identified compound 15 as a potent human gluca-
gon receptor antagonist with an acceptable pharmacoki-

Table 5. Pharmacokinetic profiles of human glucagon receptor antagonist 1


Species Clp (mL/min/kg) Vdss (L/kg) t1/2


Rata 15 1.3 1.8


hGCGR mousea 16 4.2 4.6


Dogb 6.8 0.48 2.4


a Dosed at 1.0 mpk IV and 2.0 mpk PO.
b Dosed at 0.5 mpk IV and 1.0 mpk PO.

netic profile in several preclinical species. Spiro-urea 15
showed good oral activity in a pharmacodynamic assay
using transgenic mice by blocking the effect of glucagon-
induced hyperglycemia at doses which correlated with
partial blockade of the receptor in an in vivo receptor
occupancy assay. Further studies in this and related ser-
ies will be reported in due course.
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Abstract—A series of substituted pyrazolines were synthesized and evaluated for their anticancer activity and for their ability
to inhibit P-glycoprotein-mediated multidrug resistance by direct binding to a purified protein domain containing an ATP-binding
site and a modulator interacting region. Compounds 2a and e have been found to bind to P-glycoprotein with greater affinity.
� 2005 Elsevier Ltd. All rights reserved.

Chart 1. 1, 1,3-Diaryl-2-propen-1-ones (chalcones); 2, 1-acetyl-3,5-


diphenyl-4,5-dihydro-(1H)-pyrazole; 3, 4-hydroxypyrazole C-glycoside


(pyrazofurin).

The identification of novel structures that can be poten-
tially useful in designing new, potent selective, and less
toxic anticancer agents is still a major challenge to
medicinal chemistry researchers.


As reported in the literature,1 1,3-diaryl-2-propen-1-
ones or chalcones 1 (see Chart 1) are a class of antican-
cer agents that have shown promising therapeutic effica-
cy in the management of human cancers. Several
chalcones are cytotoxic toward a number of different tu-
mor lines. In particular, they inhibit the proliferation of
both established and primary ovarian cells. Moreover,
recent studies have shown that chalcones also induce
apoptosis in a variety of cell types, including breast can-
cer.2,3 Chalcones have shown preferential reactivity
toward thiols4 in contrast to amino and hydroxyl
groups. Therefore, because interactions with nucleic
acids may be absent, problems of mutagenicity and car-
cinogenicity that have been associated with certain
alkylating agents used in cancer chemotherapy could
be eliminated. It is important to note that the resistance
of human malignancy to chemotherapeutic agents re-
mains a major obstacle to an efficient cancer therapy.
The induction of multiple drug resistance (MDR) is
the phenomenon in which the exposure of tumor cells
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to a single cytotoxic agent results in cross-resistance to
the other structurally unrelated classes of cytotoxic
agents. Moreover, on account of MDR many bacteria
that cause infections are becoming increasingly difficult
to treat.5–7 The multidrug resistance of cancer cells is of-
ten associated with an accelerated efflux of the chemo-
therapeutic agent by an ATP-dependent process. A
family of proteins is responsible for this efflux. In partic-
ular, the over-expression of P-glycoprotein (P-gp), an
ABC-type plasma membrane transporter that rejects
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Scheme 2. Reagents and condition: (i) PPTS, CH2Cl2; (ii) Ba(OH)2,


EtOH, 30 �C; (iii) HCl 3 N, EtOH; (iv) N2H4, CH3COOH, refluxed.


Table 1. Chemical and physical data of compounds 2a–u


Compound R R 0 Yield (%) Mp (�C)
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chemotherapeutic drugs out of the cell using ATP
hydrolysis as an energy source.8 On account of the del-
eterious effect of P-glycoprotein on chemotherapeutic
efficiency, compounds that modify its function have a
potential by clinical value. Recently, several inhibitors
of P-glycoprotein-mediated drug efflux have been
identified. These so-called MDR modulators lead to
resensitization of multidrug resistant tumor cells to che-
motherapeutic agents. They include a variety of struc-
tural classes, such as calcium channel blockers (such as
verapamil, anthracyclines, vinca alkaloids, taxanes,
and epipodophyllotoxins) and immunosuppressors
(such as cyclosporine A that usually acts by competing
with cytotoxic drugs to bind to P-glycoprotein).9,10


It is therefore of high priority to develop cytotoxic
agents that show good anticancer activity and can inhib-
it P-gp activity. Since chalcones 1 (see Chart 1) are inter-
mediates in the synthesis of pyrazoline, pursuing our
studies11,12 on these moieties we have synthesized and
evaluated the in vitro activity of derivatives 2 (see Chart
1) to investigate and evaluate their in vitro anticancer
activity, following literature reports on the discovery
of natural antibiotic pyrazofurin 3 (see Chart 1).13


Pyrazofurin has received considerable attention as a re-
sult of its many biological effects, including potent anti-
microbial and broad spectrum antiviral activities against
many DNA and RNA viruses. It has been reported that
pyrazofurin has been evaluated against several cell lines.
Consequently, it has only been used clinically as an anti-
cancer agent. Lastly, we investigated the ability of deriv-
atives 2 to bind P-glycoprotein, since, to our knowledge,
there are no reports investigating the antitumor activity
of pyrazolines on multidrug resistant (MDR) cells
or their potential to modulate the protein activity of
P-glycoprotein (P-gp).


Pyrazolines 2a–u were prepared, according to the
one-pot synthesis methods shown in Schemes 1 and 2.


Starting from chalcone 1, the 1-acetyl-3,5-diphenyl-4,5-
dihydro-(1H)-pyrazole derivatives 2a–u were obtained
by the addition of hydrazine hydrate to acetic acid.14a

Scheme 1. Reagents and conditions: (i) Ba(OH)2, EtOH, 25 �C;
(ii) N2H4, CH3COOH, refluxed.

Chalcones 1a–g were obtained by the direct Claisen–
Schmidt procedure, according to which the condensa-
tion of benzaldehyde derivatives with the substituted
acetophenone is effected using barium hydroxide as a
catalyst in ethanol.14b


The hydroxyl groups present in derivatives 1h–u were
protected with 3,4-dihydro-a-pyrane and then hydro-
lyzed.14c Structural assignment for compounds is based
on UV and 1H NMR, and is according to the literature
data. The chemical and physical data are reported in
Table 1. The microanalyses of derivatives 2a–u are
reported in Table 2.


All compounds 2a–u were tested to evaluate their cyto-
toxicity against human tumor cell lines. Pyrazoline
derivatives were dissolved in DMSO (stock solution,

2a H H 64 122–124


2b H 2-CH3 44 110–112


2c H 3-CH3 54 78–80


2d H 4-CH3 43 110–111


2e H 2-OCH3 53 157–159


2f H 3-OCH3 49 162–164


2g H 4-OCH3 52 105–107


2h 4-OH H 91 170–173


2i 4-OH 2-CH3 74 183–186


2j 4-OH 3-CH3 68 157–159


2k 4-OH 4-CH3 50 195–198


2l 4-OH 2-OCH3 68 154–156


2m 4-OH 3-OCH3 80 146–149


2n 4-OH 4-OCH3 92 184–187


2o 2,4-OH H 62 126–128


2p 2,4-OH 2-CH3 67 130–133


2q 2,4-OH 3-CH3 71 160–161


2r 2,4-OH 4-CH3 84 185–188


2s 2,4-OH 2-OCH3 71 140–143


2t 2,4-OH 3-OCH3 81 154–156


2u 2,4-OH 4-OCH3 89 149–151







Figure 1. Percentage of P-glycoprotein inhibition of derivatives 2a–k,


m, n, q, r, and s in comparison to Quercetin (P-gp inhibition 100%


dashed line).


Table 2. Table of microanalyses of derivatives 2a–u


Compound C% H% N%


2a Calcd 84.53 6.08 9.39


Found 85.50 6.10 9.40


2b Calcd 84.58 6.45 8.97


Found 84.57 6.44 8.99


2c Calcd 84.58 6.45 8.97


Found 84.60 6.44 8.99


2d Calcd 84.58 6.45 8.97


Found 84.55 6.47 8.98


2e Calcd 80.46 6.14 8.53


Found 80.49 6.13 8.55


2f Calcd 80.46 6.14 8.53


Found 80.46 6.15 8.52


2g Calcd 80.46 6.14 8.53


Found 80.44 6.15 8.55


2h Calcd 80.23 5.77 8.91


Found 80.20 5.80 8.92


2i Calcd 80.46 6.14 8.53


Found 80.49 6.12 8.55


2j Calcd 80.46 6.14 8.53


Found 80.45 6.12 8.56


2k Calcd 80.46 6.14 8.53


Found 80.48 6.13 8.54


2l Calcd 76.72 5.85 8.13


Found 76.75 5.81 8.15


2m Calcd 76.72 5.85 8.13


Found 76.70 5.83 8.16


2n Calcd 76.72 5.85 8.13


Found 76.69 5.86 8.16


2o Calcd 76.34 5.49 8.48


Found 76.34 5.45 8.51


2p Calcd 76.72 5.85 8.13


Found 76.70 5.82 8.19


2q Calcd 76.72 5.85 8.13


Found 76.75 5.90 8.10


2r Calcd 76.72 5.85 8.13


Found 76.71 5.84 8.16


2s Calcd 73.32 5.59 7.77


Found 73.30 5.57 7.79


2t Calcd 73.32 5.59 7.77


Found 73.31 5.61 7.80


2u Calcd 73.32 5.59 7.77


Found 73.35 5.58 7.75
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10 mM) and used within 7 days. The final DMSO con-
centration never exceeded 0.1% (v/v) either in controls
or in treated samples.


The cytotoxic activities of the synthesized compounds
were evaluated in vitro against A2780, A2780-CIS,
and ECACC.


To perform growth experiments, cells were seeded
(20,000 cells/well) in 96-well flat-bottomed plates (Cul-
tureplates, Perkin-Elmer Life Science). After 24 h, the
media were replaced, and after one wash those contain-
ing the drugs were added. Three independent experi-
ments were performed in quadruplicate. After 72 h of
culture in the presence of the tested compounds, the
plates were harvested and the number of viable cells
was estimated by dosing ATP using the ATPlite kit (Per-
kin-Elmer Life Science). The kit was employed following
manufacturer�s suggestions. For each drug/cell line, a
dose–response curve was plotted and IC50 values were
then calculated by fitting the concentration–effect curve

data obtained in the three experiments with the sigmoid-
Emax model using non-linear regression, weighted by the
reciprocal of the concentration effect.15 All tested com-
pounds showed non-significant anticancer activity at
IC50 values higher than 10,000 nM.


All compounds 2a–u were also tested to investigate their
affinity binding to P-glycoprotein. A Rhodamine 123
(Rh 123) fluorescent probe (molecular probes) was used
to measure the functionality of the P-gp efflux pump
according to the protocol of the National Cancer Insti-
tute Drug Screen16, except for a minor modification.
Briefly, MCF-7 ADRr cells were loaded at 37 �C with
0.5 lg/ml of the dye in PBS supplemented by 0.2%
BSA. After 15 min, the cells were transferred onto ice
and washed twice to remove free Rh 123 from the medi-
um. After washing, 10 lM of the potential P-gp inhibi-
tors was added and the cells were kept at 37 �C for
30–120 min. The positive control was Quercetin, a
well-known inhibitor of the P-gp function. An aliquot
of cells was maintained on ice to prevent dye efflux (con-
trol at 4 �C), and maximal efflux was effected by adding
the vehicle DMSO 0.1% and permitting efflux at 37 �C.
As regards flow cytometric acquisition, a minimum of
20,000 cells were acquired using an Epics-XL flow
cytometer with standard collection filters and electron-
ics. The mean channel of Rh 123 fluorescence was calcu-
lated for each condition and time point. The ratio of
mean channel between control at 37 �C and control at
4 �C was considered as the control dye efflux. Similarly,
the mean channel of Rh 123 fluorescence of treated cells
was divided by the control at 4 �C. This ratio was divid-
ed by the control dye efflux to establish the potency of P-
gp inhibition. The results from two independent experi-
ments were averaged.


The in vitro results of tests of P-gp inhibition are report-
ed in Figure 1. The data representation of derivatives, 2l,
o, p, t, and u, is not reported, because they are totally
inactive (0%) at a concentration value of 10 lM. Figure
1 shows the percentage of inhibition of Quercetin used
as control (100%, dashed line). Derivatives 2b, c, d, g,
i, j, k, m, and q are comparable to or less active than
the control (6100%); derivatives 2f, h, n, and r show a
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better binding affinity to P-glycoprotein than the control
(>100%). The most active derivatives are 2a, e, and s,
which are three (2s) or four times (2a and e) more potent
than Quercetin. Considering the data in Figure 1 of this
preliminary study, the following point on the structure–
activity relationship needs to be highlighted. The highest
affinity to P-gp was observed with compounds 2a and e,
where ring A remains unsubstituted, and which appears
to be the most important prerequisite for affinity when
comparing with other compounds. The presence of an
R 0 substituent, such as hydrogen or 2-OCH3 group, in
ring B also appears to be an important factor. In fact,
when R = H in ring A, the presence of a methyl group
and of a 3- or 4-OCH3 group in R 0 gives compounds
with no (2b–d, g) or non-significant affinity (2f). The
only exception was that observed with compound 2s,
which bears 2,4-OH in ring A and a 2-OCH3 group in
ring B, and whose affinity to P-gp is one time lower than
those of 2a and e. All compounds with a 4-OH or 2,4-
OH in ring A (2h–n) showed no or very weak affinity
to P-gp, except for the above-mentioned compound 2s.
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Abstract—Small molecule mGluR1 enhancers based on the lead compound (9H-xanthene-9-carbonyl)-carbamic acid butyl ester
derived from random-screening hit diphenylacetyl-carbamic acid ethyl ester were designed and synthesized as useful pharmacolog-
ical tools for the study of the physiological roles mediated by mGlu1 receptors. The synthesis and the structure–activity relationship
of this new class of positive allosteric modulators of mGlu1 receptors will be discussed in detail.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


LL-Glutamate, the major excitatory amino acid neuro-
transmitter in the central nervous system, binds to
and activates several classes of receptors which are
divided into two groups termed ionotropic (iGluR)
and metabotropic glutamate receptors (mGluR)1. The
latter family comprises eight subtypes of G-protein
coupled receptors, grouped according to pharmacolo-
gy and coupling to second messengers.2 The primary
transduction mechanism of group I mGlu receptors
(mGluR1 and mGluR5) is the stimulation of phospho-
inositide (PI) hydrolysis, whereas group II (mGluR2
and mGluR3) and group III (mGluR4, mGluR6,
mGluR7, and mGluR8) receptors inhibit forskolin-
stimulated cyclic AMP accumulation.3 A role for
group I mGlu receptor activation has been implicated
in physiological processes including pain perception,
learning, and memory, as well as in certain psychiatric
and neurological disorders.4 Recently, we described
a series of carbamates like the screening hit 1, which
behave as selective positive allosteric modulators
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(enhancers) of mGlu1 receptors (Fig. 1).5,6 Recent re-
ports of allosteric modulators of mGlu27,8 and
mGlu59,10 receptors have raised considerable interest.4


Here, we report on the development of heterocyclic
derivatives—based on the xanthyl-carbamate 2—which
are suitable for in vivo use. The random-screening hit
1 was identified initially by using recombinant mGlu1
receptors expressed at very high levels. The constitu-
tive activity of the receptor is such that the compound
elicits a response in the absence of glutamate site
ligands. However, in physiologically more relevant
recombinant systems with a lower level of receptor
expression, the compound potentiated the agonist-
stimulated response without any detectable intrinsic
activity. Using this screening hit as a starting point,
we have discovered 2 as a potent and selective positive
allosteric modulator of mGlu1 receptors.5,6 To eluci-

Figure 1. Representative mGluR1 enhancers: screening hit 1 and lead


structure 2.
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Figure 2. Structures oxadiazoles 3 and tetrazoles 4.


Scheme 2. Synthesis of oxadiazoles 3a–f and tetrazoles 4a–e. Reagents


and conditions: (a) Py, 0 �C to rt, 50–90%; (b) CDI, 0 �C to rt, 25–80%.
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date the putative binding site of these compounds,
chimeras and point mutants of rmGlu1a and rmGlu5a
were prepared. The compounds enhanced the gluta-
mate-induced current in all dimeric receptors contain-
ing the TM region of rmGlu1a which is required for
the enhancing effect.5 Hydrolysis and decarboxylation
of the carbamate moiety of 2 by esterases in blood
plasma leads to formation of inactive amides. To
overcome this problem, the corresponding ester bio-
isosteres 1,2,4-oxadiazoles 3 and tetrazoles 4 have
been prepared (Fig. 2).

2. Chemistry


Syntheses of the amino-oxadiazoles 5a–f and amino-
tetrazoles 6a–e were realized using methods described
in the literature11–13 (Scheme 1).


Reaction of the aminooxadiazoles 5a–f with xanthene-
9-carboxylic acid chloride 8 yielded, after conventional
workup and purification, the desired compounds 3a–f
in good yields.14 The aminotetrazoles 6a–e and 7a–e
were obtained by alkylation of 2-aminotetrazole and
separation of the regioisomers by column chromatog-
raphy. Reaction of 6a–e with xanthene-9-carboxylic
acid 9 using carbonyl diimidazole (CDI) as coupling
reagent formed the adducts 4a–e in acceptable yields15


(Scheme 2).

3. Structure–activity relationship


In both the series, small alkyl and cycloalkyl substitu-
ents on the heterocyclic moiety led to compounds with
higher activities, whereas larger groups were less tolerat-

Scheme 1. Synthesis of oxadiazoles 5a–f and tetrazoles 6a–e. Reagents:


(a) NaOH, EtOH, 5–20%; (b) NaOH, H2O, acetone, quant.; (c)


NH2OHÆHCl, Py, EtOH, 8–55%; (d) R–X, K2CO3, EtOH, 17–25%.

ed. The best overall properties in terms of potency,
efficacy, and metabolic stability were observed for the
methyl- and ethyl-substituted derivatives (Table 1).


The methyl-substituted 1,2,4-oxadiazole 3a and the
ethyl-substituted tetrazole 4b showing the best overall
profiles were selected for further evaluation regarding
pharmacology and in vivo PK analysis.

4. Pharmacology


The activities of the compounds at rat mGlu1 receptors
were assessed using intracellular Ca2+ measurements on
rat mGlu1a transiently transfected HEK-293 cells
expressing recombinant mGlu1 receptors at very high
levels. The constitutive activity of the receptor is such
that the compounds elicit an agonist response in the ab-
sence of glutamate site ligands. [Ca2+]i measurements
were performed after incubation of the cells with Fluo-
3 AM (Molecular Probes, Eugene, OR, USA) for 1 h
and four washes with assay buffer (DMEM supplement-
ed with Hank�s salt and 20 mM HEPES). [Ca2+]i mea-
surements were done using a fluorometric imaging
plate reader (FLIPR, Molecular Devices Corporation,
La Jolla, CA, USA). Fluorescence ratio values were cal-
culated as described.16 EC50 values for the enhancers are
the mean of separate values from at least three individual
experiments. The agonist effect is normalized to the max-
imum response induced by 10 lMof glutamate (Table 1).

5. Selectivity


Using various functional models, it was found that 3a
was devoid of any enhancing effect at rat mGlu2,
mGlu4, mGlu5, and mGlu8, and human GABA-B
receptors. In addition, 3a had no activity in radioligand
binding assays at major adenosine; adrenergic; GABA-
A; glycine; histamine; muscarinic; nicotinic; opiate;
purinergic and 5-HT receptors, and adenosine; norepi-
nephrine; GABA and 5-HT uptake sites.

6. Electrophysiology


Figure 3 shows the effect of 3a on glutamate-activated
inward current in a CHO cell stably expressing







Table 2. Pharmacokinetics of selected compounds 3a and 4b (data are


mean values, n = 2)


Dose route of


administration


DMPK parameters 3a 4b


10 (mg/kg)


iv bolus


Half-life (h) 0.32 0.49


Cl (ml/min/kg) 60.0 49.2


Vss (L/kg) 1.82 2.09


10 (mg/kg)


po bolus


Cmax (ng/ml) 1174 1130


Tmax(h) 1.5 1.5


Brain/plasma 1.5


CSF/plasma 0.08


15 mg/kg/h


iv infusion


Brain/plasma 0.16


CSF/plasma 0.06


Table 1. Structure–activity relationship of oxadiazoles 3a–3f and tetrazoles 4a–4e


R mGluR1 EC50
a


(nM)


Agonist effect


(%)a
In vitro metabolism


(rat microsomes) (ll/min/mg protein)


In vitro metabolism


category


Solubility (pH 6.5)


(lg/ml)


3a Me 52 100 42 Intermediate 12


3b Et 6 57 78 Intermediate 0.056


3c n-Pr 25 90 97 High <1


3d i-Pr 22 80 130 High 4


3e Cyprop 23 80 227 High <1


3f i-Bu 10 54 17 Low 7


4a Me 180 65 16 Low 35


4b Et 65 80 41 Intermediate 21


4c n-Pr 29 80 92 High 4


4d i-Pr 45 70 63 Intermediate 4


4e i-Bu 34 28 229 High n.m.


a See details in pharmacology. n.m. indicates not measured.


Figure 3.
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GIRKs and transiently transfected with the rat
mGlu1a receptor cDNA. Glutamate (3 lM) induced
a current that was potentiated 10-fold by 3a. The ef-
fect of 3a was reversible and greater than a saturating
concentration of glutamate (100 lM). Compound 3a
had no effect when applied alone. This effect was sim-
ilar to that observed for screening hit 1.5 Figure 4
shows the concentration–response curve for gluta-
mate-induced current potentiation by 3a. The current
amplitudes were normalized to the control responses
(3 lM glutamate) and fitted individually for each cell
(n = 3). The EC50 was 220 nM.

7. Pharmacokinetics


Both the methyl-substituted 1,2,4-oxadiazole 3a and the
ethyl-substituted tetrazole 4b have an intermediate to
high plasma clearance (Cl) and an intermediate volume
of distribution (Vss) (Table 2).

Figure 4.

Oral bioavailability at low doses was up to 100% for
both compounds. In the case of compound 3a, a mean
maximum plasma concentration (Cmax) of 1174 ng/ml,
a mean brain level of 1761 ng/ml, and a CSF concentra-
tion of 94 ng/ml were achieved after 1.5 h (Tmax) at an
oral dose of 10 mg/kg (Table 2).


Although similar maximal plasma concentrations were
observed upon oral dosing of the less lipophilic com-
pound 4b, an infusion experiment of this compound at
a dose of 15 mg/kg/h showed very low steady-state
brain tissue concentrations indicative of poor brain
penetration. Several compounds of both the series
were evaluated in a functional P-glycoprotein assay
and did not stimulate P-gp ATPase activity.

8. Discussion


On the basis of the potent and selective positive alloste-
ric modulator 2, two series of heterocyclic derivatives
have been discovered: 1,2,4-oxadiazoles 3 and tetrazoles
4. In both the series, several derivatives with high activ-
ities at rat mGlu1 receptors have been prepared. In each
series, one compound with the most promising in vitro
profile was selected for further evaluation. With respect
to the PK profile, the methyl-substituted 1,2,4-oxadiaz-
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ole 3a could serve as a suitable tool to further study
the role of positive allosteric modulation of mGlu1
receptors in vivo.
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Abstract—High affinity thyromimetics containing a novel phenyl-naphthylene core are reported. The functionalized core is readily
accessible via a Suzuki coupling protocol. Examples of this new class of TR ligands have sub-nanomolar binding affinities for the
TRb receptor and low to modest selectivity for TRb. They also exhibit an SAR that diverges from other thyromimetics that are
based on the diaryl ether core found in 3,5,3 0-triiodothyronine.
� 2005 Elsevier Ltd. All rights reserved.

Binding of the 3,5,3 0-triiodothyronine (T3; 1 in Fig. 1) to
the thyroid hormone receptor (TR) controls multiple
physiological endpoints (e.g., heart rate, bone and mus-
cle metabolism, cholesterol levels, and metabolic rate)
through transcriptional control of various gene targets.1


Levels of T3 in excess of normal physiologic amounts
cause cardiac hypertrophy, tachycardia, bone and mus-
cle wasting, and weight loss. Sub-physiological amounts
produce bradycardia and weight gain. The amount of
T3 needed to provide clinically relevant weight loss caus-
es unwanted cardiac side effects, preventing its use for
anti-obesity therapy.


The thyroid hormone receptor is encoded by two sepa-
rate genes, TRa and TRb. Each produces multiple splice
variants, the predominant ones being TRa1 and TRb1.
TRa1 has been shown by tissue distribution data2 and
mouse knock-out studies3 to be the dominant isoform
in cardiac tissue, making it possible to separate unwant-
ed cardiac side effects (e.g., cardiac hypertrophy
and tachycardia) from beneficial effects by designing
thyromimetics selective for TRb1.4


X-ray crystal data of various thyromimetics bound to
the TR ligand binding domain (LBD) show that the li-
gand is buried within the core of the LBD.5 The ligand
and protein contacts are tight, and binding of the ligand

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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to the receptor induces conformational changes to the
receptor surface that generate a co-factor binding site.5


Formation of the co-factor binding site is critical for
proper gene transcription control by the TR/ligand com-
plex. In addition, these structures show conclusively that
the bound conformation of the ligand has the 3 0-group
oriented away from the inner ring (i.e., in the distal po-
sition), confirming the outcome of earlier stereochemical
and biological activity studies using thyroxin analogs.6


While the association between the ligand and LBD is
very tight, side-chain and backbone movements within
the 3 0-binding pocket of the LBD9a,b permit groups sig-
nificantly larger than iodine to be appended onto the
core structure at the 3 0-position, leading to increased
selectivity for TRb while retaining full agonist activity.9


The vast majority of reported thyromimetics retain two
features of the core structure of T3: a diphenyl ether and
a 3,5-disubstituted inner ring, the two acting in concert
to orient the phenyl rings in a skewed relationship.
The skewed conformation is labeled �ideal�10 when the
inner phenyl ring is orthogonal to the C–O–C plane
(r = 90�; Fig. 2A) and the outer ring is coplanar to the
C–O–C plane (r 0 = 0�; Fig. 2A). An analysis of in-house
generated X-ray crystal structures for a variety of thyr-
omimetics, including compound 4,8 complexed to either
the TRa or TRb LBD showed the average values for r
and r 0 to be 79� and 47�, respectively (Fig. 2B). Thus,
the receptor bound conformation of the ligand deviates
from the ideal skewed conformation. Similar deviations
were observed in X-ray crystal structures of T3, and
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closely related analogs, not complexed to the receptor
LBD.10


To test if forcing the two phenyl rings to be orthogonal
would lead to high affinity thyromimetics or would con-
tribute to the selectivity for one TR isoform over the
other, a novel phenyl-naphthylene core was designed
(Fig. 3). The new core retained the essential relationship
between the two phenyl rings, locked into position the
distal conformational relationship of the 3 0-substitutent
to the inner phenyl ring, and enforced co-planarity of
the outer ring with the C–O–C plane (r 0 = 0�). The 2 0-
position of the outer phenyl ring was tied to the bridging
carbon via a three carbon linker to form the second ring
of the naphthylene moiety. By doing this, the new struc-
ture combined substitution patterns reported in two sep-
arate series: (1) analogs of T3 containing small alkyl
substituents at the 2 0- and 3 0-positions6 (2 in Fig. 1),
and (2) analogs of GC-111 containing substitution on
the bridging methylene carbon linking the two phenyl
rings7 (3 in Fig. 1). An analog of compound 3 containing
a significantly larger group off the bridging carbon was

reported to be a competitive antagonist in a transactiva-
tion assay, whereas compound 3 was reported to be a
low-potency agonist.7b


The key carbon–carbon bond forming reaction used to
construct the phenyl-naphthylene core was carried out
using a Suzuki reaction (Scheme 1). The synthesis start-
ed from 6-methoxynaphth-1-ol (7),12 which was con-
verted to boronic ester 9 via triflate 8.13 The coupling
partners of boronic ester 9 were obtained by conver-
sion of methyl 2-(3,5-dichloro-4-hydroxy-phenyl)ace-
tate (10)8,9c and 6-dichloro-4-nitrophenol (11) to their
corresponding triflates 12 and 13. Suzuki coupling of
boronic ester 9 with triflate 12 required heating at
80 �C for 4 h to give compound 14, albeit in low yield
(ca. 9%). In contrast, coupling of ester 9 with triflate 13
gave compound 15 in good yield (69%) in 30 min at
80 �C. The higher yield obtained with triflate 13 was
a key improvement in the synthesis of 15, providing
sufficient material to permit more extensive SAR
studies than with 14.


The first two examples of this new class of thyromimetic,
compounds 16 and 17, were synthesized from compound
14 (Scheme 2) and were modeled after compound 4.8


For comparison, two diaryl ether analogs of 16 and 17
were synthesized14 (compounds 515 and 6, respectively,
in Fig. 1). Compound 16 had modest affinity for TRa
and TRb, and was slightly selective for TRb (Table 1).
Its diaryl ether analog, compound 5, had lower affinity
for TRa and TRb (2- and 4-fold, respectively), and
was unselective. Compound 17, which contained bro-
mine at the 5 0-position, had improved affinity for TRa
and TRb (15- and 42-fold, respectively) compared to
16, and was slightly more selective for TRb, reflecting
a greater improvement in affinity for TRb versus TRa.
The improved potency was consistent with the 5 0-substi-
tuent being located in the 3 0-binding pocket of the LBD.
In contrast to 5, compound 6 was equipotent to 17 and
had similar selectivity for TRb. In addition, compound
17 was a full agonist with EC50 values of 57 nM (80%
induction) for TRa and 40 nM (92% induction) for
TRb.16
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Figure 3. Schematic representation of the design of the phenyl-naphthylene core (B) as it relates to the traditional thyromimetic architecture (A).


Note that the numbering of the naphthyl ring system differs from that of the outer ring of the diaryl ether core (e.g., the 3 0 position of the diaryl ether


core is equivalent to the 5 0 position on the naphthylene ring).
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Scheme 2. Synthesis of compounds 16 and 17. Reagents and conditions: (a) BBr3, CH2Cl2, �78 �C, stirred at 0 �C for 90 min; (b) NaOH in CH3OH,


rt, 16 h (94% over two steps); (c)22 48% HBr, acetic acid, DMSO, rt, 16 h (97%).


Table 1. IC50 and selectivity data of phenyl-naphthylene thyromimet-


ics and select analogs


Compound IC50(nM)a,b Selc


Tr-a TR-b


1 0.24 0.26 0.9


4 25 1.1 14


5 3605 2140 1


6 109 9 7


16 1538 545 2


17 101 13 5


20a 19 1.8 6


20b 13 1.8 4


20c 5.4 0.3 8


20d 4.3 0.3 9


20e 62 22 2


21 48 7.2 4


22 125 29 3


26 14 0.3 25


a Competitive binding affinities versus radioiodinated T3 using full-


length cloned hTRa1 and hTRb1.
8,17


b IC50 values determined from a minimum of duplicate data. Values


have an average variability of ±25%.
c Selectivity = (IC50 hTRa1)/(IC50 hTRb1 · 1.7).8,17
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Further SAR studies of the phenyl-naphthylene core
were carried out starting from compound 15 owing to
its greater synthetic flexibility and ready availability
(Scheme 3). Modifications at C-1 were selected to in-
crease affinity based, in part, on previously established
SAR.18 The rank ordering of C-1 side-chain affinities
for TRb was succinic acid (20e) < acetic acid (17) < 2-
aminoacetic acid (20a) � 3-aminopropanoic acid
(20b) < oxalic acid (20c) � malonic acid (20d), with the
two most potent compounds having IC50 = 0.3 nM for
TRb. No significant change in isoform selectivity was
observed for any of these analogs. Two analogs of com-
pound 20a were synthesized (21 and 22 in Scheme 3) to
assess the effect that changes to substituents at the 5 0-po-
sition would have on binding affinity and agonist activ-
ity. As expected, the 5 0-methyl analog 21 was slightly
less potent than 20a (2-fold) and was about equally
selective for TRb. This result is consistent with the 5 0-
position being located in a hydrophobic region of the
TR LBD. The 5 0-phenyl analog 22 was less potent
for both TR isoforms and less selective for TRb.
Interestingly, compound 22 exhibited partial agonist
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Scheme 4. Synthesis of compound 26. Reagents and conditions: (a)20 acetic anhydride, (CH3)2SBF3, CH2Cl2, �78 �C to rt, stirred at rt for 16 h


(77%); (b)21 Nysted reagent, TiCl4, THF/CH2Cl2 (1:1), �78 �C to rt, stirred at rt for 16 h (27%); (c) iron powder, acetic acid containing 10% H2O


(v/v), rt, 16 h (99%); (d) PtO2, H2 (1 atm), EtOH, 2 h (97%); (e) C2H5CO2CH2COCl, Et3N, CH2Cl2, 0 �C to rt, 2 h (91%); (f) BBr3, CH2Cl2, �78 �C,
stirred at 0 �C for 90 min; (g) NaOH in CH3OH, rt, 16 h (80% over two steps).
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Scheme 3. Synthesis of compounds 20a–e, 21, and 22. Reagents and conditions: (a) Br2, CH2Cl2, rt, 3 h (89%); (b) iron powder, acetic acid containing


10% H2O (v/v), rt, 16 h (89%); (c) compound 19a: ethyl bromoacetate, K2CO3, acetonitrile, 80 �C, 16 h (85%); compound 19b: methyl acrylate, acetic


acid, 120 �C, 16 h (99% as a 1:1 mixture of methyl ester and free acid); compounds 19c–e: C2H5CO2(CH2)nCOCl (n = 0–2), Et3N, CH2Cl2, 0 �C to rt,


2 h; (d) BBr3, CH2Cl2, �78 �C, stirred at 0 �C for 90 min; (e) NaOH in CH3OH, rt, 16 h; (f) compound 21:19 CH3B(OH)2, PdCl2(dppf), K3PO4, 1,4-


dioxane, 110 �C (sealed tube), 16 h (58%); compound 22: PhB(OH)2, Pd(PPh3)4, Na2CO3, DME/H2O (3:1), 80 �C, 30 min (45%).
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activity for both TR isoforms (19% induction for TRa
and 50% induction for TRb).16 Replacing the 5 0-bro-
mide of compound 20d with an isopropyl group gave
compound 26 (Scheme 4). This modification retained
high affinity for both receptor isoforms and produced
the most TRb selective compound discovered in this ser-
ies (25-fold for TRb).


A proposed binding mode for 26 is shown in Figure 4 as
an overlay with the X-ray structure for compound 4
complexed to TRb.8 The energy-minimized structure
(Amber force field as implemented within Flo23) of 26
was found to adopt a favorable H-bonding distance
between H435 and the pendant 6 0-OH of 2.29 Å. The
model suggests a unique deep pocket interaction
between C-2 0, C-3 0, and C-4 0 of the naphthylene moiety
and residues L341 and F272 of the receptor LBD. In
addition, the dihedral angle between the phenyl and

naphthyl ring systems found in the bound model of 26
was 113�, while fully relaxed ring system preferred 91�
(in vacuo, SAM1D24). The energy cost to assume the
113� rotamer is estimated to be 2–3 kcal/mol, which
should be easily accommodated by minor reorganiza-
tion of the hydrophobic residue side chains surrounding
the naphthyl system (i.e., F272, I276, L341, and L346).


The binding data indicate that the SAR of the phenyl-
naphthylene series diverges from thyromimetics contain-
ing a diphenyl ether core. A comparison of compounds
5 and 16 suggests that, in the absence of a lipophilic
group projecting into the 3 0-binding pocket of the TR
LBD, the phenyl-naphthylene core has a modestly high-
er affinity. Addition of a lipophilic bromide to C-3 0 and
C-5 0 (i.e., compounds 6 and 17, respectively) resulted in
a greater increase of affinity for the diphenyl ether series
(237-fold for TRb) than for the phenyl-naphthylene







Figure 4. Overlay of compounds 4 (white) and 26 (magenta) within the


ligand binding site of TRb. The structure of 26 was modeled after the


binding mode of 4 as found in the published X-ray structure8 (Protein


Data Bank entry 1NAX).
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series (42-fold for TRb). This suggests that the
conformationally flexible diphenyl ether core is able to
orient this group more optimally within the 3 0-binding
pocket of the LBD. This latter point is of consequence
when considering the phenyl-naphthylene core, or its
analogs, for further design of thyromimetics having
either isoform selectivity or agonist versus antagonist
properties. For example, analogs of compound 4, con-
taining a 3 0-phenyl or substituted phenyl group, were
selective for TRb (up to 38-fold) and were full agonists
for both isoforms.9c In contrast, compound 22, which
contains a 5 0-phenyl group, is the least selective analog
of the three closely related compounds (e.g., compounds
20a, 21, and 22). Indeed, the most selective compound
discovered (26; 25-fold for TRb) contains a 3 0-isopropyl
group, which is not commonly thought to contribute to
increased isoform selectivity.8,9 Furthermore, the partial
agonist activity exhibited by compound 22 suggests this
position to be more sensitive to changes in steric bulk,
both with respect to selectivity and agonist versus antag-
onist properties. Thus, this new class of thyromimetic
may provide additional opportunities to discover TR
ligands with improved separation of desired pharmaco-
logical outcome from unwanted cardiac side effects.
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Abstract—On the basis of pharmacophoric modelling studies of existing NNRTIs, a series of isatin b-thiosemicarbazone derivatives
was synthesized and evaluated for their anti-HIV activity in HTLV-IIIB strain in the CEM cell line. Three compounds showed
significant anti-HIV activity, whereupon compound 6 was found to be the most active compound with an EC50 value of
2.62 lM and a selectivity index of 17.41, while not being cytotoxic to the cell line at a CC50 value of 44.90 lM. Other tested
compounds exhibited marked activity below their toxicity threshold.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


The human immunodeficiency (HIV) epidemic contin-
ues to have enormous human health consequences. Dur-
ing 2004, around five million adults and children became
infected with HIV and by the end of the year, an esti-
mated 39.4 million people worldwide were living with
HIV/AIDS. Non-nucleoside reverse transcriptase inhib-
itors (NNRTIs) have gained a definitive place in the
treatment of HIV-1 infections,1 in addition to the nucle-
oside reverse transcriptase inhibitors (NRTIs) and
protease inhibitors (PIs), since they do not function
as chain terminators and do not bind to the dNTP
site,2–4 making them less likely to interfere with the
normal function of other DNA polymerases and there-
fore less toxic for the treatment of HIV-infected
patients. In this respect, isatin b-thiosemicarbazone
derivatives were found to demonstrate a range of antivi-
ral activities (Moloney leukaemia virus, vaccinia virus),
as reported by earlier studies.5–8 The present study was
an attempt to develop new anti-HIV drugs based on
various structural modifications of thiosemicarbazone
derivatives and 3D-pharmacophoric mapping of the
existing NNRTIs.
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2. Chemistry


2.1. Design


Earlier studies have shown that the overall structure of a
widely diverging class of NNRTIs on a closer scrutiny
exhibits several common features that are reminiscent of
a butterfly with a hydrophilic centre as a �body� and two
hydrophobic moieties representing the �wings.�9,10 The
�butterfly-like� conformation has also been proven by a
crystallographic analysis of nevirapine.11 A 3D-pharma-
cophore model has been derived taking into account five
well-known NNRTIs, as shown in Figure 1, to identify
a set of pharmacophoric elements required for biological
activity from structurally diverse ligands, as well as to
guide in the design of new and more potent compounds.
The selected ligands were geometrically optimized based
on an internal strain energy and the essential structural
components, such as atoms, centroids of collection of
atoms, electron lone pair positions, etc., were matched
in the three-dimensional space of the energetically acces-
sible conformations of the ligands, to arrive at a 3-point
pharmacophore model proposed in Figure 2.


The proposed isatin thiosemicarbazone analogue was
designed based on the derived pharmacophoric model
with the thiosemicarbazo moiety (@N–NH–CS–N�)
constituting the �body� and the aryl ring of isatin and
bulky diethyl moiety constituting the �wings� and was
found to fulfil the specification of the pharmacophoric
distance map by complying within the defined range,
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Figure 1. Schematic representation of a butterfly-like conformation of the existing NNRTIs and the lead compound.


Figure 2. Schematic representation of a butterfly-like configuration of NNRTIS and the pharmacophoric distance map.
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as shown in Table 1. Molecular superposition technique,
namely least-squares superimposition study has shown
that the RMS fit value of 0.187 shows a good correlation
between selected points in the lead compound structure
and corresponding points in the reference molecule, that
is, Efavirenz (Fig. 3).


2.2. Synthesis


The synthesis of thiosemicarbazone derivatives was car-
ried out in three steps, as shown in Scheme 1. First, to a
solution of diethylamine (0.01 mol) in THF (10 ml) were
added potassium hydroxide (0.01 mol) and carbon disul-
fide (0.75 ml),12 and the mixture was stirred at 15–20 �C

for 1 h to form a potassium salt of dithiocarbamate. To
the stirred mixture was added hydrazine hydrate
(0.01 mol) and the stirring was continued at 60 �C for
1 h to obtain N,N-diethyl thiosemicarbazide. This mix-
ture was condensed with isatin in the presence of glacial
acetic acid to form 1H-indole-2,3-dione-3-(N,N-diethyl
thiosemicarbazone) (Schiff base). The N-Mannich bases
were synthesized further by condensing the acidic imino
group of isatin derivatives with formaldehyde and vari-
ous secondary amines. The purity of the synthesized
compounds was checked by TLC and elemental analy-
ses; and the compounds of this study were identified
by spectral data. In general, IR spectra14 showed a
C@N (azomethine) peak at 1640 cm�1 and, CH2
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Figure 3. Superimposition and RMS fit of the proposed lead compound and Efavirenz (RMS value = 0.187).
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Scheme 1. Protocol for synthesis.


Table 1. The pharmacophoric distance model of bioactive NNRTIs and lead compound by molecular mechanics (MM3) force fields


Compound AB (Å) BC (Å) CA (Å)


Lower limit Upper limit Lower limit Upper limit Lower limit Upper limit


Delavirdine 4.328 ± 0.04 6.705 ± 0.15 4.256 ± 0.19 7.542 ± 0.35 9.156 ± 0.04 9.382 ± 0.04


Trovirdine 4.235 ± 0.01 6.635 ± 0.02 4.289 ± 0.08 7.269 ± 0.16 9.168 ± 0.04 9.426 ± 0.04


Indole carboxamide 4.359 ± 0.01 6.705 ± 0.20 4.562 ± 0.14 7.478 ± 0.07 9.125 ± 0.04 9.434 ± 0.04


Efavirenz 4.425 ± 0.05 6.689 ± 0.16 4.247 ± 0.23 7.211 ± 0.21 9.145 ± 0.04 9.440 ± 0.04


Benzothiadiazine-1-oxide 4.512 ± 0.02 6.459 ± 0.03 4.269 ± 0.14 7.545 ± 0.01 9.129 ± 0.04 9.406 ± 0.04


Range 4.22–6.70 4.24–7.54 9.12–9.44


Lead compound 4.26 ± 0.18 6.57 ± 0.12 4.27 ± 0.09 6.76 ± 0.15 9.16 ± 0.01 9.33 ± 0.02


T. R. Bal et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4451–4455 4453

(Mannich methylene) peak at 2860 and 2840 cm�1. In
the 1H NMR spectra, the signals of the respective
protons of the prepared compounds were verified on
the basis of their chemical shifts, multiplicities and

coupling constants. The spectra showed a singlet at d
4.8–5.1 ppm corresponding to the –NCH2N– group.
The elemental analysis results were within ±0.4% of
the theoretical values.
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2.3. Anti-HIV activity


The synthesized compounds were screened for anti-HIV
activity on the replication of HIV-1 (HTLV-IIIB) in the
CEM cell line (Table 2).13 The synthesized thiosemicar-
bazone derivatives inhibited the cytopathic effect of
HIV-1 (IIIB), with EC50 values ranging from 2.62 lM
to >14.50 lM. Compounds 3, 6 and 9 showed significant

Table 2. Physical constants and biological activity of compounds (1–9) agai
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Efavirenz —


a 50% effective concentration or concentration required to inhibit HIV-1 ind
b 50% cytotoxic concentration or concentration required to reduce the viabi
c Selectivity index or ratio of CC50 to EC50.

anti-HIV activity with an EC50 value in the range of
2.62–3.40 lM. Compound 6 exhibited the highest activ-
ity with an EC50 value of 2.62 lM and a selectivity index
of more than 17, while not being cytotoxic to the cell line
with a CC50 value of 44.90. Other compounds did not
show any marked anti-HIV activity below their toxicity
threshold. All the synthesized compounds were found to
be less active than the standard drug Efavirenz.

nst HIV-1 (HTLV-IIIB) in the CEM cell line


S


N


C2H5


C2H5


Melting point % yield Anti-HIV-1 activity (lM)


EC50
a CC50


b SIc


52 72 >8.29 8.29 <1


66 74 >2.86 2.86 <1


78 69 3.40 14.00 4.12


58 67 >14.50 14.50 <1


92 70 >11.90 11.90 <1


64 71 2.62 44.90 17.14


62 75 >12.80 12.80 <1


85 70 >13.30 13.30 <1


198 76 3.12 37.50 12.02


0.78 >200 >256


uced cytopathicity in cell lines by 50%.


lity of mock-infected cell lines by 50%.
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3. Conclusion


On the basis of the 3D-pharmacophoric-distance map
based on the structures of existing NNRTIs, the thio-
semicarbazone derivatives were found to comply to
be within the defined range for anti-HIV activity.
Least-squares superimposition technique also estab-
lished a good correlation between thiosemicarbazone
and Efavirenz with a RMS fit value in the agreeable
range. Further investigation on structure–activity rela-
tionships and appropriate modification among the syn-
thesized thiosemicarbazone derivatives is likely to
provide more effective HIV-1 inhibitors with improved
efficacy.

Acknowledgments


One of the authors, Ms. Tanushree Bal, deeply acknowl-
edges the Council of Scientific and Industrial Research
for providing Senior Research Fellowship. The authors
also thank Dr. Robert H. Shoemaker, National Cancer
Institute, USA, for his support in biological testing.

References and notes


1. De Clercq, E. Antiviral Res. 1998, 38, 153.
2. De Clercq, E. Rev. Med. Virol. 2000, 10, 255.

3. Kopp, E. B.; Miglietta, J. J.; Shrutkowski, A. G.; Shih, C.
K.; Grob, P. M.; Skoog, M. T.Nucleic Acids Res. 1991, 19,
3035.


4. Romero, D. L.; Busso, M.; Tan, C. K.; Reusser, F.;
Palmer, J. R.; Poppe, S. M.; Aristoff, P. A.; Downey, K.
M.; So, A. G.; Resnick, L. Proc. Natl. Acad. Sci. U.S.A.
1991, 88, 8806.


5. Teitz, Y.; Barko, N.; Abramoff, M.; Ronen, D. Chemo-
therapy 1994, 40, 195.


6. Ronen, D.; Teitz, Y. Antimicrob. Agents Chemother. 1984,
26, 913.


7. Teitz, Y.; Ronen, D.; Vansover, A.; Stematsky, T.; Riggs,
J. L. Antiviral Res. 1994, 24, 305.


8. Sherman, L.; Edelstein, F.; Shtacher, G.; Avramoff, M.;
Teitz, Y. J. Gen. Virol. 1980, 46, 195.


9. Kroeger Smith, M. B.; Rouzer, C. A.; Taneyhill, L. A.;
Smith, N. A.; Hughes, S. H.; Boyer, P. L.; Janssen, P. A.;
Moereels, H.; Koymans, L.; Arnold, E. Protein Sci. 1995,
4, 2203.


10. Ren, J.; Esnouf, R.; Hopkins, A.; Ross, C.; Jones, Y.;
Stammers, D.; Stuart, D. Structure 1995, 3, 915.


11. Mui, P. W.; Jacober, S. P.; Hargrave, K. D.; Adams, J.
J. Med. Chem. 1992, 35, 201.


12. Pandeya, S. N.; Sriram, D.; Nath, G.; Clercd, E. De.
Indian J. Pharm. Sci. 1999, 61, 358.


13. Sriram, D.; Bal, T. R.; Yogeeswari, P. Bioorg. Med. Chem.
2004, 12, 5865.


14. Spectral data for compound 6. IR (KBr): 3200, 2860,
2840, 1640, 1620, 1580, 1015 cm�1; 1H NMR (CDCl3)
d (ppm): 1.0 (t, 6H, 2CH3), 2.59 (t, 4H, CH2NCH2), 3.4
(t, 4H, CH2NCH2), 3.49 (q, 4H, 2CH2), 4.80 (s, 2H,
NCH2N), 7.01–7.58 (m, 8H, Ar-H), 11.26 (s, 1H, –NH,
D2O exchangeable).





		Synthesis and evaluation of anti-HIV activity of isatin  beta -thiosemicarbazone derivatives

		Introduction

		Chemistry

		Design

		Synthesis

		Anti-HIV activity



		Conclusion

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 15 (2005) 4515–4519

Hepatitis C virus NS3-4A serine protease inhibitors: Use of a P2–P1


cyclopropyl alanine combination for improved potency


S. Bogen,a,* A. K. Saksena,a A. Arasappan,a H. Gu,a F. G. Njoroge,a V. Girijavallabhan,a


J. Pichardo,b N. Butkiewicz,b A. Prongayc and V. Madisonc


aChemical Research, Schering Plough Research Institute, 2015 Galloping Hill Road, Kenilworth, NJ 07033, USA
bAntiviral Therapy, Schering Plough Research Institute, 2015 Galloping Hill Road, Kenilworth, NJ 07033, USA


cStructural Chemistry, Schering Plough Research Institute, 2015 Galloping Hill Road, Kenilworth, NJ 07033, USA


Received 18 May 2005; revised 6 July 2005; accepted 6 July 2005


Available online 19 August 2005

Abstract—Modification of the P2 and P1 side chains of earlier P3-capped a-ketoamide inhibitor of HCV NS3 serine protease 1 result-
ed in the discovery of compound 24 with about 10-fold improvement in potency.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction


Hepatitis C virus (HCV), a blood-borne virus previously
referred to as non-A, non-B hepatitis, infects 200 million
people worldwide.1 Untreated HCV infections can pro-
gress to liver cirrhosis and hepatocellular carcinoma.2


Currently, a-interferon and PEG-interferon monothera-
pies or in combination with the antiviral drug ribavirin
are the only approved treatment options.3 Although
combination therapy is reasonably successful with geno-
types 2 and 3, its efficacy against the predominant geno-
type 1 is moderate at best. Therefore, several research
groups have been working toward the development of
a more effective, convenient, and tolerable treatment.
Because of its vital role in viral replication,4 HCV NS3
serine protease has been actively pursued as a viral
protein target.5 Oligopeptide derivatives containing
a-ketoamide electrophilic trap have been reported by
our group6 and others7 to be potent inhibitors of HCV
NS3 serine protease.


More recently, we demonstrated that introduction of a
phenylglycine residue at P0


2 position improved the bind-
ing potency of P3-capped ketoamide inhibitor of type 1
(Fig. 1).8 From the X-ray crystal structure of compound
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1 bound to the protease, it was evident that the P1–P
0
2


side chains formed a C-clamp around Lys136 of the pro-
tease and thus provided extensive hydrophobic interac-
tion that resulted in improved potency. X-ray crystal
structure analysis also revealed a close proximity of P2


side chain to arginine 155. Unsuccessful attempts from
our group6 and others9 to make a salt bridge between
Arg155 and a variety of charged species at P2 prompted
us to evaluate the possibility of hydrophobic interac-
tions with the side chain of that residue and hydropho-
bic moieties of the P2 position. To assess the effect of
replacement of leucine at P2 with more lypophilic resi-
dues, we decided to take advantage of hydrophobic sul-
fide moiety by introducing thioketals in the P2 position.
Better hydrophobic contact could also be accomplished
via incorporation of larger alkyl and cycloalkyl chains at
that position (Fig. 2).
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Hydroxyl amide 2, containing P3–P2 0 residues, was
identified as a key intermediate for the synthesis of
ketals at P2 (Scheme 1).
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12 h; (f) X = S, di-thiols (2.5 equiv), Zn(OTf)2, (1.1 equiv), CH2Cl2, X = O


(X = S), Dess–Martin (X = O), (ii) 50% TFA/CH2Cl2.

Aldehyde 3 generated through ozonolysis of the allyl
moiety could provide, after ketalization and subsequent
oxidation, inhibitors of type 4 bearing desirable lypo-
philic P2 surrogates.


Synthesis of a-hydroxyl amide 2 and inhibitors of type 4
are depicted in Scheme 2. Thus, dipeptide 6,6 bearing the
hydroxyl amide moiety, was reacted with P2 allylglycine
residue 5 under standard coupling procedure (EDCI,
HOOBt, NMM) to provide allyl ester 7. After removal
of the t-Boc protecting group of 7, the i-Boc protected
cyclohexyl glycine moiety at P3 was incorporated, via
8, using the coupling conditions described earlier.
Saponification of the allyl ester 9 followed by incorpora-
tion of the P0


2 moiety by coupling to phenylglycine ami-
no acid derivative gave key intermediate 2 (Scheme 2).
Ozonolysis of 2 generated the desired aldehyde interme-
diate 3 as the minor product with methoxy ketals as the
major products of the reaction as established by NMR
and mass spectrometry analysis. The mixture was then
subjected to transketalization procedure; thus, use of
Et2OÆBF3 efficiently promoted thioketal formation but
unfortunately cleaved the tert-butyl ester moiety at P0


2.
Control of temperature, reaction time or amount of
Et2OÆBF3 did not afford the desired chemoselectivity.
However, the side reaction was totally eliminated by
employing a milder Lewis acid for activation. Use of
1.1 equiv of zinc triflate and 2.5 equiv of 1,2-ethanedith-
iol afforded in <24 h the desired thioketal 10 in high
yield.
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Oxidation of 10 to generate the corresponding a-keto-
amide 15 was rather challenging. Thus, with a stoichi-
ometric amount of Dess–Martin�s periodinane,10 the
reaction was totally chemoselective toward the sulfide
oxidation. Use of tetrapropyl ammonium perruthe-
nate11 (TPAP) or SO3–pyridine


12 complex as oxidizing
reagent led mainly to degradation products. Moffatt13


oxidation furnished the desired ketoamide albeit with
a M+16 adduct that was detected by mass spectrometry
analysis. Interestingly, Swern14 oxidation of thioketal 10
provided, chemoselectively, the corresponding a-ketoa-
mide in good yield (70%). Finally, hydrolysis of the ter-
minal tert-butyl ester group with 50% TFA in CH2Cl2
gave the desired target 15. Compounds 16 and 17 were
prepared in a similar fashion using 1,2-propanethiol
and 1,2-benzenedime-thanethiol, respectively. The oxy-
gen analogs 18 and 19 were also prepared from common
intermediate 3. In the case of the oxygen analogs, trans-
ketalization was performed in the presence of molecular
sieves and a catalytic amount of TsOH. Dess–Martin�s
periodinane oxidation followed by TFA deprotection
of the terminal tert-butyl ester group furnished the de-
sired a-ketoamides 18 and 19 without affecting the ketal
group. P2 alkyl and cycloalkyl chain analogs 20, 21, and
22 were prepared via solid-phase synthesis8 using Sasrin
resin. Inhibitor 23, bearing a cyclopropyl alanine at P2


was prepared from key intermediate 2. As described in
Scheme 3, cyclopropanation of the allyl group was effi-
ciently performed with CH2N2 and a catalytic amount
of Pd(OAc)2.


15 Dess–Martin oxidation of 14 followed
by deprotection of the tert-butyl ester moiety with
TFA provided 23 in high yield.

24,  Ki* = 0.015 µM
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2. Results and discussion


Because of the close proximity of the P2 side chain to
Arg155, we anticipated that introduction of larger
hydrophobic moieties off the P2 position of our inhibi-
tors would present favorable interactions with this resi-
due. Toward this end, we investigated replacement of
leucine at P2 with more lipophilic moieties. Thus, with
a K�


i of 0.12 lM, inhibitor 1 was a good candidate for
P2 optimization. HCV NS3 serine protease inhibitory
activity16 for the targets synthesized was obtained using
the continuous spectrophotometric assay previously
reported.17 For the thioketals series, the steric factor
seemed to be critical for the activity, thus, the five-mem-
bered thioketals 15 with a K�


i of 0.09 lM was more po-
tent than the six-membered analog 16 ðK�


i ¼ 0.25 lMÞ.

The aromatic ring of the benzenedimethane thioketal
17 did not provide any additional hydrophobic interac-
tion with the enzyme backbone as demonstrated by its
poorer potency ðK�


i ¼ 2.3 lMÞ. The smaller the ring,
the better was the activity; thus, compound 15, with a
five-membered thioketals group, turned out to be the
most potent ðK�


i ¼ 0.09 lMÞ of all the inhibitors evalu-
ated in this series. For the oxygenated compounds, the
same trend was also observed with the five-membered
ketal 18 ðK�


i ¼ 0.30 lMÞ being more potent than the
six-membered analog 19 ðK�


i ¼ 0.43 lMÞ. In the two
series evaluated, the thioketal showed better activity
than the oxygen counterpart with more than 3-fold loss
in activity for the five-membered ketal 18 compared to
the thioketals analog 15. This was in good agreement
with the hydrophobic character of sulfide versus ether
and confirmed the need for a hydrophobic side chain
at P2.


To achieve better hydrophobic contact with Arg155, we
also tried to incorporate bulkier leucine analogs at P2.
From the HCV protease inhibitory data obtained for
compounds 20 and 21 ðK�


i ¼ 0.31 and 0.30 lM, respec-
tively) compared to compound 1 ðK�


i ¼ 0.12 lMÞ, it
was clear that steric factors were critical for activity.
Incorporation of long side chains homo-leucine in 20
and homo-norleucine in 21 resulted in about 3-fold loss
in activity. Although we anticipated that hydrophobic
moiety should be well accommodated at this position,
we noticed that larger substitutions at P2 did not provide
enhancement in activity. SAR of the ketals series indi-
cated that the smaller the size of P2 modification, the
better was the activity. Using those observations, we
prepared compound 22 bearing a cyclobutyl alanine
moiety at P2. Inhibitor 22, with a K�


i of 0.14 lM, was
equipotent to the leucine analog 1 ðK�


i ¼ 0.12 lMÞ.
Incorporation of the smaller cyclopropyl ring in 23
resulted in more than 2-fold improvement in activity
ðK�


i ¼ 0.05 lMÞ. From the X-ray analysis (Fig. 4), we
could see that the cyclopropyl ring exhibited good van
der Waals contacts with the two terminal NH groups
of Arg155. Distances were 3.52 and 3.26 Å from the
nearest methylene group of the ring. The Cc of Arg
155, the nearest methylene group, was 4.41 Å from the
same methylene group of the cyclopropyl ring. These
observations were in good agreements with the cyclo-
propyl ring filling the S2 pocket in an optimum manner.


Targets included in Table 1 were prepared using n-valine
as the P1 residue. We carried out modifications aimed at
optimizing the P1 residue by retaining cyclopropyl ala-
nine at P2 since it had previously demonstrated







Figure 5. X-ray structure of 24 bound to the protease.
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Figure 4. Packing distances of cyclopropyl alanine at P2 with Arg 155.
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improved potency. We discovered that incorporation of
a cyclopropyl alanine at P1 also provided a real boost in
activity. Thus, inhibitor 24 (Fig. 3) exhibited the best
potency in that series with K�


i ¼ 0.015 lM.


X-ray crystal structure of the inhibitor 24 bound to the
protease is shown in Figure 5.18 It can be seen that the

Table 1. Synthesis of inhibitors 15–23
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Entry Compound no. R K�
i (lM)


1 15


S


S 0.09


2 16
S


S
0.25


3 17 S


S


2.3


4 18
O


O
0.30


5 19
O


O
0.43


6 20 0.31


7 21 0.30


8 22 0.14


9 23 0.05

peptidic core binds to the protease through a series of
hydrogen bonding interactions. The cyclopropyl alanine
residues at P2 and P1 fit well in the S2 and S1 pockets,
respectively, making tight hydrophobic contacts. The
cyclohexyl moiety at P3 provided additional hydropho-
bic contacts in comparison with smaller groups at P3.


8


The P1–P
0
2 residues form a �C-clamp� that wraps over


the side chain of lys136.


In summary, we have identified potent inhibitors of the
HCV NS3 serine protease. Incorporation of a cyclopro-
pyl alanine side chain at both P2 and P1 improved the
binding potency by about 10-fold compared to our ear-
lier P3-capped inhibitors 1. Further work aimed at the
depeptidization of 24 is under progress and will be
reported shortly.
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Abstract—A modified vancomycin binding pocket (D–O–E ring) incorporating an a-hydroxy-b-amino acid at the AA4 position is
designed and synthesized. Some of these compounds display potent bioactivities against both sensitive- and resistant-strains (8 lg/ml
against VREF). Both the lipidated aminoglucose and the structure of the 16-membered macrocycle are found to be important for
the anti-VRE activities. The polyamine appendage at the C-terminal, on the other hand, improved the activity against vancomycin-
sensitive strains.
� 2005 Elsevier Ltd. All rights reserved.
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Vancomycin (1) and teicoplanin are two drugs used
worldwide for the treatment of infections due to
methicillin-resistant Staphylococcus aureus and other
Gram-positive organisms in patients allergic to b-lactam
antibiotics.1 They act by binding to the DD-Ala-DD-Ala
dipeptide of peptidoglycan precursors, preventing matu-
ration of the bacterial cell-wall.2 After more than 30
years of clinical use, resistance to drugs of the vancomy-
cin family has been recognized in the late 1980s and the
frequency of resistance has increased significantly over
the past decade, reaching 30% among hospitalized
patients in 2000 in the USA. Since vancomycin-resistant
enterococci (VRE) also carry resistance to virtually all
other known antibiotics, it represents thus a serious
threat to public health. Reprogramming of the peptido-
glycan termini from DD-Ala-DD-Ala dipeptide to DD-Ala-DD-
Lac depsipeptide has been proposed as the principal
mechanism of resistance.3 In fact, in vitro binding studies
have shown that the affinity of vancomycin for N-Ac-DD-
Ala-DD-Lac is about 1000 times lesser than its affinity for
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N-Ac-DD-Ala-DD-Ala, due to one missing hydrogen bond
and the ground state repulsion between the two oxygen
lone-pairs in the former complex.4,5 The reduced binding
affinity translated into the 1000-fold reduced sensitivity
of vancomycin-resistant bacteria to drug (Fig. 1).
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Vancomycin (1) and D-Ala-D-Ala complex


Figure 1. Structure of vancomycin and its N-Ac-DD-Ala-DD-Ala complex.
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Figure 2. Second-generation semi-synthetic lipoglycopeptides in clinic
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Extensive structure–activity relationship studies per-
formed by both academic and industrial researchers
indicated that the incorporation of a hydrophobic chain
into the natural product is highly beneficial for activities
against VRE. Indeed, two semi-synthetic analogues of
glycopeptides: oritavancin (LY333328) and dalbavancin
(Fig. 2) that entered into late-stage clinical trials contain
a hydrophobic group.6 However, given the architectural
complexity of vancomycin family glycopeptide, the
structural modification of the natural products is partic-
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Figure 3. Generic structure of modified carboxylate-binding pocket of


glycopeptides.

ularly challenging and to date most of the chemical
transformations have been localized on the peripheral
of the macrocycles relying mainly on the simple chemi-
cal reactions. Indeed, it would be extremely difficult, if
it is not impossible, to reengineer the carboxylate-bind-
ing pocket (D–O–E ring) of natural glycopeptides to in-
clude new hydrogen bond contacts with the modified
peptidoglycan termini.7 Therefore, the minimum struc-
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Scheme 1. Synthesis of 16-membered meta,para-cyclophane with an


endo aryl–aryl ether bond. Reagents and conditions: (a) EDC, HOBT,


CH2Cl2, room temperature, 89%; (b) BCl3, CH2Cl2, 0 �C, then MeOH;


(c) NaHCO3, Boc2O, dixoane–H2O (1:1), room temperature, 81%


(over two steps); (d) CsF, DMSO, room temperature, 72%. TBS =


tert-butyldimethylsilyl, Boc = tert-butoxycarbonyl, EDC = N-(3-di-


methylaminopropyl)-N 0-ethylcarbodiimide hydrochloride, HOBT =


1-hydroxybenzotriazole, DMSO = dimethyl sulfoxide.







4596 Y. Jia et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4594–4599

ture required to carry the hydrophobic substituent re-
mained unknown.8 A notable exception is the work of
Ellman who has synthesized a combinatorial library of
16-member macrocycles having different tripeptide
appendage at the C-terminal and identified synthetic
receptors that bind to the N-Ac2-LL-Lys-DD-Ala-DD-Ala.9


We have recently described the synthesis and biological
activity evaluation of modified D–O–E ring bearing a
NHCOR group at AA4 position.10,11 As a logical
extension of this work, we report herein an efficient
synthesis of a modified carboxylate-binding pocket of
vancomycin (Fig. 3, generic structure 2) in which the
fourth amino acid was replaced by an a-hydroxy-b-
amino acid and demonstrate that both the structure
of the macrocycle and the presence of a lipidated
aminoglucose are important for anti-VRE activity.
We also document that compound 2f can serve as a
useful template, to a certain degree even more effective-
ly than the entire glycopeptide framework, in searching
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Figure 4. Structures of macrocycles.

for the active compounds against both vancomycin-
sensitive strains and VRE.


Synthesis of the parent compounds 7, 8 and 10 is sum-
marized in Scheme 1. Coupling of a-hydroxy-b-amino
acid (3)12 with tripeptide 4 under standard conditions
afforded tetrapeptide 5. Treatment of 5 with BCl3 caused
deprotection of isopropyl ether, the tert-butyldimethyl-
silyl ether and the N-Boc function. Re-protection of
the primary amine by tert-butoxycarbonlyation fur-
nished the phenol 6 in 81% overall yield. The key
SNAr-based cycloetherification of 6 was performed in
DMSO (concentration of substrate: 0.05 M) in the pres-
ence of CsF at room temperature to provide two separa-
ble atropisomers 7 and 8 in 87% overall yield (ratio
7/8 = 3/1).13 The absolute configuration of the planar
chirality of 7 and 8 was deduced by NOE studies.14


Concurrently, starting from (2R,3R) methyl 2-tert-
butyldimethylsilyoxy-3-amino-3-(3 0,5 0-diisopropyloxy-
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4 0-methoxyphenyl)propionate 9, the macrocycle 10 was
synthesized following the same synthetic scheme as de-
tailed for 7 and 8. From compounds 7, 8 and 10, a series
of derivatives were synthesized and their structures are
enlisted in Figure 4. While most of these compounds
have been prepared without event, the access to com-
pound 2l was more demanding and was detailed in
Scheme 2. Glycosylation of phenol was best realized
with the freshly prepared N-acyl glucosaminyl bromide
(11) under mild phase transfer conditions.15 Saponifica-
tion of 12 followed by coupling with polyamine (14) fur-
nished 15, which upon N-deprotection under mild acidic
conditions provided 2l in good overall yield. Compound
2l was designed with the hope to introduce an additional
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Scheme 2. Synthesis of compound 2l. Reagents and conditions: (a) 11,


10% aqueous Na2CO3–CH2Cl2 (1:1), (n-Bu)4NHSO4, room tempera-


ture, 76%; (b) LiOH, THF–H2O (3:1), 0 �C, 62%; (c) 14, EDC, HOBT,


CH2Cl2, room temperature, 25%; (d) CF3CO2H, CH2Cl2, 0 �C, 75%.

H-bond following the vancomycin/N-Ac-DD-Ala-DD-Ala
binding model.


Minimum inhibitory concentrations for compounds 2a–
l as well as reference compounds: vancomycin and tei-
coplanin, are measured using a standard microdilution
assay and part of these results are summarized in Table
1. Regardless of the absolute configuration of the sec-
ondary alcohol (2a vs 2f), the planar chirality (2a vs
2c and 2b vs 2d) of the cyclophane, macrocycles 2a–f
were inactive against both vancomycin-sensitive and
vancomycin-resistant enterococci (VRE), with MICs
being higher than 256 mg/mg (data not shown). The
introduction of a hydrophobic chain at the E-ring did
not improve the activities of these compounds neither
(2a vs 2b and 2c vs 2d). Upon arylation of the free phe-
nol of the D-ring, weak antibiotic activities against VRE
were observed for compounds 2g and h, but remained
insignificant. On the other hand, the O-glycosylated
derivatives of 2a and f displayed interesting and
disparate results. While compound 2i remained inactive,
2j and k became active against VRE. Furthermore,
compound 2l having an elongated peptide chain at the
C-terminal displayed a broad spectrum of activity
against both vancomycin-sensitive (S. aureus) and resis-
tant-strains.


From these preliminary structure–activity relationship
studies, we assumed that both the structure of the mac-
rocycle (carrier) and the hydrophobic substituent con-
tributed to the activity of compounds 2k and 2l.10


Glycosylation of 2a with a lipidated aminoglucose did
not provide the active compound. On the other hand,
2f became active against VRE only upon attachment
of the lipidated aminoglucose. Both phenoxy group
can be served as anchoring points for the lipidated
aminoglucose leading to active compounds (2j and k).
Attaching a polyamide chain to the C-terminal of 2k
improved significantly its activity against vancomycin-
sensitive strains, although its potency against VRE
remained almost unchanged.


The very interesting anti-VRE activity of macrocycles
2k and l is intriguing. Indeed in vitro, it is more active
against VRE than most of the vancomycin and teicopl-
anin derivatives reported to date. The generic structure 2
was designed with the hope to restore the missing hydro-
gen bond with the DD-Ala-DD-lact depsipeptide by switch-
ing the amide carbonyl (hydrogen-bond acceptor) of
vancomcyin�s fourth amino acid into a hydroxy group
(hydrogen-bond donor). However, attempt to measure
the binding affinity between 2k and N-Ac-DD-Ala-DD-Ala
as well as 2k and N-Ac-DD-Ala-DD-lactate by either UV
absorption technique or by NMR titration (in DMSO)
failed to provide any exploitable results due most prob-
ably to the low receptor–substrate affinities. Overall and
in accord with Kahne and co-workers seminal contribu-
tion,8,16,17 we hypothesized that compounds 2k and 2l
might have a direct interaction with proteins critical
for VRE cell-wall biosynthesis. The role of the lipidated
aminoglucose may be attributed to its ability to anchor
the molecule to membrane in the vicinity of both lipid II
and the trans-glycosylases, blocking consequently more







Table 1. MICs (mg/mL) of macrocycles 2g–l and reference compoundsa


Entry Microorganism 2a 2f 2g 2h 2i 2j 2k 2l Teico Vanco


1 819 S. aureus Smith MSSA >1024 >1024 >128 >128 >128 >128 512 256 1 1


2 613 S. aureus clin. isolate Met-R >1024 >1024 >128 >128 >128 >128 128 32 1 1


3 3797 S.aureus clin. isolate VISA >1024 >1024 64 16 >128 32 128 32 16 8


4 3798 S. aureus clin. isolate VISA >1024 >1024 >128 >128 >128 >128 256 16 4 8


5 1400 S. aureus clin. isolate Met-R >1024 >1024 >128 128 >128 >128 — — 1 1


6 147 S. epidermidis ATCC 12228 >1024 >1024 >128 128 >128 >128 64 16 2 1


7 49 S. pyogenes C203 >1024 >1024 64 16 32 32 32 8 60125 60125


8 1139 E. faecalis teico–vanco-sensitive >1024 >1024 >128 64 >128 32 32 32 60.125 2


9 2981 E. faecalis clin. Isolate Van-A >1024 >1024 — — >128 — 32 32 >128 >128


10 559 E. faecalis (isogenic of L 560) >1024 >1024 64 16 >128 8 8 16 60.125 1


11 560 E. faecalis Van-A >1024 >1024 64 16 >128 8 8 8 128 >128


12 568 E. faecium (isogenic of L569) >1024 >1024 >128 128 >128 64 64 16 60.125 2


13 569 E. faecium clin. isolate Van-A >1024 >1024 >128 128 >128 32 32 8 >128 >128


14 2215 E. faecium clin. isolate Van-A >1024 >1024 — — >128 — 32 32 >128 >128


aMICs = minimum inhibitory concentrations.
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efficiently the last stages of peptidoglycan assembly.
Importantly, such a hydrophobic effect seems to be spe-
cific as no beneficial effect is observed when the same ali-
phatic chain was introduced to E-ring of the molecule
(2b and d). The efficiency of the inhibitory interaction
with trans-glycosylases will in turn depend on the struc-
ture of the carrier, in our case, the 16-membered macro-
cycle. The macrocycle 2f with an external R-configured
secondary alcohol being more active than 2a, we sur-
mised that either the hydroxy group was involved in
the interaction with the trans-glycosylases or the stereo-
chemistry of the secondary alcohol modified the overall
conformation of the molecule making it more or less
efficient in interacting with the enzymes.


In conclusion, we demonstrated in the present study that
a combination of a modified binding pocket with a suit-
ably positioned hydrophobic chain constitutes a viable
approach in the searching for compound active against
VRE and that these two structural elements contribute
synergistically the activity of a given compound. While
the positive hydrophobic effect is well known in the field,
we demonstrated that a simple macrocycle (2f) can serve
as a useful template for the development of agents active
against VRE as well as against vancomycin-sensitive
strains. We also documented that the stereochemistry
of the peptide backbone can significantly influence the
efficiency of the macrocycle as a carrier of the hydropho-
bic chain, which is understandable if the enzyme–sub-
strate interaction was to be considered.
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Abstract—A new class of estrogen receptor b (ERb) ligands based on the 2-phenylquinoline scaffold was prepared. Several ana-
logues with C4 substitution displayed high affinity (3–5 nM) and significant selectivity (up to 83-fold) for ERb. The best compound,
13b, was profiled as a selective partial agonist for ERb at 1 lM in a cell-based transcriptional assay. Uterine weight bioassay of 13b
indicated no activation of ERa in vivo.
� 2005 Elsevier Ltd. All rights reserved.
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The estrogen receptor (ER) is a ligand-activated tran-
scription factor, which plays a crucial role in the devel-
opment, maintenance, and function of the mammalian
reproductive system, as well as other non-sexual tissues
such as the skeletal, cardiovascular, and central nervous
systems.1 The discovery in 1996 of a second subtype of
estrogen receptor, estrogen receptor b (ERb),2 with its
unique tissue distribution patterns and transcriptional
properties from those of ERa,3 has raised optimism
about ERb as a viable new drug target4 and offered
new opportunity for developing novel, tissue and cell-
selective estrogens.5 Recently, a report demonstrated a
potential therapeutic utility of ERb-selective agonists
in treating inflammation.6


Although the ligand binding domains (LBD) of ERa
and ERb share only modest homology (58% identity),
their ligand binding cavities are nearly identical, differ-
ing by only two amino acid residues (ERa Leu384 is re-
placed by ERb Met336, and ERa Met421 is replaced by
ERb Ile373).


7 This slight variation in the binding cavities
presents a great challenge in developing ER subtype-
selective ligands. Phytoestrogens including the natural
product genistein (2),8 as well as constrained phytoestro-
gens9 displayed approximately 10- to 40-fold ERb selec-
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tivity. Similar modest selectivity has been observed in a
number of other scaffolds.10 Diarylpropionitriles
(DPN)11 and biphenyls12 exhibited up to 70-fold selec-
tivity. Current medicinal chemistry efforts have yielded
several structural motifs with impressive ERb selectivity.
Indazoles13 and benzofurans14 showed selectivities up to
100-fold, whereas benzoxazoles15 displayed as high as
200-fold selectivity for ERb.


We recently reported a series of 6-phenylnaphthalenes
which was developed as a simplified structure to mimic
the genistein framework (Scheme 1).16 Docking studies
suggested that the 6-phenylnaphthalene scaffold could
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Scheme 1. Scaffold evolution.
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exploit several binding orientations to achieve selectivi-
ty. The appropriate substituents placed at positions 1,
4, and 8 were shown to be essential to gain ERb selectiv-
ity by interacting favorably with ERb Ile373 and/or
repulsively with ERa Met421 using two different binding
orientations (Fig. 1).16 In particular, several derivatives
with C8 substitution displayed superior ERb selectivity
and affinity versus genistein. However, the synthetic
inaccessibility of certain functional groups at this posi-
tion prompted us to investigate the 2-phenylquinoline
scaffold (Scheme 1), which has a similar structural motif
as the 6-phenylnaphthalene. The facile assembly of this
heterocyclic ring core allows us to further explore the ef-
fects of substitution at positions 4 and 5 of the 2-phenyl-
quinoline scaffold, which correspond to positions 1 and
8 of the 6-phenylnaphthalene framework, respectively
(Fig. 1B).


For the new 2-phenylquinoline template, we decided to
retain the hydroxyl groups at the 6 and 4 0 positions to
mimic the two terminal hydroxyl groups of genistein,
which is known to be essential for its binding to ER.8


Moreover, similar geometrical arrangement of the two
hydroxyl groups of the 6-phenylnaphthalene scaffold
has been shown to be optimal for both ERb affinity
and selectivity.16 In this report, we describe the synthesis
and structural–activity relationships (SARs) of a series
of 2-phenylquinolines. A number of these derivatives,
particularly those with C4 substitution, exhibited high
binding affinity and significant selectivity towards ERb.


All compounds in Table 1 were synthesized as shown in
Schemes 2–4. The synthesis began with the addition of
p-anisyllithium to 6-methoxyquinoline to give the 2-phe-
nylquinoline core 4 (Scheme 2).18 Subsequent demethyl-
ation using pyridine hydrochloride gave the parent
unsubstituted 2-phenylquinoline 5. Bromination of 4
with NBS gave 6, which upon initial deprotection using
pyridine hydrochloride at high temperature, the bromo
group was displaced by chloride exclusively to furnish
quinoline derivative 7. Thus, the brominated analogue
8 was obtained by an alternative demethylation method
using BBr3.


The 2-phenylquinoline core can also be prepared using
a modification of the general Conrad–Limpach–Korr

Arg346
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His475


Ile373 


Met336A B


Figure 1. Two possible binding orientations of 6-phenylnaphthalene 3 (w


Genistein (green) and key residues are shown colored by atom type. Arrows


Reprinted with permission from Ref. 16. Copyright (2005) American Chemi

synthesis (Scheme 3).19 Thus, alkoxycarbonylation of
4-methoxyacetophenones gave benzoylacetates 9, which
upon reaction with p-anisidine, followed by cyclization
furnished hydroxyquinolines 10a–c. Intermediates
10a,b were treated with POCl3, followed by demethyla-
tion to afford the 4-chloroquinolines 11a,b. Compounds
10a–c were also treated with POBr3 to give 12a–c, which
upon removal of the methyl protecting group afforded
the 4-bromo derivatives 13a–c. The chloro group of
11a was displaced by methoxide to furnish 4-methoxy-
quinoline 14. The cyano analogues 15a,b were prepared
by palladium-mediated coupling reaction of 12a,b with
Zn(CN)2,


20 followed by demethylation.


The bromo derivatives 13a–cwere also the common inter-
mediates fromwhich a number of 4-substituted 2-phenyl-
quinolines could be prepared using various transition
metal-mediated cross-coupling reactions (Scheme 4).
Thus, Stille coupling of 13a,bwith tributyl(vinyl)tin affor-
ded the vinyl analogues 16a,b, which upon reduction fur-
nished the ethyl targets 17a,b. Similarly, the alkynyl
derivatives 18a–cwere prepared by reaction of 13a–cwith
(trimethylsilylethynyl)tributyltin21 followed by desilyla-
tion. Suzuki reaction of 13b with phenylboronic acid
provided target 19. Coupling of 13a,b with (1-ethoxyvi-
nyl)tributyltin gave the acetyl analogues 20a,b after acid
hydrolysis. Subsequent reduction of the acetyl group of
20b yielded the hydroxyethyl derivative 21.


The 2-phenylquinoline analogues were evaluated in a
competitive radioligand binding assay measuring the rel-
ative binding affinity (IC50) of the compounds for the
human ERa and ERb LBD.22 Results are presented in
Table 1. As expected, endogenous ligand 17b-estradiol
bound equally well to both ER isoforms in this assay.


The unsubstituted quinoline 5 displayed some selectivity
(10-fold) for ERb, although binding affinity was modest.
The observed ERb selectivity of the 2-phenylquinoline
core (5) is consistent with the general observation that
the smaller overall binding pocket of ERb7 relative to
ERa would favor small and planar molecular struc-
tures,23 as well as the specific observation that aromatic
moieties appear capable of making a more favorable
interaction with ERb Met336 than ERa Leu384, given
the way these two side chains are presented to the bind-
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Table 1. Binding affinity for human ERa and ERb ligand binding domain


N


R4


OH


HO


R1


R3


R2


Compound R1 R2 R3 R4 ERb IC50 (nM)a ERa IC50 (nM)a Selectivity (a/b)b


1 17b-Estradiol 3.6 ± 1.6 3.2 ± 1.0 1


2 Genistein 10 ± 4 395 ± 181 41


3 6-Phenylnaphthalene 16 ± 7 211 ± 74 13


5 H H H H 171 ± 60 1775 ± 417 10


7 H H Cl H 30 ± 11 632 ± 294 21


8 H H Br H 88 ± 2 1140 ± 71 13


11a H H H Cl 4.6 ± 2.1 213 ± 38 46


11b F H H Cl 5.3 ± 3.2 246 ± 93 46


13a H H H Br 4.3 ± 2.3 212 ± 87 50


13b F H H Br 3.4 ± 1.5 283 ± 113 83


13c F F H Br 36 ± 6 783 ± 273 22


16a H H H CH@CH2 60 504 8


16b F H H CH@CH2 44 ± 11 385 ± 104 9


17a H H H Et 52 ± 13 634 ± 287 12


17b F H H Et 79 ± 55 1750 ± 1018 22


18a H H H C„CH 75 ± 15 1500 ± 113 20


18b F H H C„CH 27 ± 12 1309 ± 451 48


18c F F H C„CH 750 4820 6


15a H H H CN 28 ± 7 455 ± 107 16


15b F H H CN 23 ± 10 1047 ± 429 46


20a H H H COMe 221 ± 13 3138 ± 285 14


20b F H H COMe 93 ± 28 3370 ± 85 36


19 F H H Ph 211 ± 118 1815 ± 615 19


14 H H H OMe 1190 6630 6


21 F H H CH(OH)Me >5000 >5000 ND


a IC50 values are the means of at least two experiments ± STD, determined from eight concentrations (performed in triplicate). Values without STDs


are for a single determination only.
b ERb selectivity is expressed as ERa IC50/ERb IC50 ratio.
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ing pocket.24 Moreover, the weaker affinities of 5 for
both ER subtypes compared to those of the correspond-
ing unsubstituted 6-phenylnaphthalene 3 may be attrib-
uted to a greater desolvation penalty upon binding for
the quinoline moiety relative to naphthalene.25 Based
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Scheme 2. Reagents and conditions: (a) 4-MeO-Ph-Li, Et2O, 0 �C; (b)
PyrÆHCl, 200 �C; (c) NBS, DMF, 40 �C; (d) BBr3, ClCH2CH2Cl,


40 �C.

on the SAR and docking studies of the 6-phenylnaph-
thalene series,16 substitution at positions 4 and 5 of
the 2-phenylquinoline scaffold may provide the greatest
opportunity for further enhancing ERb selectivity by
interacting with the ERb Ile373/ERa Met421 residues.
As anticipated, derivative 7 with a chloro substituent
at the C5 position exhibited a 2-fold increase in ERb
selectivity, with a concomitant 5.7-fold improvement
in ERb binding affinity (7 vs 5). However, the larger bro-
mine group of 8 lowered both ERb affinity and selectiv-
ity (compared to 7), presumably due to steric repulsion
with the distal His475 residue.


Next, we focused on the C4 substitution and examined a
variety of functional groups including electronegative,
electron-rich, aliphatic, aromatic, and polar substitu-
ents. Introduction of a halogen group led to approxi-
mately 40-fold increase in ERb affinity as shown by
11a and 13a (vs 5), both of which exhibited ERb IC50


values less than 5 nM. Moreover, since these analogues
had only a minor increase in ERa affinity, they dis-
played approximately 50-fold selectivity for ERb. This
affinity enhancement for both ER isoforms can be
attributed to a favorable overall hydrophobic effect
(due to the substituent itself as well as to reduced polar-
ity of the quinoline core induced by the electronegative
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halogen26), and to additional van der Waals interactions
between the halogen and surrounding residues. Further-
more, the significantly smaller increase in ERa affinity is
presumably due to a less favorable interaction between
the halogen atom and the ERa Met421 side chain.
Although the relative contribution of dispersion, elec-
trostatics, and exchange repulsion is unclear, it is possi-
ble that the electronegativity of the halogens and the
methionine sulfur makes an unfavorable electrostatic
contribution to the total interaction.17 Small aliphatic
groups such as ethyl (17a), vinyl (16a), alkynyl (18a),
and small electron-withdrawing cyano (15a) group all
showed some ERb affinity enhancement (relative to 5),
but with minimal or no effect on selectivity, whereas
the larger acetyl (20a) and phenyl (19) groups provided
only slight selectivity improvement. Interestingly, the
methoxy group (14) caused a great loss of activity, pre-
sumably due to the unfavorable basicity of the quinoline
core induced by the electron-rich methoxy group. Intro-
duction of the polar hydroxyethyl group (21) resulted in
a complete loss of affinity.


With respect to phenyl ring substitution, introduction of
a 3 0-fluoro group generally led to a subtle increase in
ERb selectivity as shown by derivatives 13b, 15b, 17–
18b, and 20b (relative to 13a, 15a, 17–18a, and 20a,

respectively). Similar selectivity enhancement induced
by the 3 0-fluoro substituent has been observed with
other scaffolds as well.14–16 A structure-based explana-
tion for this effect has been proposed elsewhere.17 Sur-
prisingly, the addition of a second fluoro group at the
5 0 position (13c and 18c vs 13a,b and 18a,b, respectively)
proved to be detrimental. A possible reason for this loss
of activity is most likely due to the electrostatic repul-
sion between one of the fluoro substituents and the side
chain of Glu305.


15 We point out that 13b is the most po-
tent and selective of the 2-phenylquinolines reported,
with an ERb IC50 value of 3.4 nM and 83-fold selectiv-
ity. Docking of 13b to the binding pocket of the ERb
LBD/WAY-202196 cocrystal structure (PDB accession
code 1YYE16) places the bromo group in close proxim-
ity to the ERb Ile373 ! ERa Met421 residue substitution
(analogous to the cyano group of WAY-202196, see
Fig. 2 and Ref. 16), suggesting that a differential interac-
tion with these residues may contribute to the enhanced
ERb selectivity. Modulation of the quinoline electronic
structure (and thus interaction with ERb Met336 ! ERa
Leu384) may also contribute to the selectivity
enhancement.16


Compound 13b was further evaluated in a cell-based
transcriptional assay measuring its ability to regulate
human keratin19 (KRT19) mRNA. This gene is upreg-
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Figure 2. Compound 13b docked to ERb LBD/WAY-202196 complex.


Docking calculations were performed as described in Ref. 12.
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ulated by 17b-estradiol in human prostate cancer cells
(LNCaPLN3) engineered to express either ERa or
ERb and thus can be used to determine agonist/antago-
nist activity of compounds.10b Analogue 13b was tested
at 1 lM and was compared to that of 10 nM 17b-estra-
diol. It was found to be inactive via ERa and was about
60% as efficacious as 17b-estradiol via ERb. When test-
ed in combination with 17b-estradiol, there was no
marked antagonist activity. The results thus suggest that
13b is a selective partial agonist for ERb at 1 lM.


Compound 13b was also evaluated in a highly sensitive
uterine weight estrogenic bioassay measuring the weight
gain in sexually immature mouse uterus. Because rodent
uterus expresses primarily ERa, this model can be used
to assess the in vivo ER selectivity of compounds. Sexu-
ally immature mice were dosed subcutaneously for 4
days with 50 mg/kg of 13b in an oil-based vehicle.17 In
contrast to 17b-estradiol, which increased organ weight
4-fold, no significant uterine weight gain was observed
for 13b, indicating no ERa activation in this in vivo
model.


In summary, we have identified the 2-phenylquinolines
as a new series of ERb-selective ligands. Substitution
at the C4 position, particularly with electronegative
groups, was essential for ERb selectivity. Further selec-
tivity enhancement could be achieved by incorporating a
fluoro group at the 3 0 position of the phenyl ring. A
number of substituted 2-phenylquinolines displayed
superior ERb affinity and selectivity to that of genistein.
Quinoline 13b, which was the best compound of this
study, was found to be a selective partial agonist for
ERb in a cell-based transcriptional assay. Its uterine
weight bioassay showed no significant uterine stimula-
tion, suggesting that this compound will not activate
ERa in vivo. Efforts are continuing in our laboratories
to expand upon our multiple binding orientation strate-
gy to maximize ERb selectivity.
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Abstract—Thrombin-inhibitor X-ray crystal structures, in combination with the installation of binding elements optimized within
the pyrazinone series of thrombin inhibitors, were utilized to transform a weak triazolopyrimidine lead into a series of potent oxaz-
olopyridines. A modification intended to attenuate plasma protein binding (i.e., conversion of the P3 pyridine to a piperidine) con-
ferred significant factor Xa activity to this series. Ultimately, these dual thrombin/factor Xa inhibitors demonstrated excellent
in vitro and in vivo anticoagulant efficacy.
� 2005 Elsevier Ltd. All rights reserved.

In an attempt to overcome the monitoring and safety
liabilities associated with current anticoagulation
therapies, an intensive effort to develop orally bio-
available inhibitors of critical coagulation enzymes
has been undertaken. Among the potential targets,
thrombin (factor IIa) and factor Xa have received
the most attention. A recent disclosure on the clinical
efficacy of a small-molecule thrombin inhibitor,
ximelagatran, in the prevention of stroke in patients
with atrial fibrillation has helped validate this strate-
gy.1 Recently, there has been considerable interest in
developing dual inhibitors of both thrombin and fac-
tor Xa that could afford highly efficacious antithrom-
botic agents.2


Previous work from our laboratories has primarily fo-
cused on the design, development, and optimization of
the pyrazinone acetamide series of thrombin inhibitors
(e.g., 1).3 In an effort to expand the structural diversity
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doi:10.1016/j.bmcl.2005.07.022


Keywords: Thrombin; Factor Xa; Structure-guided design.
* Corresponding author. Tel.: +1 215 652 2382; fax: +1 215 652


7310; e-mail: christopher_burgey@merck.com

within our thrombin inhibitor program, the Merck sam-
ple repository was screened for activity versus thrombin;
this survey revealed the triazolopyrimidine 2a to be a
weak inhibitor (IC50 � 1 lM, Fig. 1).4 Herein, we detail
an optimization process in which inhibitor-enzyme
X-ray crystal structures were utilized to convert this lead
into a series of potent dual thrombin/factor Xa
inhibitors.


Determination of the X-ray crystal structure of 2a com-
plexed to thrombin helped elucidate the following gener-
al binding features (Fig. 2): the 5-chloro-2-methylaniline
occupies the S1 specificity pocket, the methyl of the
triazolopyrimidine fills the S2 insertion loop, and the bu-
tyl group binds to the distal hydrophobic pocket. The
antiparallel b-sheet hydrogen bonding motif, common
to many thrombin inhibitors,5 is maintained between
the triazolopyrimidine and Gly-216: the substrate is
strongly hydrogen bonded to the C@O (dN–O = 2.26 Å)
and NH (dN–N = 2.72 Å) of Gly-216, although the
acceptor angles are not optimal.6 The inhibitor aniline-
NH is possibly engaged in a weak H-bond with Ser-
195 (dN–O = 3.45 Å). Another notable feature is that
the P3 butyl group does not take advantage of the
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Figure 2. X-ray crystal structures of 1 (blue) and 2a bound to the


thrombin active site.
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potential p-interactions (with Trp-215) available within
the S3 pocket. Replacement of the P3 butyl with a phen-
ethyl group exploits these interactions to bring about a
3-fold improvement in potency (2b, Ki = 290 nM,
Fig. 1).7


Further analysis of this X-ray structure (Fig. 2; PDB
numbers: 1MUE and 1ZGV for 1 and 2a, respectively)
has indicated that the majority of heteroatoms within
the triazolopyrimidine ring system are not engaged in
specific, constructive interactions with the enzyme. As
a result, an alternative and structurally more simple core
was sought in which a modular synthesis (vide infra)
would facilitate optimization of this series. A basic crite-
rion in this analysis was the preservation of crucial

inhibitor H-bonding interactions with Gly-216. These
considerations led to the design and preparation of
benzoxazole 3 (Fig. 1), in which the additional modifica-
tions of P3 2,2-difluoro-2-(2-pyridyl)ethyl ligand3 incor-
poration, and P1 and P2 methyl group deletion have
been made. These extensive structural changes yielded
a moderately potent thrombin inhibitor, 3
(Ki = 670 nM), from which optimization studies could
be readily developed.


Guided by the X-ray structure (Fig. 2), efforts to explore
the nature of a P1–P2 linker were initiated. Molecular
modeling studies have revealed that, to achieve the
conformation necessary for thrombin binding, the
aniline P1 phenyl and P2 triazole rings must break
away from the coplanar arrangement that is favored in
the unbound state of this extended conjugated system
(DE(bound–unbound) = 7.3 kcal/mol). Elimination of this
preference for coplanarity by insertion of a methylene
group between the NH and the 3-chlorophenyl group
resulted in a significant improvement in potency (Ta-
ble 1, 4). This is presumably due, at least in part, to a
smaller energy difference between the bound and un-
bound states (DE(bound–unbound) = 4.7 kcal/mol). Alter-
natively, replacement of the aniline NH with a CH2


afforded a 27-fold improvement in potency (5,
Ki = 25 nM); this analog combines both the correct
linker length (compare 6: Ki = 16 lM) and angle
(i.e., sp3 hybridization) required to access the S1 sub-
site via a low-energy conformer (DE(bound–unbound) =
3.5 kcal/mol).


Having established the preferred P1–P2 linker,8 the P1
aryl group SAR was investigated next (Table 1). As
anticipated, installation of the 2,5-dichlorophenyl P1
ligand afforded a substantial improvement in potency
(Table 1, 7).3 Incorporation of the 1-phenyl-1,2,4-tria-
zoles and tetrazoles, P1 binding elements that afforded
extremely potent pyrazinone thrombin inhibitors,9


brought about an improvement in potency (8–9). The
triazole and m-chloro substituents were combined to
afford 10, an 80 pM thrombin inhibitor.


The preceding studies afforded a series of potent throm-
bin inhibitors; however, the enzyme potency did not
translate into good in vitro anticoagulant efficacy, as
measured by the 2xaPTT assay in human plasma.7 For
example, inhibitor 8 exhibited a good binding potency
of 2.1 nM but a weak functional potency (2xaPTT) of
3.2 lM. This discrepancy between binding and clotting
potency is presumably due to the high lipophilicity
and protein binding of this series of benzoxazole inhib-
itors (e.g., 8: c logP = 3.0).10 In an effort to reduce the
overall lipophilicity, the analogous oxazolopyridine ser-
ies was prepared (Table 2). Although compounds within
this series generally exhibited a slightly diminished
inherent potency, the shift in anticoagulant efficacy
(2xaPTT assay) was reduced in comparison to the benz-
oxazoles. For example, 8 and 11 possess the same anti-
coagulant potency, even though 8 is an 8-fold more
potent thrombin inhibitor. In accord with the pyrazi-
none series of thrombin inhibitors, conversion of the
P3 pyridine to its N-oxide confers an improvement in
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11 0 H Triazole H 16 3.0 47


12 0 Cl Triazole H 0.31 0.40 0.77


13 0 Cl Triazole Me 0.04 0.41 0.75


14 0 Cl H Me 7.8 >8.2 >20


15 1 Cl H H 15 >8.2 3


16 1 Cl H Me 2.3 3.0 6


17 1 H Triazole H 9.4 1.4 14


18 1 H Triazole Me 1.5 0.49 7.2


19 1 H Tetrazole H 2.0 0.38 2.7


Table 1. SAR of P1–P2 linker and P1 phenyl ring
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5 CH2 Cl H 25 —


6 CH2CH2 Cl H 16,000 —


7 CH2 Cl Cl 3.4 >8.2


8 CH2 H Tetrazole 2.1 3.2


9 CH2 H Triazole 10.0 5.2


10 CH2 Cl Triazole 0.08 0.81
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both enzyme and functional potency (15–19, Table 2).3


For instance, triazole analog 17 containing the N-oxide
was 2-fold more potent in the clotting assay (2xaPTT)
than its pyridine version 11. Reintroduction of the inser-
tion loop substituent (i.e., 6-methyl group) affords a 6-
fold potency improvement (13–14, 16, and 18). Notably,
this series of thrombin inhibitors exhibits an excellent
selectivity profile against the homologous proteases
trypsin (>20,000-fold) and factor Xa (>200-fold).


Further investigation into the P3 SAR (Table 3) has re-
vealed that reduction of the pyridine to a piperidine, a
modification intended to attenuate plasma protein bind-
ing, afforded an improvement in thrombin potency (21
vs. 11). Additionally, incorporation of this 2,2-difluoro-
2-(2-piperidyl)ethyl P3 ligand unexpectedly conferred
significantly greater factor Xa activity to this series (21:
Ki (Xa) = 51 nM vs. 11: Ki (Xa) = 47,000 nM). As a re-
sult of the increased factor Xa binding and enhanced
polarity of the piperidine, these derivatives exhibit a
large improvement in functional potency. Significantly,
introduction of this fXa activity did not compromise

protease selectivity versus trypsin, chymotrypsin, acti-
vated protein C, kallikrein, and plasmin (>32 lM,
>9000-fold); tPA selectivity was somewhat diminished
(2.9 lM, 880-fold). The chlorotriazole P1 was also com-
patible with the P3 piperidine, generating the potent
dual IIa/Xa inhibitor 23 with an extremely low 2xaPTT
value.


The geminal fluorines of 2,2-difluoro-2-(2-pyridyl)ethyl
P3 have been proposed to exert a potency enhancing
effect via inductive reinforcement of the p–p interaction
between the P3 pyridine ring and Trp-215 of the en-
zyme.3 Since the aromatic ring (and the potential for
p–p interactions) has been removed from the piperidine
series, deletion of the fluorines would be expected to
have minimal perturbation on thrombin binding.
Indeed, this modification did not significantly impact
thrombin or Xa activity (24 vs. 22). Resolution of the
racemic piperidine revealed the differential binding of
each enantiomer (25 vs. 26), with the same antipode
being more active for both IIa and Xa. The combina-
tion of the racemic piperidine P3 and the potent
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Table 3. SAR of P3 piperidinesa
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Compound X R1 R2 R3 IIa Ki (nM) Xa Ki (nM) tryps Ki (lM) tPA Ki (nM) 2xaPTT (lM)


20 F Cl H H 3.3 12.0 44 2900 1.6


21 F H Triazole H 4.6 50.5 86 840 0.36


22 F H Tetrazole H 1.2 11.0 17 1400 0.18


23 F Cl Triazole H 0.06 1.2 1.5 240 0.11


24 H H Tetrazole H 1.7 7.0 23 2000 0.11


25b H Cl H H 1.7 12.0 16 2100 0.29


26b H Cl H H 100 460 342 — —


27 H Cl Triazole H 0.04 3.9 1.6 140 0.07


28 H Cl Triazole Bn 0.14 3.7 1.5 100 0.13


29 H Cl Triazole CH2CO2Et 0.07 2.2 1.3 67 0.15


30 H Cl Triazole CH2CO2H 0.16 4.2 0.70 110 0.08


31 H Cl Triazole CH2CH2OH 0.25 2.4 1.6 96 0.06


32 H Cl Triazole CH2CHF2 0.52 4.7 2.9 290 0.44


33 H Cl Triazole CH2CF3 4.6 54 6.9 3500 1.74


a Racemic, except where noted.
b Enantiomers.
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chlorotriazole P1 produced 27, a 40 pM thrombin
inhibitor that demonstrated excellent in vitro anticoag-
ulant potency (2xaPTT = 70 nM).


Solution of the X-ray structure of 21 bound to thrombin
revealed a series of weak hydrogen bonding interactions
(Fig. 3). The exocyclic NH and oxazole ring N are en-
gaged in hydrogen bonds with Gly-216 (dN–O = 3.3 Å,
dN–N = 3.6 Å). The P3 piperidinium nitrogen appears
to be solvent-exposed and engaged in forming an intra-
molecular hydrogen bond with the aminopyridine ring
nitrogen (dN–N = 3.5 Å).11 Support for the critical role
that this interaction serves is provided by 34 (Chart 1),
in which replacement of the pyridine nitrogen with a

Figure 3. Overlay of 21 bound in the fIIa and fXa (yellow) active sites.


Key amino acids of the fXa active site are depicted in magenta.

carbon reduces IIa and Xa activity by 218- and 1200-
fold, respectively. In line with the solvent-exposed nat-
ure of the piperidine nitrogen is its tolerance to varied
substitution (e.g., alkyl, carboxyalkyl, and fluoroalkyl;
28–33, Table 3). The lack of a specific role for the fluo-
rines adjacent to the P3 piperidine is also apparent from
this X-ray structure. The P1 aryl ring reaches deep into
the lipophilic S1 pocket and the triazole is coordinated
to an ordered water molecule (dN–O = 2.9 Å) and
additionally engaged in a donor-atom–p interaction
with the electron-rich disulfide bridge at the subsite en-
trance.9 The catalytic Ser-195 lies relatively close
(dC–O = 3.0 Å) to the polarized methylene bridging the
oxazole to the P1 aryl group and appears to be engaged
in a non-classical hydrogen bonding interaction.6


Based upon the structure bound to thrombin, dual
inhibitor 21 was modeled into the human factor Xa ac-
tive site (Fig. 3; PDB code: 1ZGI).12 The most signifi-
cant difference between the IIa and Xa active sites is
the composition of the distal hydrophobic (S3/S4) and
proximal (S2) binding pockets.2 In thrombin, Ile-174
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terminates the distal pocket, while the aromatic amino
acid Phe-174 performs this role in fXa. In S2, there exist
more dramatic differences: thrombin possesses a well-de-
fined hydrophobic binding cleft (insertion loop) defined
by the side chains of Leu-99, Tyr-60A, and Trp-60D; in
comparison, Leu-99 is replaced by a more sterically
demanding Tyr-99 in fXa, severely occluding this bind-
ing pocket. These differences in the enzyme structure
cause the oxazolopyridine ring of 21 in the Xa structure
to tilt away from the Tyr-99 (allowed to do so owing to
lack of Trp-60D). This change could account for the loss
of fXa binding affinity observed upon exchange of the
P3 piperidine for a pyridine, as this shift of the bicyclic
core would prevent the more rigid P3 pyridine from fully
extending into the S3 subsite. Consistent with this
restricted fit in the Xa S2 binding pocket is the 30-fold
loss in potency (vs. 20), due to the steric interaction with
Tyr-99, upon introduction of a methyl group on the
pyridine ring in 35 (Chart 1).


Based upon its high level of in vitro anticoagulant
potency, the dual IIa/Xa inhibitor 27 was selected for
in vivo characterization. Complete efficacy was observed
in the rat FeCl3 arterial thrombosis model (0/6 occlu-
sions)13 at low plasma levels (final plasma concentra-
tion = 121 nM), which significantly elevated the
thrombin time (4.65-fold elevation) while producing a
moderate effect upon the aPTT (ca. 1.25-fold elevation).
Upon i.v. dosing of 27 (0.65 mpk) to dogs, a long plas-
ma half-life (t1/2 = 4.2 h; Clp = 26.6 mL/min/kg;
Vd = 7.2 L/kg) was observed; unfortunately, this analog
exhibited very low levels of oral bioavailability (Fig. 4).
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Synthesis of a representative P2 oxazolopyridine inhibi-
tor 27 is shown in Scheme 1.14 Conversion of 3-nitro-
pyridine-2,4-diol 36 to its 2,4-dichloro analog 37 was
completed with phosphorus oxychloride. A cesium ace-
tate-mediated reaction, which allowed selective substitu-
tion of 4-chloro group of 37 with a hydroxyl group,
afforded key intermediate 38. Displacement of the
remaining 2-chloro group with P3 amine 39, followed
by hydrogenation of the nitro group, resulted in the
intermediate 40. Aminopyridinol 40 was coupled to P1
2-triazolyl-5-chlorophenyl acetic acid 41 to give interme-
diate 42. Formation of the central P2 oxazolopyridine
ring was accomplished by a selective intramolecular
cyclization under Mitsunobu reaction conditions.15

Deprotection of the Boc group of the cyclized intermedi-
ate completed the synthesis of inhibitor 27.


Synthesis of P1 2-triazolyl-5-chlorophenyl acetic acid 41
was achieved, as shown in Scheme 2. Displacement of
the 2-chloro group of 2,5-dichlorobenzonitrile 43 with
1,2,4-triazole, followed by acid hydrolysis, afforded ben-
zoic acid 44. Reduction to the benzyl alcohol and treat-
ment with thionyl bromide afforded benzyl bromide 45.
Bromide 45 was displaced by sodium cyanide and the
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resulting arylacetonitrile 46 was hydrolyzed to give the
desired phenyl acetic acid 41.


Thrombin-inhibitor X-ray crystal structures, in combi-
nation with the installation of binding elements
optimized within the pyrazinone series of thrombin
inhibitors, were utilized to transform a weak triazolo-
pyrimidine lead into a series of potent oxazolopyridines.
A modification intended to attenuate plasma protein
binding (i.e., conversion of the P3 pyridine to a piperi-
dine) conferred significant factor Xa activity to this
series. Ultimately, these dual thrombin/factor Xa inhib-
itors demonstrated excellent in vitro and in vivo antico-
agulant efficacy.
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Abstract—We report the solid-phase synthesis and pharmacological evaluation of a new series of small-molecule agonists of the
human peroxisome proliferator-activated receptor d (PPARd) based on a lead structure from our PPARa program. Compound
33 showed good pharmacokinetics.
� 2005 Elsevier Ltd. All rights reserved.

Figure 1. PPARd-selective agonist GW501516.


Figure 2. Lead structures from in-house PPARa agonist program.

The peroxisome proliferator-activated receptors
(PPARs) belong to the nuclear hormone receptor super-
family and consist of the three members: PPARa,
PPARc, and PPARd. Many of the PPAR-regulated
genes are involved in fatty-acid metabolism and play a
central role in regulating the storage and catabolism of
dietary fats. Consequently, subtype selective PPAR ago-
nists are regarded as promising leads for novel drugs
used for the treatment of metabolic syndrome, diabetes,
obesity, dyslipidemia, and atherosclerosis.1,2 Unlike for
PPARa (fibrates) and PPARc (glitazones), there are
no known drugs that have been identified as working
through PPARd.3 However, oral application of 3 mg/
kg GW501516 (1, Fig. 1),4 the first PPARd-selective
agonist in clinical trials, is reported to increase HDLc
by 80%, while reducing LDL-cholesterol by 29% in a
primate model of dyslipidemia.5


Another series of potent PPAR agonists with up to 25-
fold selectivity for PPARd over PPARa and PPARc,
respectively, has been identified recently, starting from
a phenylacetic acid lead.6


As part of our ongoing research in the identification of
novel nuclear receptor ligands, we report the identifica-
tion of highly selective PPARd agonists7 through solid-
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phase parallel synthesis. The general lead structure 2,
specified by example 3, from our in-house PPARa
program served as the starting point for optimization
towards d-selectivity (Fig. 2).8


The general synthesis leading to compounds 17–35 is
depicted in Scheme 1. First, the corresponding a-bromo-
acetic acid derivatives 4 were attached to Wang resin
(p-benzyloxybenzyl alcohol resin).Resinbounda-bromo-
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Table 1. Activitya of compounds 17–25 against human PPAR receptors


Compound Structuresa 16


R4 R3


17 H


18 Me


19 Me


20 Me


21 Me


22 Me


23 Me


24 H


25 Me


aCell-based transactivation assay.12


bPMeans no saturation of dose–response curve at concentration.


Scheme 1. Synthesis of solid-phase parallel library: Reagents and


conditions: (a) Wang resin, diisopropylcarbodiimide, DMPA, Et3N,


CH2Cl2, rt; (b) Cs2CO3, dioxane/DMF (1:1), rt; (c) R4NH2, trimeth-


ylorthoformate/DMF (1:1), rt; Bu4NBH4, AcOH, DMF, rt; (d) Et3N,


dioxane, 60 �C; Bu4NF, dioxane, rt; (e) R5NH2, HATU, pyr/DMF


(2:1), rt; (f) CF3COOH, CH2Cl2, rt.
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acetic acid ester 5 was coupled with 4-hydroxy benzalde-
hydes in a Williamson ether synthesis. Reductive amina-
tion lead to the secondary amine 7, which upon
treatment with trimethylsilyl protected a-bromoacetic
acid, followed by fluoride-induced ester cleavage, affor-
ded the intermediate 8. Amide coupling of 8 with various
amines and subsequent cleavage from the resin with
trifluoro acetic acid delivered the desired library of
phenoxyacetic acids of the general formula 9.


The combinatorial library was synthesized using a split-
and-pool IRORI Kan method.9 All new compounds
gave satisfactory spectral and analytical data including
1H NMR.10


In addition to the depicted solid-phase approach, sev-
eral structural features were addressed using solution
chemistry: compound 23 (see Table 1), obtained via
solid-phase chemistry according to Scheme 1, was
esterified with isobutylene in acidic media.11 Subse-
quent reduction of the amide bond with borane
dimethyl sulfide complex and acid catalyzed hydroly-
sis of the tert-butyl ester yielded the aminoethyl
substituted phenoxy acetic acid 11 (Scheme 2). The
harsh reaction conditions required for amide reduc-
tion were incompatible with our general solid-phase
approach.

Human PPARd
EC50 (lM)14


Human PPARa
EC50 (lM)


Human PPARc
EC50 (lM)


0.08 0.25 1.0


0.04 0.17 0.8


0.1 P1.5b P 1.5


0.15 P2.5 P2.5


0.02 0.5 P5


0.003 >10 >10


0.003 P1 0.3


0.06 P4 n.d.


0.007 >10 0.015







Scheme 3. Synthesis of glycyl amino acetic acid 15: Reagents and


conditions: (a) Et3N, CH2Cl2, rt; (b) 2,4-dichloro aniline, EtiPr2N,


DMF, 80 �C; (c) CF3COOH, CH2Cl2, rt, 55% over all steps.


Scheme 2. Amide reduction: Reagents and conditions: (a) isobutylene,


H2SO4, CH2Cl2, rt, 65%; (b) BH3*SMe2, toluene, 110�C, 55%; (c)


CF3COOH, CH2Cl2, rt, 79%.
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The importance of the position of the carbonyl group
was further elucidated: glycylamino acetic acid 15 was
obtained by amid formation between benzylic amine
13—an intermediate of our general solid-phase ap-
proach—and bromoacetyl bromide (12), followed by
the introduction of 2,4-dichloro aniline under basic
conditions and final release of the free acid from the
resin (Scheme 3).


Table 1 shows the EC50 for compounds 17–25 in the
transient transactivation assay against the three human
PPAR subtypes: d, a, and c, respectively.12,13 Com-
pound 17 has already been synthesized in the course of
our PPARa program.8 Due to its reversed selectivity
profile compared to the PPARa agonist 3, we chose 17
as the starting point for our optimization program to-
wards d-selectivity. Simple introduction of an ortho-
methyl substituent, as in 18, increased the potency by

the factor 2, while retaining the same selectivity profile.
Variation of the substituent R4 at the secondary amide,
while keeping the rest of the molecule unchanged com-
pared to 18, led to compounds 19–25. Introduction of
lipophilic substituents with an n-alkyl (not shown) or
b-branched cycloalkyl chain (19, 20) did not lead to
higher d-selectivity. However, direct attachment of steri-
cally demanding cycloalkyl groups as in compounds 21–
23 resulted in a significant increase in potency at the d
receptor while decreasing the activity at a and c recep-
tors. Exchanging the methyl group at R3 for hydrogen
(24) proves the initial hypothesis that potency increases
with the introduction of substituents at that position.


Surprisingly, exchanging the cyclohexyl group in 23 by a
phenyl moiety led to the PPARd/c nonselective agonist
25, thus paving the way to compounds with a dual mode
of action for further mechanistic studies.


Similarly, compound 11 (Scheme 2) derived from 23 via
reduction of the amide bond shows considerable activity
on the d and c receptor (0.01 and 0.35 lM) while keep-
ing the selectivity profile against the a receptor
(>10 lM).


Cyclohexyl substituted phenoxy acetic acid 23 served as
the prototype for further optimization, as discussed in
Table 2.


Introduction of substituents in the 2- (26) and 3-position
(27) of the cyclohexyl ring reduced the activity at the d
receptor. In contrast, derivatization at the 4-position
as in ethoxy substituted cyclohexyl derivative 28, com-
bined high potency with >1000-fold selectivity against
the other PPAR receptors. Modification of the aryl
group R5 confirmed results from previous studies:8 2,4-
disubstituted anilines are superior to other substitution
patterns. In addition, introduction of polar substituents
on the aryl ring as in 29 are not tolerated.


Variation of R1–R3 on the phenoxyacetic acid head
group while keeping R4 (cyclohexyl) and R5 (2,4-
dichlorophenyl) constant (30–35) clearly shows that in
order to achieve high d-selectivity, it is mandatory to
introduce a substituent ortho to the phenol while reduc-
ing the steric bulk adjacent to the acid functionality.
Thus, unsubstituted acetic acid derivative 33 is a full
agonist at the d receptor with an EC50 of 3 nM with
virtually no effect on the a and c receptors up to greater
than 100 lM.


Inverted introduction of the bromoacetyl bromide
building block, as exemplified by compound 15 (Scheme
3), leads to a complete loss in activity on all the three
receptor subtypes (>1 lM).


The PPAR subtypes show significant sequence variation
in the residues that line the ligand-binding domain
(LBD). However, several conserved hydrogen-bonding
interactions of PPAR agonists with key amino acids of
the LBD have been determined across all subtypes.15


Despite the availability of crystal structures of all three
PPAR LBDs with and without ligand,15,16 it can only







Table 2. Further optimization of 23 by variation of R1–R5


Compound Structures 9 Human PPARd
EC50 (lM)14


Human PPARa
EC50 (lM)


Human PPARc
EC50 (lM)


R5 R4 R3 R1


R2


26 Me Me 0.4 >10 P4


Me


27 Me Me 0.1 P4 P4


Me


28 Me Me 0.005 P5 P5


Me


29 Me Me 1.5 0.2 0.5


Me


30 OMe Me 0.03 >10 >10


Me


31 OMea Me 0.03 P1 P2


Me


32 Me Meb 0.01 1 >10


H


33 Me H 0.003 >100 >100


H


34 H H 0.05 >10 >10


H


35 Cl H 0.015 >10 >10


H


ameta-OMe instead of ortho-OMe.
b Racemic mixture.
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be speculated about the nature of the selectivity of our
novel PPARd ligands.


Pharmacokinetics of 33 were evaluated in rats (n = 2)
with an oral dose of 5 mg/kg. The maximum plasma
concentration was found to be 1.24 lM, the half life
being 1.3 h. Incubation of 33 with rat or human liver
microsomes in vitro revealed that metabolism of the par-
ent compound occurs mainly by hydroxylation of the
cyclohexyl moiety. Consequently, introduction of polar
or sterically demanding groups in this position should
further improve half-life of novel congeners. Investiga-
tions in this direction as well as in-depth pharmacologi-
cal studies are currently ongoing in our group.

Starting from a highly selective PPARa agonist, 3, we
were able to identify a series of potent and selective
PPARd agonists (e.g. 33) by using combinatorial chem-
istry on solid support. These phenoxyacetic acid deriva-
tives will be valuable tools for further elucidation of the
biological role of the PPARd receptor as well as new
therapeutic agents for the treatment of metabolic diseas-
es like dyslipidemia, obesity, and atherosclerosis.
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Abstract—A series of 1,8-naphthyridine derivatives bearing various substituents in position 3, 4, and 7 of the heterocyclic nucleus
have been synthesized and evaluated for their affinity at the bovine and human adenosine receptors. The new compounds were
found to lack the affinity toward A1AR, whereas many of them are able to acquire an interesting affinity and selectivity for the
A2AAR.
� 2005 Elsevier Ltd. All rights reserved.

Adenosine is probably the most important neuromodu-
lator in the central and peripheral nervous systems;1 its
formation usually increases under metabolically favor-
able conditions.2 This nucleoside modulates its effects
through the activation of four subtype receptors located
on cell membranes, known as A1, A2A, A2B, and A3.


3


These are members of the seven-strong transmembrane
spanning G-protein-coupled receptors family. Adeno-
sine receptors are associated with different second
messenger systems: in particular, the A2A adenosine
receptor (A2AAR) appears to be almost exclusively
linked with the stimulation of adenylyl cyclase activity.
Its presence in the CNS is abundant in discrete brain re-
gions such as the striatum,4 where an intricate functional
interaction with dopamine receptor signalling occurs.
The blockade of the A2AAR is reported to produce di-
rect effects on D2 receptors;5 consequently, there is the
possibility of using A2AAR antagonists as novel phar-
macological tools in the treatment of acute or chronic
neurological disorders, such as stroke or Parkinson�s
disease.6 In the peripheral system, the A2AAR is present
on various tissues7–9 and then A2AAR agonists can be
used to inhibit platelet aggregation in thrombosis, in
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ischemia,10,11 and to determine strong anti-inflammato-
ry and immunosuppressive effects.12


In view of all these pharmacological profiles of the
A2AAR, much effort has been directed in the last few
years toward the synthesis of selective A2AAR ligands.
As part of our research aimed at finding new AR selec-
tive antagonists, we recently reported the synthesis and
the binding activity at bovine and native human aden-
osine receptors (A1, A2A, and A3) of 1,8-naphthyridine
derivatives bearing various substituents at the positions
2, 4, and 7 of the heterocyclic nucleus.13,14 The binding
results showed that a large part of the new 1,8-naph-
thyridine derivatives proved to be A1 bovine adenosine
receptor selective, with a high affinity in the low nano-
molar range; on the contrary, all the 1,8-naphthyridine
derivatives generally lost their affinity for the hA1AR,
in some cases to a considerable extent (more than
1000 times).14 As regards the affinity for the bA2AAR,
1,8-naphthyridine derivatives generally possess a mod-
erate affinity, and this remained approximately the
same as for the native hA2AAR.14 In the light of these
results, it appeared to be of interest to introduce struc-
tural modifications into the 1,8-naphthyridine deriva-
tives studied so far, in order to further investigate the
SAR in this class of compounds. For these reasons,
we synthesized 1,8-naphthyridine derivatives and 1,8-
naphthyridin-4-one derivatives of general structures
1–3 bearing various substituents at the positions 3, 4,
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Scheme 2. Reagents: (i) anhydrous HCl, ethanol.


Scheme 3. Reagents: (i) 10% NaOH; (ii) C6H5CH2OH, NaHCO3,


anhydrous DMF; (iii) RNH2.
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and 7 of the heterocyclic nucleus. It needs to be point-
ed out that the numbering of the 1,8-naphthyridine
nucleus used is the same as that reported for the previ-
ous series.13,14 At the position 3 of the naphthyridine
nucleus, compounds of type 1 are characterized by
the presence of a lipophilic substituent, such as a ben-
zylic or p-chlorobenzylic group, while compounds of
types 2 and 3 are characterized by the presence of an
ester group or an aliphatic or aromatic carboxamide
group; this last group is considered to be an important
structural requirement shown by other classes of
adenosine receptor ligands, such as pyrazolotriazolo-
pyrimidine derivatives15,16 and triazoloquinazoline
derivatives.17 The new compounds (1–3) were found
to lack the affinity towards A1AR, whereas they are
able to acquire an interesting affinity and selectivity
for the A2AAR, therefore, in order to better rationalize
the experimental observations about the quite different
affinity of compounds of types 1–3 for A1AR and
A2AAR, a molecular modeling study was carried out.


The synthesis of compounds of types 1–3 is outlined in
Schemes 1–6.


The treatment of 3-benzyl-4-hydroxy-7-methyl-1,8-
naphthyridine 1a18 with phosphoryl chloride gave the
4-chloro derivative 1b, which by reaction with NaN3


led to the azido derivative 1c. When 1a was refluxed
in toluene with Lawesson�s reagent, the corresponding
mercapto derivative 1d was obtained. Finally, the treat-
ment of 1b with an excess of cyclohexylamine in a
sealed tube at 120 �C gave the 1,8-naphthyridine 1e
(Scheme 1).


As reported in Scheme 2, the 7-methyl-2,3-dihydro-1,8-
naphthyridin-4(1H)-one (1g),19 by reaction with o-chlo-
robenzaldehyde and anhydrous hydrogen chloride,
provided the 3-benzyl and 3-benzylidene derivatives
1h and 1i, respectively, which were separated by flash
chromatography.

Scheme 1. Reagents and conditions: (i) POCl3, 80 �C, 4 h; (ii) NaN3,


DMF, 130 �C, 5 min; (iii) Lawesson�s reagent, toluene, reflux, 4 h; (iv)
cyclohexylamine, 120 �C, 24 h.


Scheme 4. Reagents: (i) H2, Pd/C, glacial AcOH; (ii) Ac2O; (iii)


C6H5COCl.


Scheme 5. Reagents: (i) p-ClC6H4CH2NH2.







Scheme 6. Reagents: (i) Ac2O; (ii) NaNO2, H2SO4; (iii) NaNO2, HCl; (iv) NaNO2, HBr; (v) H2, Pd/C; (vi) alkyl or cycloalkyl amines.
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The reaction of the 7-methyl-1,8-naphthyridin-4(1H)-
on-3-carboxylic acid ethyl ester (2a)20 with aqueous
10% sodium hydroxide at reflux provided the 3-carbox-
ylic acid derivative 2b, which was transformed into the
benzyl ester 2c by treatment with benzylalcohol and
sodium hydrogencarbonate in anhydrous DMF
(Scheme 3). Following the synthetic route described in
the literature for compounds 2d–k,21 the heating of ester
2a with the appropriate amine in a sealed tube provided
the new carboxamide derivatives 2k–q (Scheme 3). Selec-
tive reduction of the nitro derivative 2q was performed
in glacial acetic acid, in the presence of Pd/C as a cata-
lyst, to give the amino derivative 2r (Scheme 4), which,
by reaction with Ac2O or benzoylchloride, afforded the
imide derivative 2s and the amide derivative 2t, respec-
tively (Scheme 4). The heating of the 7-acetamido-1,8-
naphthyridin-4(1H)-on-3-carboxylic acid ethyl ester
3a22 with p-chlorobenzylamine in a sealed tube provided
the carboxamide derivative 3b. Under these conditions,
also the hydrolysis of the acetamido group takes place
(Scheme 5). As described in Scheme 6, the treatment
of the 7-amino derivative 3c21 with Ac2O afforded the
7-acetamido derivative 3d. Diazotization of compound
3c, carried out in aqueous 96% sulfuric acid at �12 �C
during the addition of NaNO2, and then at 40 �C for
4 h, gave the 7-hydroxy derivative 3e. On the contrary,
the diazotization of 3c performed in aqueous 37%
hydrochloric acid, or in aqueous 48% hydrobromic acid
at �5 �C during the addition of NaNO2, and then at
40 �C for 3 h, afforded the 7-chloronaphthyridine 3f or
7-bromonaphthyridine 3g, respectively. Dehalogenation
of 3f was performed with H2 in the presence of Pd/C as a
catalyst to give the derivative 3h. Finally, the reaction of
the 7-chloronaphthyridine 3f with an excess of the
appropriate amine in a sealed tube at 120 �C for 24 h
gave 3i–m (Scheme 6).

The affinities of 1,8-naphthyridine derivatives 1a–
e,f,23h, 2a,c,d–j,21k–t,u–v,21 and 3b–m, were determined
by measuring their ability to displace the specific
binding of the agonists [3H]N6-(cyclohexyl)-adenosine
([3H]CHA) and [3H]2-[[p-(2-carboxyethyl)-phenyl]eth-
yl]amino-5 0-(N-ethylcarbamoyl)-adenosine ([3H]CGS21
680) from bovine (1a–f,h, 2a,c–v, and 3b–n) and human
(1a–f,h, 2a,c–p,u,v, 3b and 3c) cortical (A1) and striatal
(A2A) membranes, respectively.24–27 Moreover, for
some compounds (2d,g,l, and 2o), the affinity at the hu-
man cloned A2B receptor was also determined by mea-
suring their ability to inhibit NECA-mediated cAMP
accumulation.28 Finally, the affinity of only the 1,8-
naphthyridine derivative 2d was determined by measur-
ing its ability to displace the binding of [125I]AB-
MECA from human cloned receptors (A3).


13 These
data, plus the receptor affinity for the antagonist 5-
amino-7-(2-phenylethyl)-2-(2-furyl)pyrazolo[4,3-e]-1,2,
4-triazolo[1,5-c]pyrimidine (SCH58261), expressed as
inhibition constants (Ki, nM), are summarized in Table
1.


The data show that the new naphthyridine derivatives
generally exhibit a higher affinity for the A2A adenosine
receptor than for the A1 adenosine receptor. The only
exceptions are the 1f, 3i, and 3j derivatives, which dis-
play a modest affinity for the bA1 receptor, and are com-
pletely ineffective towards the bA2A receptor. As regards
the affinity at the hA2BAR and the hA3AR, these com-
pounds present very low inhibition percentages at the
concentration used in the experiments (10 lM for the
A2B receptor and 1 lM for the A3 receptor) with the re-
sult that the corresponding Ki values were not calculat-
ed. Furthermore, the results of the binding studies
indicate that the affinity at the hA1AR is not very differ-
ent from that found at the bA1AR; likewise, the affinity







Table 1. Affinity of 1,8-naphthyridine derivatives 1a–f,h, 2a,c,d–v, 3b–n in radioligand binding assays at bovine brain A1, A2A, and human brain A1


and A2Areceptors
a,b


Compound Ki (nM)


R1 R2 bA1 bA2A hA1 hA2A


1a Ph OH >10,000 >10,000 4180 ± 217 3330 ± 188


1b Ph Cl >10,000 >10,000 >10,000 >10,000


1c Ph N3 3340 ± 179 3360 ± 184 >10,000 5360 ± 303


1d Ph SH 6330 ± 364 >10,000 8720 ± 470 9140 ± 532


1e Ph CyclohexylNH >10,000 >10,000 >10,000 >10,000


1f Ph NHNH2 220 ± 10 720 ± 38 >10,000 >10,000


1h o-ClPh OH 8730 ± 450 >10,000 4160 ± 220 980 ± 51


2a CH3CH2 CH3 >10,000 >10,000 — —


2c PhCH2 CH3 >10,000 >10,000 — —


2d PhCH2 CH3 280 ± 11 50 ± 3 630 ± 30 30 ± 2


2e p-ClPhCH2 CH3 1740 ± 58 210 ± 14 1630 ± 64 150 ± 6


2f Morph CH3 >10,000 8660 ± 440 >10,000 >10,000


2g N-CH3pipz CH3 >10,000 2868 ± 130 >10,000 1750 ± 76


2h Cyclohexyl CH3 >10,000 930 ± 50 >10,000 830 ± 47


2i 4-CH3-cyclohexyl CH3 6000 ± 295 390 ± 17 5600 ± 88 360 ± 14


2j Isopentyl CH3 >10,000 1430 ± 70 >10,000 640 ± 32


2k p-FPhCH2 CH3 1770 ± 88 200 ± 13 1650 ± 70 115 ± 12


2l p-OCH3PhCH2 CH3 >10,000 740 ± 50 4370 ± 290 2405 ± 175


2m p-CH3PhCH2 CH3 2230 ± 147 185 ± 11 1580 ± 117 159 ± 100


2n PhCH2CH2 CH3 680 ± 25 140 ± 8 730 ± 41 150 ± 17


2o Furfuryl CH3 1350 ± 76 45 ± 2 300 ± 20 35 ± 3


2p PhCH(CH3) CH3 418 ± 20 120 ± 6 717 ± 37 115 ± 8


2q p-NO2PhCH2 CH3 1634 ± 88 99 ± 5 — —


2r p-NH2PhCH2 CH3 2864 ± 150 146 ± 7 — —


2s p-N(COCH3)2PhCH2 CH3 >10,000 1644 ± 85 — —


2t p-(NHCOPh)PhCH2 CH3 7590 ± 410 588 ± 29 — —


2u Cyclohexyl CH3 >10,000 >10,000 >10,000 7140 ± 415


2v PhCH2 CH3 >10,000 >10,000 >10,000 870 ± 50


3b p-ClPhCH2 NH2 4490 ± 240 540 ± 37 6240 ± 341 500 ± 25


3c PhCH2 NH2 970 ± 50 300 ± 13 630 ± 26 160 ± 8


3d PhCH2 NHCOCH3 >10,000 6780 ± 355 — —


3e PhCH2 OH >10,000 >10,000 — —


3f PhCH2 Cl 586 ± 32 67 ± 4 — —


3g PhCH2 Br 5319 ± 300 3543 ± 158 — —


3h PhCH2 H 2748 ± 135 1169 ± 60 — —


3i PhCH2 NHCH2Ph 677 ± 26 >10,000 — —


3j PhCH2 NHCH2CH2Ph 977 ± 51 >10,000 — —


3k PhCH2 CyclohexylNH >10,000 >10,000 — —


3l PhCH2 N(CH3)2 122 ± 6 57 ± 3 — —


3m PhCH2 N(CH2CH2OH)2 >10,000 >10,000 — —


SCH58621 357 ± 35 2.2 ± 0.3 463 ± 45 2.5 ± 0.4


a Inhibition of specific [3H]CHA binding to bovine and human brain cortical membranes expressed as Ki ± SEM (n = 3) in nM.
b Inhibition of specific [3H]CGS21680 binding to bovine and human striatal membranes expressed as Ki ± SEM (n = 3) in nM.
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at the hA2AAR is very similar to that found at the
bA2AAR.


Compounds 2d,o, 3f and 3l show a significant affinity
at the A2AAR, with Ki values in the range of
30.0–67.0 nM, while compounds 2e,k,m,n,p,q, and 2r
display an average A2AAR affinity, with Ki values
in the range of 99.0–300.0 nM. The other compounds
show a moderate affinity, or are completely
ineffective.

The results obtained indicate that the structural require-
ments for a good affinity at the A2AAR in this series of
naphthyridine derivatives appear to be the presence of a
polar substituent at the position 3 of the heterocyclic
nucleus, instead of a lipophilic group, as confirmed by
the comparison of 1a with 2d. In particular, the presence
of an aromatic carboxamide, such as benzylamide or
furfurylamide, seems to be necessary. Furthermore, the
presence of a methylene spacer between the naphthyri-
dine nucleus and the carboxamide group leads to a
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marked decrease in the affinity, as can be seen from a
comparison of 2d with 2v. Lastly, in order to obtain a
good affinity at the A2AAR, a lipophilic group, or an ali-
phatic amine without a large steric hindrance, seems to
be necessary at the position 7 of the naphthyridine
nucleus as is clear from a comparison of compound 2d
versus 3e and compound 3l versus 3j.


Models of the bA1AR and the hA1AR had been recently
developed through a homology procedure, which used
the bovine rhodopsin as a template;14 specific ligands
were then docked into the models and so obtained com-
plexes were optimized in such a manner they were in
agreement with site-directed mutagenesis data.


Subsequently, a molecular model of the hA2AAR was
built29 through a similar procedure but the initial
hA1AR model, the one not completely refined through
MD procedure, was used as a template so that the man-
ual refinement carried out on the A1AR model in order
to adjust the structure on the experimental data of site
directed mutagenesis was identical in both A1AR and
A2AAR. Successively, the structure of the complex with
the specific ligand CGS21680 was optimized, in order to
respect the information given by mutagenesis30a–30f for
agonists and antagonists.


The final model of the hA2AAR was used to perform a
manual docking procedure of the compounds 1b,f,
2c,d,h, 3e,f,h, and 3l, availing the arrangement into the
bA1ARof some compounds previously studied,14 consid-
ering all the orientations that allow the interactions sug-
gested by the mutagenesis data as starting points for the
complexes construction. During the MD simulation was
applied distance constraints between the residue Ser94
and the naphthyridine N1, and between His251 and the
oxygen at the position 4 of the ligands, but the constraints
were gradually relaxed during the simulation, and re-
moved in the last step of minimization.


The docking was studied in the hA2AAR because of the
lack of the primary structure of the bA2AAR, that pre-
vents the construction of its molecular model, but the
affinity data for the bA2AAR were used, because they
were more complete and homogeneous; on the other
hand, the available data indicated the same affinity pro-
file of these antagonists in both the bA2AAR and the
hA2AAR.

Figure 1. Docking of the 7-chloro-4-hydroxy-2-phenyl-1,8-naphthyridine pr


A1AR.

For each of the considered antagonists 1b,f, 2c,d,h,
3e,f,h, and 3l, the complexes with the bA1AR and the
hA2AAR were optimized through MacroModel31 pro-
gram after a computational procedure of 200 ps of
Molecular Dynamics at 300 �K followed by PR Conju-
gate Gradient (PRCG) minimization, using the Amber32


forcefield with the derivative convergence criterion at a
value of 0.05 kJ/A-mol.


The receptor–ligand interaction energies of the opti-
mized complexes were calculated by MacroModel as
the sum of all nonbonded terms of the steric energy
(electrostatic and van der Waals) between the atoms of
the ligand and the atoms of the receptor model.


All compounds 1b,f, 2c,d,h, 3e,f,h, and 3l occupied
approximately the same binding site of the bA1AR as
the 1,8-naphthyridine derivatives previously studied,14


also if these first ones arranged deeper into the receptor.
As already reported,14 the binding of the previously
studied 1,8-naphthyridines (and also of other potent
A1AR antagonists like DCPCX), had appeared to occur
in a region between TM3, TM6, and TM7, where a ser-
ies of lipophilic interactions were able to better stabilize
these antagonists in the bA1AR than in the hA1AR. A
graphical comparison between the computational stud-
ies carried out on the already published 1,8-naphthyri-
din-2,4,7-trisubstituted derivatives14 and the new 1,8-
naphthyridines substituted at 3, 4, and 7 positions show
that the increasing of the molecular size provokes a pro-
gressive shift of the ligand towards the TM3 and a loss
of interaction with the residues of the TM6, such as
His251 (see Fig. 1).


Between the two compounds of type 1, only 1f can inter-
act effectively in the binding site of the bA1AR with
His251 (Fig. 2), because of the hydrazine on the naph-
thyridine core which bends this residue forwards: the li-
gand stretches parallel to TM3, in a narrow longitudinal
cavity delimited by Ile95, Leu98, Phe242, and Trp247,
and as a result naphthyridine N1 can interact with
Ser94 through a hydrogen bond. In the bA1AR, the
binding cavity is smaller because of the presence of the
nonpreserved Pro86 in TM3 and Pro191 in TM5, which
changes the folding of the helices and allows the inter-
helix hydrogen bonding between TM3 and TM5
(Gln92-Trp188 and Gln92-Asn184). In the hA2AAR,
where the two prolines are a valine and a leucine, the

eviously reported14 (a), compound 1f (b), and compound 2d (c) in the







Figure 2. Compound 1f docked into the bA1AR (left) and hA2AAR (right) binding site. Interatomic distances in Angstroms between H-bonded


atoms are reported in yellow. The surfaces of the receptors cavities are shown in grey, and TM3 and TM5 backbones are represented through


magenta ribbons.
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relative positions of TM3 and TM5 are different and the
cavity is larger, consequently 1f is not parallel to TM3,
and the naphthyridine nucleus shifts toward TM7, with-
out any interaction with Ser94 (see Fig. 2).


The difference in interaction energy between the
bA1AR–1f and the hA2AAR–1f complexes is �3.8 kcal,
in agreement with the higher stability of the A1 complex.
On the contrary, compound 1b, without any polar sub-
stituent on the naphthyridine is able to form hydrogen
bond, has no activity on the bA1AR or the hA2AAR,
and has a similar docking in the two subtypes, without
any strong interactions with the binding site residues.


Compounds of types 2 and 3 possess a longer amidic
chain which seems slightly to favor the affinity for the
A2AAR. The docking studies on these compounds show

Figure 3. Comparison between the arrangement of the hA2AAR and bA1A


hA2AAR, due to the variation of the substituent in position 7. In the smaller


without interactions with TM6.

that the larger hA2AAR binding cavity allows different
orientations of ligands in this receptor, whereas in the
bA1AR they are generally arranged in the same manner
between TM3 and TM6, shifted towards TM7 and with-
out any interaction with TM5. Among the possible ori-
entations of compounds 1b,f, 2c,d,h, 3e,f,h, and 3l in the
hA2AAR, only 2d, 3f, and 3l, fit into in the crevice,
inserting the naphthyridine nucleus turned towards
TM5, into the lipophilic pocket formed by Trp246
(TM6), Pro189 (TM5), and Ile92 (TM3) and interact
with the residue Asn253 through the amidic group.


Figure 3 shows, as an example, the binding mode of 2d
with the hA2AAR: the presence of the methyl (or N-di-
methyl substituent) on the naphthyridine core raises
the benzylic chain and allows an effective interaction
between Asn253 and the amidic group of the ligand, in

R. Compounds 2d and 3e occupy different lipophilic pockets of the


cavity of the bA1AR, also the compound 2d stretches parallel to TM3
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addition to the hydrogen bond between Ser94 and naph-
thyridine N1, and a strong lipophilic stabilization
thanks to His250.


Compounds such as 3e or 3h, which have smaller sub-
stituents in position 7, do not interact with Asn253,
and shift into a lower lateral lipophilic pocket formed
by Trp246 and Phe242 of TM6, Ile92, Leu96 of TM3;
this is shown in Figure 3 for compound 3e.


In the bA1AR, 2d, like the other compounds 1b,f, 2c,h,
3e,f,h, and 3l, can interact only with Ser94 (see Fig. 3)
and its interaction energy is 3.1 kcal higher than the
A2AAR–2d complex.


We may thus conclude that the insertion of an amidic
group into the benzylic chain of the naphthyridine fa-
vors the interaction of the ligands with the larger cavity
of the hA2AAR, because of the possibility of a interac-
tion with Asn253. This interaction is favoured if the
substituent in position 7 is quite small and slightly lipo-
philic, such as methyl (2d) or N-dimethyl (3l) with the re-
sult that the antagonist can occupy the crevice delimited
below by Trp246 and above by Asn253.
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Diaryl-(4-piperidinyl)-pyrrole derivatives bearing hydroxylated N-alkyl substituents


have been synthesized and evaluated as anticoccidial agents.
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Discovery and development of podocarpic acid amides as LXR ligands are described.
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Examples of this new class of thyromimetics have sub-nanomolar binding affinities for TR, with an SAR that diverges from TR


ligands containing a biaryl ether core.
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DNA cleavage by the ambient light photolysis of CpFe(CO)2Ph (1) is increased by the presence of


hydrogen peroxide, a species whose concentration is elevated in some cancer cells.
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D ESynthesis of modified vancomycin binding pocket (D–O–E ring)


incorporating a (R)- or (S)-configured secondary alcohol function at


the AA4 position is described. The presence of both the lipidated


aminoglucose (part A) and the structure of the 16-membered macrocycle


(part B) are important for the observed activities of the modified


vancomycin D–O–E ring against VRE. The polyamine appendage at the


C-terminal (part C), on the other hand, improved the activity against


vancomycin-sensitive strains.


The synthesis and antioxidant activity of the Schiff bases of chitosan and carboxymethyl chitosan pp 4600–4603
Zhanyong Guo, Ronge Xing, Song Liu, Huahua Yu, Pibo Wang, Cuiping Li and Pengcheng Li*


The Schiff bases of chitosan and carboxymethyl chitosan (CMCTS) were synthesized and their antioxidant activity was assessed


using an established system. The Schiff bases of chitosan and CMCTS have different scavenging ability on superoxide and hydroxyl


radicals, which could be related to contents of the active hydroxyl and amino groups.
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A series of 1,8-naphthyridine derivatives bearing various substituents in positions 3, 4, and 7 of the heterocyclic nucleus have been


synthesized and evaluated for their affinity at the bovine and human adenosine receptors. The new compounds were found to lack


the affinity towards A1AR, whereas many of them are able to acquire an interesting affinity and selectivity for the A2AAR.
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We report the solid-phase synthesis and pharmacological evaluation of a new series of small-molecule agonists of the human


peroxisome proliferator-activated receptor d (PPARd) based on a lead structure from our PPARa program. Compound 33 showed


good pharmacokinetics.
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9H-Xanthene-9-carboxylic acid [1,2,4]oxadiazol-3-yl- and (2H-tetrazol-5-yl)-amides
as potent, orally available mGlu1 receptor enhancers
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Small molecule mGluR1 enhancers 3 (X = O, Y = C) and 4 (X = Y = N) were synthesized as pharmacological tools for the study


of the physiological roles mediated by mGlu1 receptors.
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A series of substituted pyrazoline were synthesized and evaluated for their anticancer activity and for their ability to inhibit


P-glycoprotein-mediated multidrug resistance.


OTHER CONTENTS


Contributors to this issue pp I–II
Summary of instructions to authors 2005 p III


*Corresponding author


Supplementary data available via ScienceDirect


COVER


Amerliorating transthyretin amyloidogenesis by native state kinetic stabilization mediated by small molecule binding. Small


molecule binding to the amyloidogenic protein transthyretin kinetically stabilizes the native tetrameric state, preventing dissociation


to folded monomers that misfold and misassemble into toxic intermediates, amorphous aggregates, and amyloid fibrils. The Kelly


laboratory has developed several structurally distinct inhibitor families, depicted in the background, that are undergoing


pharmacological evaluation. Created by Steven M. Johnson, graduate student in Professor Jeffery W. Kelly’s laboratory,


Department of Chemistry, The Skaggs Institute for Chemical Biology, The Scripps Research Institute, 10550 N. Torrey Pines Road,


La Jolla, CA 92037, USA.


Indexed/Abstracted in: Beilstein, Biochemistry & Biophysics Citation Index, CANCERLIT, Chemical Abstracts, Chemistry
Citation Index, Current Awareness in Biological Sciences/BIOBASE, Current Contents: Life Sciences, EMBASE/Excerpta
Medica, MEDLINE, PASCAL, Research Alert, Science Citation Index, SciSearch, TOXFILE


ISSN 0960-894X


Contents / Bioorg. Med. Chem. Lett. 15 (2005) 4397–4409 4409








Bioorganic & Medicinal Chemistry Letters 15 (2005) 4438–4446

Docking studies on monoamine oxidase-B inhibitors: Estimation
of inhibition constants (Ki) of a series of experimentally


tested compounds


Mustafa Toprakçı́a and Kemal Yelekçib,*


aDepartment of Biochemistry, The School of Medicine, Kadir Has University, Hisaraltı́ Cad. 34230 Cibali-Fatih-Istanbul, Turkey
bThe Faculty of Arts and Sciences, Kadir Has University, Hisaraltı́ Cad. 34230 Cibali-Fatih-Istanbul, Turkey


Received 11 May 2005; revised 11 July 2005; accepted 14 July 2005

Abstract—Monoamine oxidase (EC1.4.3.4; MAO) is a mitochondrial outer membrane flavoenzyme that catalyzes the oxidation of
biogenic amines. It has two distinct isozymic forms designated MAO-A and MAO-B, each displaying different substrate and inhib-
itor specificities. They are the well-known targets for antidepressant and neuroprotective drugs. Elucidation of the X-ray crystallo-
graphic structure of MAO-B has opened the way for molecular modeling studies. A series of experimentally tested (1–10) model
compounds has been docked computationally to the active site of the MAO-B enzyme. The AutoDock 3.0.5 program was employed
to perform automated molecular docking. The free energies of binding (DG) and inhibition constants (Ki) of the docked compounds
were calculated by the Lamarckian Genetic Algorithm (LGA) of AutoDock 3.0.5. Excellent to good correlations between the
calculated and experimental Ki values were obtained.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction


Monoamine oxidase (EC 1.4.3.4; MAO) is a flavoen-
zyme that is important to the oxidative deamination of
a variety of biogenic and diet-derived amines in both
the central nervous system (CNS) and in the peripheral
tissues.1,2


Compounds that inhibit MAO exhibit either antidepres-
sant activity, if they inhibit the A isozyme,3 or antipar-
kinsonian activity, if they inhibit the B isozyme.4 The
differentiating role of Ile335 in MAO-A and of Tyr326
in MAO-B in determining substrate and inhibitor spec-
ificities in human MAO-A and -B has been experimen-
tally demonstrated and the results have been published.5


Dopamine (DA), adrenaline, noradrenaline (NA), sero-
tonin (5-HT), and b-phenylethylamine (PEA) are among
the most important substrates for the enzyme in the
CNS.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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The important function of MAO in the catabolism of
neuorogenic amines has attracted the interest of many
researchers. The early MAO inhibitors (MAOIs) devel-
oped for the treatment of depression were withdrawn
from the market because of their severe side effects
and irreversible binding mechanism.6 This problem
was alleviated with the discovery and development of
selective and reversible MAOIs.7,8


Recent findings have shown that MAO-B inhibitors
have neuroprotective9 and antioxidant effects,10 as well
as a role in delaying apoptotic neuronal death.11


The development of a new generation of inhibitors has
attracted the attention of many researchers working in
the design, synthesis, and molecular modeling studies
of reversible and selective inhibitors.12


The determination of the 3D structure of MAO-B by
X-ray crystallography13 has opened the way for molecu-
lar modeling studies.


To get some insight into the oxidation mechanism of
MAO-B, a series of amino ethers was synthesized and
tested with the enzyme MAO-B.14 Enzyme–adduct
models were also studied using the Self-consistent Field
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M. Toprakçı́, K. Yelekçi / Bioorg. Med. Chem. Lett. 15 (2005) 4438–4446 4439

theory, using a semi-empirical MP3 method and an
ab initio method at the MP2/6-31G*//6-31G* level.15


The results of these studies and recently published16 arti-
cles about the crystal structure of MAO-B have paved
the way for applying computational chemistry to design
better inhibitors of this enzyme. In this study, we aim to
develop a docking simulation program for the MAO-B
enzyme. AutoDock 3.0.516 simulation program was em-
ployed to determine the binding orientation, free energy
of binding, and inhibition constants (Ki) of several
experimentally tested MAO-B inhibitors (Table 1). The
calculated and experimental inhibition constants of
these compounds were then compared.

2. Methods


2.1. Protein setup


For the present study, two different crystal structures of
MAO-B (1GOS, 1S3E) were used to test the validity of
AutoDock 3.0.5 docking program.


2.2. 1GOS (3.0 Å resolution)


The crystal structure of Monoamine oxidase-B in com-
plex with its inhibitor pargyline was obtained from the
Protein Data Bank (PDB entry code 1GOS).17 MAO-
B has two identical subunits (A and B). The study was
carried out on only the B subunit of the enzyme protein.
The pdb file was edited and the A-chain was removed
together with the pargyline group, which was an irre-
versible inhibitor of MAO-B. Atoms of the FAD cofac-
tor were defined in their oxidized state.


For use with the Autodock docking simulation, all polar
hydrogens were added with the GROMACS modeling
package.18,19 The partial charges were placed using the
same package keeping FAD in an oxidized sate. The
resulting structure was optimized in 400 steps of conju-
gate gradient minimization, employing the GRO-
MACS87 force field. During minimization, the heavy
atoms were kept fixed at their initial crystal coordinates,
but added hydrogens were made free to move. Minimi-
zation was effected under a vacuum medium. Electro-

Table 1. AutoDock estimated free energies of binding (DGb), calculated [Ki (c


the studied inhibitors (temperature = 298.15 K)


Inhibitors DGb (kcal/mol)


(calculated)


Ki (lM) (


1GOS 1S3E 1GOS


1 �8.24 �8.39 0.907


2 �7.75 �7.90 2.08


3 �8.79 �8.45 0.359


4 �7.29 �7.47 4.55


5 �8.38 �8.22 0.717


6 �12.04 �10.70 0.436 (nM)


7 �9.63 �9.38 0.0876


8 �7.39 �7.51 3.84


9 �12.07 11.97 1.43 (nM)


10 �8.10 �8.33 1.16


1GOS: 3.0 Å resolution, 1S3E: 1.6 Å resolution.

static interactions were calculated using the cut-off
method. As the acceptable minimal force gradient was
reached, the minimization converged and the resultant
structure was saved. Finally, solvation parameters were
added using the ADDSOL utility of AutoDock 3.0.5.
Default values of atomic solvation parameters were used
throughout the calculations. The grid maps of the pro-
tein used in the docking experiments were calculated
using the AutoGrid utility program.


2.3. 1S3E (1.6 Å resolution)


The high-resolution crystal structure of Monoamine oxi-
dase-B, which co-crystalized with its irreversible inhibi-
tor 6-hydroxy-N-propargyl-1(R)-aminoindan 2, was
obtained from the Protein Data Bank (PDB entry code
1S3E).17 The same procedure was applied to a 1S3E
crystal structure as applied to 1GOS structure above, ex-
cept that an additional side-chain optimization was per-
formed. This treatment optimized the 1E3S structure
further and the conformational changes resulting from
binding of the original inhibitor in the crystal structure
were partially removed.


2.4. Ligands


For docking experiments with AutoDock 3.0.5, ligand
molecules were drawn, optimized, and saved as in
mol2 format with the aid of Spartan20 and VEGA pro-
grams.21 Full hydrogens were added to the ligands and
Gasteiger22 partial atomic charges were computed using
the VEGA program and saved in the required format.
All possible flexible torsions of the resultant ligand
molecules were defined by using AUTOTORS. The
prepared ligands were used as input files for AutoDock
3.0.5 in the next step.


2.5. Docking


Docking simulations were performed with AutoDock
3.0.5 using a Lamarckian genetic algorithm.23 The
standard docking procedure was used for a rigid pro-
tein and a flexible ligand whose torsion angles were
identified (for 10 independent runs per ligand). A grid
of 60,60, and 60 points in x, y, and z directions was

alculated)] and experimental [Ki (experimental)] inhibition constants of


calculated) Ki (lM) (experimental) Ref.


1S3E


0.708 0.7 26


1.62 17 26


0.636 0.6 26


3.33 1.8 ± 0.20 27


0.946 0.97 ± 0.13 27


10.2 (nM) 100 (nM) 28


0.133 0.600 29


3.11 3.0 30


1.67 (nM) 14 (nM) 31


0.781 0.084 32
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built, centered on the center of the mass of the flavin
(FAD) N5 atom on the catalytic site of the protein. A
grid spacing of 0.375 Å and a distance-dependent
function of the dielectric constant were used for the
calculation of the energetic map. The default settings
were used for all other parameters. At the end of
docking, ligands with the most favorable free energy
of binding were selected as the resultant complex
structures. All calculations were carried out on PC-
based machines running Linux x86 as operating sys-
tems. The resultant structure files were analyzed using
Rasmol24,25 visualization programs.

3. Results


Molecules 1–10 were successfully docked onto the ac-
tive site of MAO-B, according to the above docking
protocol. Table 1 shows the results of the docking
experiments: calculated free energy of binding, inhibi-
tion constants for each complex (with 1GOS and
1S3E), and their corresponding experimental inhibition
constants. Rasagiline 1, N-propargyl-1(R)-aminoindan,
was docked into the active site of the MAO-B enzyme
(Fig. 1). A careful inspection of the binding pocket
indicated that rasagiline adopted a position in a
hydrophobic cage surrounded by Tyr398, Tyr435,
Tyr188, Cys172, Tyr60, and Phe 343. The indan ring
of rasagiline is perpendicular to the re face of the
covalent FAD, which itself forms the amine binding
site. The aromatic moiety of the rasagiline interacts

Figure 1. Docking result of N-propargyl-1(R)-aminoindan 1 (Rasag-


iline) with MAO-B. The inhibitor, FAD, and the important residues in


the active site of the enzyme are presented by stick model.

with the side chains of the residues of Tyr398,
Tyr435, and p–p via Tyr188. The propargyl group
of rasagiline was aligned on the N5 atom of the
FAD. Cys172, Tyr60, and Phe343 also contributed
some of the interactions to stabilize the complex.
Figure 2 shows 6-hydroxy-N-propargyl-1(R)-aminoin-
dan 2 in the active site of the MAO-B enzyme. The
indan ring was sandwiched between the Tyr398 and
Tyr435. The 6-hydroxy group of the indan ring was
positioned to make the hydrogen bond to Cys172
and Tyr435. The propargyl group of compound 2
was oriented a little further away compared to com-
pound 1. The other principal interactions of com-
pound 2 were the same as those of compound 1.
Figure 3 shows the final docked position of N-meth-
yl-N-propargyl-1(R)-aminoindan 3. In this case, the
indan ring was oriented vertically in the hydrophobic
cage on the re face of FAD. The propargyl group
of indan is in close proximity to the N5 atom of the
FAD. Pargyline (4) was docked, as shown in Figure
4. The phenyl ring of the pargyline was placed be-
tween Tyr398 and Tyr188. The propargyl group ex-
tends down from the phenyl ring to the re face of
FAD. Figure 5 shows the binding pattern of selegyline
(l-deprenyl) 5. A similar binding behavior was ob-
served fast as pargyline, except for the phenyl ring,
which was bent backwards 90�. Another interesting
molecule, 8-(3-chlorostyryl)-caffeine 6 which acts as a
potent competitive MAO-B-specific inhibitor26, was
docked into the active site of the MAO-B enzyme,
as shown in Figure 6. From the figure, one can see
that the caffeine ring was positioned toward the re
face of FAD. The 3-Chlorostyryl group extended
away from the hydrophopic cage and was located
between the residues Phe168, Tyr326, and Cys172.
The 1,4-diphenyl-2-butene 7, which is a contaminant
of polystyrene, was docked as shown in Figure 7. It
was observed that the one of the phenyl moieties of
compound 7 was positioned between Tyr398, Tyr435,
and Tyr188 in the substrate cavity space. The other
phenyl moiety made a strong p–p interaction with
the residues of Phe168 and Tyr326. Apparently, the
residue Ile199 may contribute to the binding and sta-
bilization of these compounds in the entrance cavity
space of MAO-B. The binding mode of reversible
MAO-B inhibitor isatin (indol-2,3-dione) 8 is shown
in Figure 8. The 1S3E crystal structure picture is visu-
alized here. The indol ring of isatin was positioned be-
tween Tyr435 and Tyr398 hydrophobic cage such that
the amine group located itself on the re face of FAD
cofactor. This position satisfied the minimum distance
between isatin�s nitrogen atom and FAD�s N5 atom.
Figure 9 shows the optimal binding mode of 3-meth-
yl-8-(4,4,4-trifluoro-butoxy)indeno[1,2-c]pyridazin-5-one
9 with MAO-B (1S3E: 1.6 Å crystal structure resolu-
tion). The indeno[1,2-c]pyridazin-5-one nucleus was
sandwiched between Tyr398 and Tyr435. Hydrogen
bondings between the carbonyl and pyridazine func-
tional groups of indeno[1,2-c]pyridazin-5-one, and
Tyr188, Tyr398, and Tyr435 are important, as well
as the hydrophobic interaction. Trifluorobutoxy side
chain extended itself along the entrance cavity. Final-
ly, we performed docking of the reversible inhibitor







Figure 2. The interacting mode of 6-hydroxy-N-propargyl-1(R)-aminoindan 2 in the active site of MAO-B enzyme.


Figure 3. Probable interacting mode of N-methyl-N-propargyl-1(R)-aminoindan 3 with the active site of MAO-B.
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Figure 4. The interacting mode of propargyline 4 and its alignment in the active site of the enzyme.


Figure 5. Docking results of selegyline 5 with the active site of the enzyme.
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lazabemide 10 into the active site of the MAO-B
(1S3E) (Fig. 10). The docking study has revealed that
lazebemide 10 localized its interaction with Tyr188. Its

p–p aromatic nucleus away from the FAD cofactor
making side chain including primary amine and amide
moiety was positioned in the vicinity of FAD cofactor







Figure 6. The interacting mode of 8-(3-chlorostyryl)-caffeine 6 with MAO-B. The important residues of the enzyme and the inhibitor are depicted by


stick model.


Figure 7. The binding conformation of 1,4-diphenyl-2-butane 7 with


MAO-B.
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approaching the N5 atom of FAD cofactor as closely
as possible (see Chart 1).

4. Discussion


The objective of this study was to implement an Auto-
Dock simulation program to calculate the binding free
energies and inhibition constants of experimentally test-
ed MAO-B inhibitors and to compare these computa-
tional results with those of the experimentally obtained
results. Purified human recombinant MAO-B crystal
structure (1GOS), with a 3.00 Å resolution, and crystal
structure (1S3E) with a 1.60 Å resolution were used
throughout the Autodock simulation study.13 Experi-
mental inhibition constants were also obtained using
this enzyme, 26 except in the case of compounds 427


and 5,27 whose experimental inhibition constants were
obtained using rat brain MAO-B.27 Much better results
were obtained with a high-resolution crystal structure
(1S3E) compared to the results using a 1GOS crystal
structure. To check the versatility of the Autodock
3.0.5 docking program, both mechanism-based irrevers-
ible and competitive reversible (7, 8, and 9) inhibitors
were used as model compounds. Co-crystallization of
mechanism-based irreversible inhibitors within the
active site of both enzyme forms may cause some con-
formational changes of the active site. After the removal
of mechanism-based irreversible inhibitors from the
active site of both enzyme forms, polar hydrogens were







Figure 8. The binding conformation of indol-2,3-dione (isatin) 7 with MAO-B (1S3E: 1.6 Å resolution).


igure 9. The binding conformation of 3-methyl-8-(4,4,4-trifluoro-


utoxy)indeno[1,2-c]pyridazin-5-one 9 with MAO-B (1S3E: 1.6 Å


esolution).


4444 M. Toprakçı́, K. Yelekçi / Bioorg. Med. Chem. Lett. 15 (2005) 4438–4446

F


b


r


added and optimized. In the case of 1S3E, in addition to
the polar hydrogens, the side chains of amino acids were
also optimized to imitate the unbound conformation of
the active site. The 1GOS results were given only for
comparative purposes. Only high-resolution results will
be discussed here. As seen from Table 1, an excellent
correlation was observed between the estimated Ki val-
ues of compound 1, 3, 5, and 830, and their experimental
inhibition constants. Reasonable values of estimated
inhibition constants were obtained in the case of com-
pounds 2, 4, 6, 7, 931, and 10.32 Compound 2 10.2-fold,
compound 6 9.8-fold, compound 7 4.5-fold, and com-
pound 9 8.4-fold have lower Ki values than that of the
experimental values. Compound 4 has a 1.7-fold and
compound 10 9.3-fold have higher Ki values than that
of the experimental values. It was experimentally deter-
mined that MAO-B from different species does not
exhibit the same inhibitor specificities for a particular
inhibitor. In this study, we used recombinant human
MAO-B crystal structure. However, as some of the
available experimental results were obtained on MAO-
B isolated from different species. With regard to the re-
sults obtained for compounds 1, 3, 5, and 8, in favorable
cases, excellent correlations seem to be possible. Howev-
er, in some other cases an acceptable agreement with the
reported results was obtained. This might be the result
of simplifications used in the AutoDock program: no
explicit water molecules are considered during docking,
and solvation and entropic effects were not taken into
account. The orientations of these inhibitors in the







Figure 10. The binding conformation of lazabemide 10 with MAO-B (1S3E: 1.6 Å resolution).
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Chart 1. Structures of experimentally tested MAO-B inhibitors used in the study.
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active site are also very important, with their Ki values,
for rational drug design. Careful observations of the fig-
ures reveal that in most of the cases, inhibitor position-
ing in the active site sits reasonably well. The data
obtained by the AutoDock studies here are thought to
be important for our continuing research efforts in the
design and synthesis of new, selective, and reversible
inhibitors for MAO-B.

5. Conclusions


Ten MAO-B inhibitors were successfully docked onto
the active site of purified recombinant human MAO-B
enzyme. The free energy of binding and the inhibition
constant of each complex were calculated using the
Autodock 3.0.5 docking program. The obtained Ki val-
ues of 10 experimentally tested inhibitors agree reason-
ably well with previous data in the literature on the
inhibition of MAO-B. These studies provide us with
an important approach for predicting the inhibition
constants of newly designed and previously untested
MAO-B inhibitors.
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Abstract—3-Trifluoromethylflavonoid derivatives were prepared for the first time by trifluoromethylation of 3-iodoflavonoid deriv-
atives. Other C ring and B ring trifluoromethylated flavonoid derivatives were also prepared. All the compounds were tested for their
effect on the U2OS cell cycle in vitro. Bistrifluoromethylated apigenin derivative 13 showed the strongest activity against the cell
growth.
� 2005 Elsevier Ltd. All rights reserved.

Cancer is one of the most serious threats against human
health in the world. In recent years, there has been grow-
ing interest in the search for anti-cancer substances with
high efficacy, low toxicity, and minimum side effects.1


Flavonoids possess a broad range of pharmacological
properties including anti-tumor effects. However, flavo-
noids generally exhibited low activity against tumor
cells. It is known that the introduction of the CF3 group
into organic molecules often changes their physiological,
physical, and chemical properties without the introduc-
tion of extra steric hindrance.2 Recent studies carried
out in our laboratory have revealed that A-ring3a and
B-ring3b trifluoromethylated flavonoids exhibited en-
hanced anti-tumor activity. These results have encour-
aged us to study other fluorinated flavonoids. Herein,
we describe the synthesis and anti-tumor activities of
C-ring and B-ring trifluoromethylated flavonoids.


The nucleophilic trifluoromethylation reaction of a car-
bonyl group with trifluoromethyltrimethylsilane (Me3-
SiCF3) is rapidly becoming the method for introduction
of a trifluoromethyl group into organic compounds.4


Recently, Sosnovskikh and co-workers reported a
regioselective nucleophilic 1,4-trifluoromethylation of
2-polyfluoroalkylchromones with Me3SiCF3.


5 We were
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interested in extending Sosnovskikh�s reaction conditions
to the synthesis of C-ring trifluoromethylated flavonoids.
Accordingly, methylation of chrysin 1 and genistein 2
with CH3I in the presence of K2CO3 afforded compounds
3 and 4, respectively (Scheme 1). Treatment of 3 with
Me3SiCF3 in the presence of a catalytic amount of anhy-
drous Me4NF at 0 �C for 24 h, followed by acid hydroly-
sis, gave the 1,2-nucleophilic addition product 5, whereas
under the same reaction conditions the reaction of com-
pound 4 with Me3SiCF3 proceeded as a 1,4-nucleophilic
addition to give compound 6. The different performance
of 3 and 4 in the nucleophilic trifluoromethylation could
be ascribed to the interplay of steric hindrance.


As the first step to prepare 3-trifluoromethylated flavo-
noids, treatment of 3 with LDA, followed by addition
of I2, produced 3-iodoflavonoid 7 (Scheme 2).6 Trifluo-
romethylation of 7 with FSO2CF2CO2Me/CuI afforded
3-trifluoromethyl-5,7-dimethoxychrysin 8.7 It was inter-
esting to note that the reaction of compound 9 with
LDA, followed by iodination, gave compounds 10 and
11, which were separated by column chromatography.
Trifluoromethylation of 10 and 11 gave products 12
and 13, respectively.


The trifluoromethylated flavonoids 5, 6, 8, 12, and 138


were tested for their inhibitory effects on the cell cycle
of U2OS cells in vitro by the FCM Assay. U2OS cells,
obtained from American Type Culture Collection
(Manassas, VA), were seeded 3 · 105 cells/well in a
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Table 1. Effect of the trifluoromethylated flavonoids on the cell cycle


of U2OS


Compound Content of cell cycle (%)


G1 S G2/M


Controla 48.21 41.90 9.89


5b — — —


6 46.69 48.02 5.29


8 53.06 31.95 14.99


12 44.09 49.24 6.67


13 55.08 44.92 0.00


a Negative control added 1%DMSO.
b In the concentration, all the cell died.
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96-well plate. When the density of cells cultured at 37 �C
reaches 40–50%, each compound was added, respective-
ly, to maintain the concentration of each compound at
500 nM. The suspensions were incubated for 24 h. The
cell cycle distribution was evaluated with a BD Biosci-
ences FACScan flow cytometer and CellQuest software.
Cells were maintained at 37 �C with 5% CO2 in DMEM
supplemented with 10% fetal bovine serum (FBS). The
pharmacological activity of all compounds against the
U2OS cell cycle is shown in Table 1. Compound 13,
the bistrifluoromethylated apigenin derivative, showed
the strongest inhibitory effect on U2OS cells in the G2/
M phase. Compound 5 had so strong a cytotoxicity that







4458 C.-L. Wang et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4456–4458

all the cells were killed at the test concentration. Com-
pounds 6 and 12 showed some activities and compound
8 had the lowest activity in the series. From the above
results, it seems reasonable to conclude that: (1) B-ring
trifluoromethylated flavonoids showed stronger inhibi-
tory effects on U2OS cells than C-ring trifluoromethylat-
ed flavonoids and (2) the strong cytotoxicity of
compound 5 is attributed, at least partly, to the existence
of the 4-hydroxy group.


In conclusion, we have synthesized a series of trifluo-
romethylated flavonoid derivatives. The preliminary
biological activity screening tests indicated that 3 0,5 0-
bistrifluoromethylapigenin derivative 13 was the most
active compound against U2OS cells.
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